
Original Article
Circular RNA circSMAD4 regulates cardiac
fibrosis by targeting miR-671-5p
and FGFR2 in cardiac fibroblasts
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Heart failure is a leading cause of death and is often accompanied
by activation of quiescent cardiac myofibroblasts, which results
in cardiacfibrosis. In this study, we aimed to identify novel circu-
lar RNAs that regulate cardiac fibrosis. We applied transverse
aortic constriction (TAC) for 1, 4, and 8 weeks in mice. RNA
sequencing datasets were obtained from cardiac fibroblasts iso-
lated by use of a Langendorff apparatus and then further pro-
cessed by use of selection criteria such as differential expression
and conservation in species. CircSMAD4 was upregulated by
TAC inmice or by transforming growth factor (TGF)-b1 in pri-
marily cultured human cardiac fibroblasts. Delivery of si-circS-
MAD4 attenuated myofibroblast activation and cardiac fibrosis
in mice treated with isoproterenol (ISP). si-circSmad4 signifi-
cantly reduced cardiac fibrosis and remodeling at 8 weeks.Mech-
anistically, circSMAD4 acted as a sponge against the microRNA
miR-671-5p in a sequence-specific manner. miR-671-5p was
downregulated during myofibroblast activation and its mimic
formattenuated cardiacfibrosis.miR-671-5pmimic destabilized
fibroblast growth factor receptor 2 (FGFR2) mRNA in a
sequence-specific manner and interfered with the fibrotic action
of FGFR2. The circSMAD4-miR-671-5p-FGFR2 pathway is
involved in the differentiation of cardiac myofibroblasts and
thereby the development of cardiac fibrosis.

INTRODUCTION
Cardiovascular diseases (CVDs) are still a substantial public health
problem and remain the leading cause of morbidity and mortality
Molecular The
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worldwide, contributing to 31% of all deaths.1 Myocardial fibrosis is a
pathological process that occurs after injury to the heart, such as by
myocardial infarction, and after heart failure.2 In the early stage of car-
diac fibrosis, the fibrosis and subsequent scar formation are thought to
be an adaptive and protective mechanism to injury to prevent cardiac
rupture. In the late stage, however, excess fibrosis leads to pathological
remodeling and impairs heart function.2 Cardiac fibrosis is character-
ized by activation of cardiac fibroblasts and differentiation of cardiac fi-
broblasts into cardiac myofibroblasts. This activation process adversely
affects compliance and increases ventricular stiffness because func-
tioning cardiomyocytes are replaced by non-functioning (non-con-
tracting) fibroblasts. This remodeling ultimately leads to heart failure.3

Myofibroblast differentiation is accompanied by the secretion of extra-
cellular matrix proteins and the expression of the contractile protein
a-smooth muscle actin (aSMA).4 One way to prevent adverse cardiac
remodeling is to regulate the late stage of myofibroblast activation
and cardiac fibrosis. Thus, such regulation mechanisms are of great in-
terest to both pharmaceutical companies and clinicians.
rapy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Authors. 1
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Circular RNAs (circRNAs) are a class of endogenous non-coding
RNAs formed by backsplicing, which creates a covalently closed
loop without a free 30 or 50 end.5,6 Compared with other non-coding
RNAs, little is known about the working mechanism of the different
circRNAs, although they do have some features in common. For
example, multiple circRNA isoforms can be processed from one
host gene.7 circRNAs are highly stable and are more resistant to diges-
tion by exonuclease RNase R.8 The expression of circRNAs varies by
cell type, tissue, and developmental stage.9 Although circRNAs are
evolutionarily conserved in different species, many are specific to
certain species without sequence homology.

In addition to their use as diagnostic or prognostic biomarkers
because of their greater stability compared with linear RNAs, circR-
NAs function biologically by fine-tuning their associated gene targets
or by generating proteins. Indeed, several major biological functions
have been documented: (1) microRNA (miRNA) sponging, (2) pro-
tein sponging, (3) transcriptional regulation by splicing of host genes
or scaffolding with other transcription factors, and (4) generation of
proteins or peptides by translation of circRNAs.10 It is interesting that
circRNAs remove miRNAs by binding to them directly in a sequence-
specific manner, as exemplified by ciRS-7 and miR-7.11

Likewise, in the circRNA-mediated regulation of cardiac hypertrophy
or diastolic dysfunction, heart-related circRNA (HRCR) was identi-
fied as an endogenous miR-223 sponge12 and circTTN was shown
to work as an miR-432 sponge.13 In cardiac fibrosis-associated re-
modeling, some circRNAs have been reported to provoke cardiac
fibrosis,12,14 whereas others block it.15,16 Transverse aortic constric-
tion (TAC) is often used to study cardiac fibrosis and dysfunction.
It should be noted, however, that most of these previous works ob-
tained circRNA from whole hearts after TAC. Considering that the
heart consists of several cellular components other than cardiomyo-
cytes and that remodeling may alter the proportion of cellular constit-
uents in the heart, it would be better to characterize cardiac fibroblast-
or cardiomyocyte-specific circRNAs after isolation of those cells. This
will enable us to more precisely understand the mechanisms of indi-
vidual cell types and to develop more specific drugs targeting certain
cell types. We were especially interested in cardiac fibroblast-specific
circRNAs that may affect fibroblast differentiation and cardiac
fibrosis. Thus, in the present study, using RNA sequencing (RNA-
seq) analysis followed by diverse bioinformatics and biochemical
studies, we identified and characterized a circRNA that may affect
pathologic remodeling of the heart.

RESULTS
Screening of circRNAs that are altered in cardiac fibroblasts

after TAC-induced fibrosis

We first tried to identify the circRNAs that are responsible for the in-
duction or maintenance of cardiac fibroblasts. We assumed that the
time point of 1 week after TAC would reflect the initial triggering
signal pathway of fibrosis, 4 weeks would represent cardiac fibrosis,
and 8 weeks would represent established fibrosis.17–19 We performed
total RNA-seq and analyzed as shown in Figure 1A. Detailed methods
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are described below. Our hierarchical clustering analysis showed that
most of the replicate samples were clustered together (Figure S1). Car-
diac fibrosis was accompanied by an increase in myofibroblast marker
genes, such as actin alpha 2, smooth muscle, encodes aSMA, (Acta2),
collagen type I alpha 1 chain (Col1a1), collagen type III alpha 1 chain
(Col3a1), connective tissue growth factor (Ctgf), and fibronectin 1
(Fn1) (Table S1). After total RNA-seq followed by bioinformatics
analysis, we identified 10 circRNAs that were upregulated in the rela-
tively late phase of cardiac fibrosis in our experimental models (Fig-
ure 1B). The relative amount of each circRNA in the TAC model
compared with the sham-operated one is shown in Table S2. To rule
out circRNAs that did not share sequence homology with humans,
we checked whether those circRNAs were properly expressed in hu-
man ventricular cardiac fibroblasts. Of the 10 circRNAs tested, only
circNAV1, circSMAD4, and circBNC2 were highly expressed in hu-
man cardiac fibroblasts (Figure 1C) and the sequence homologies of
those circRNAs between mouse and human were 88.7%, 85.0%, and
93.0%, respectively. We next checked the circularity of the candidate
circRNAs by testing RNase R resistance. All three circRNAs (circ-
NAV1, circSMAD4, and circBNC2) were resistant to RNase R treat-
ment, whereas their corresponding mRNAs in linear forms were
readily degraded (Figure 1D). To further confirm the circularity by
checking the backsplicing junction, we performed Sanger sequencing
with appropriate primers and found that all three circRNAs had an
intact junction sequence as noted by the red arrows in Figure 1E.

CircSmad4 activates cardiac fibroblasts

Cardiac fibrosis can be induced either actively by differentiation of
cardiac myofibroblasts20 or passively by loss of intact cardiomyo-
cytes.21 Thus, to check whether the circRNAs directly affect cardiac
fibroblasts, we tested the effects of the candidate circRNAs on differ-
entiation of cardiac myofibroblasts in primarily cultured human car-
diac fibroblasts. Transforming growth factor (TGF)-b1 is an impor-
tant inducer of fibroblast activation, and treatment with TGF-b1
mimics fibrosis in cellular models. Likewise, TGF-b1 induces cardiac
fibrosis.22 We first checked whether the candidate circRNAs were up-
regulated in response to TGF-b1 in cellular models. TGF-b1 treat-
ment significantly increased the amounts of circSMAD4 (second gel
picture in left panel of Figure 2A) and of circBNC2 (third gel picture).
However, TGF-b1 treatment failed to amplify the amount of circ-
NAV1. In contrast, the amount of circNAV1 was significantly
decreased in response to TGF-b1 (right bar graphs in Figure 2A),
which was opposite of the in vivo results in Figure 1 and Table S3.
We thus ruled out circNAV1 for further analysis.

Next, we checked whether the candidate circRNAs could affect the
TGF-b1-induced activation of cardiac myofibroblasts. circRNA can
be readily knocked down by conventional small interfering RNAs (-
siRNAs). However, the siRNA should not affect the host mRNAs.
To achieve this specificity, the siRNA should be designed to bind to
the backsplice junctional nucleotides. Because of slight differences
in the nucleotide sequence in the junctional area, we designed sepa-
rate siRNAs for human and mouse, the sequences of which are shown
in Table S3.



Figure 1. Screening of circRNAs in cardiac fibroblasts obtained after TAC for 1, 4, or 8 weeks in mouse

(A) Schematic diagram of screening flow. (B) Ten upregulated candidate circRNAs in cardiac fibroblasts. circRNAs with a p value less than 0.1 were selected as shown in

Table S2. The values were expressed as fold changes in TAC groups relative to their matched sham controls. (C) Expression of circRNAs in human ventricular cardiac fi-

broblasts. One out of three samples shown. (D) Checking of circularity by RNase R treatment. Note that circRNAs were resistant to RNase R treatment, whereas linear host

mRNAs were easily degraded. One out of three samples shown. (E) Sanger sequence to see the backsplice junctional sequence. Sequencing results of circNAV1,

circSMAD4, and circBNC2 are shown on the left and the junctions are marked with a red arrow. The exon structures are shown on the right.
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Of the two human si-circBNC2 designed, the knockdown efficiency of
si-circBNC2-#2 was greater (upper gel in Figure S2A). The nucleotide
sequence of si-circBNC2-#2 and its binding target at the junctional
sequence (which is marked by a blue arrow) are shown in Figure S2B.
It is noteworthy that BNC2 mRNA, which is a linear host gene, was
not altered by this interference (the second gel in Figure S2A). Treat-
ment with TGF-b1 increased the circBNC2 amounts, which was then
successfully attenuated by si-circBNC2 (upper gel in Figure S2C). In
contrast, the linear BNC2mRNA level was not altered either by TGF-
b1 or by si-circBNC2 (the second gel in Figure S2C). Treatment with
TGF-b1 significantly increased the mRNA expression of marker
genes such as ACTA2, COL1A1, CTGF, and FN1 (first bars versus
third bars in four panels in Figure 2B). The increases in those four
genes were also found in our total RNA-seq results in fibroblasts ob-
tained from TAC-operated mouse hearts (Table S1). However, treat-
ment with si-circBNC2 did not alter the TGF-b1-induced increase in
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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those fibrosis marker genes (third bars versus fourth bars), which led
us to rule out circBNC1 for further analysis.

Likewise, two si-circSMAD4s were designed and si-circSMAD4 #2 was
more efficient to interfere with circSMAD4 (Figure S3A). Its binding
target at the junctional sequence is shown in Figure S3B si-circSMAD4
successfully reduced the amount of circSMAD4either in the presenceor
in the absence of TGFb1 (upper gel in Figure S3C). However, it did not
affect the linear SMAD4 mRNA (Figure S3C). It is noteworthy that
TGF-b1 increased both circSMAD4 and SMAD4mRNA. Next, we uti-
lized this si-circSMAD4 for further experiments. In contrast, treatment
with si-circSMAD4 significantly reduced the expression of ACTA2,
CTGF, and FN1. Although it was not significant, si-circSMAD4 also
reduced the amount of COL1A1mRNA (Figure 2C).

When cardiac fibroblasts are activated and then differentiate, the cell
contracts.23 In our experimental model, treatment with TGFb1 signif-
icantly induced the contraction of gel-seeded cardiac myofibroblasts
(first row versus third row in gel pictures of Figure 2D), as measured
by the gel area (right bar graph in Figure 2D). Knocking down circS-
MAD4, however, prevented the gel contraction induced by TGF-b1
(third row versus fourth row in left panel and third bar versus fourth
bar in right graph in Figure 2D). Activation of fibroblasts is accompa-
nied by the release of either media collagen or matrix collagen. Thus,
we measured both collagens using a kit. Treatment with TGF-b1
significantly increased the release of both media collagen and matrix
collagen (first bars versus third bars in Figure 2E). However, these in-
creases were completely abolished by simultaneous treatment with si-
circSMAD4 (third bars versus fourth bars). These results suggest that
circSMAD4, but not circBNC2 or circNAV1, is actively involved in
regulating cardiac fibroblast activation.

si-circSmad4 prevents initiation of cardiac fibrosis but has

limited effects on pre-established fibrosis

Prior to initiating the in vivo evaluation of circSmad4, we investigated
its tissue-specific distribution. Notably, circSmad4 demonstrated pro-
nounced expression in the heart, lung, and brain (Figure S4A).
Intriguingly, circSmad4 expression was exclusive to cardiac fibro-
blasts, with an absence in cardiomyocytes (Figure S4B). To determine
if circSmad4 is ubiquitously expressed in fibroblasts, we probed its
expression in both ventricular and dermal fibroblasts, sourced from
Figure 2. CircSmad4 activates cardiac myofibroblasts

(A) Confirmation of changes of expression amounts of candidate circRNAs in TGF-b1-tre

PCR as described in section “materials andmethods” and the quantification results are sh

decreased, opposite to the initial screening after TAC. circNAV1: n = 7�8 from four indep

sets with unpaired Student’s t test. circBNC2: n = 8 from four sets with Mann-Whitney

ACTA2, actin alpha 2, smooth muscle, encodes a-smooth muscle actin (SMA); COL

fibronectin 1. Note that si-circBNC2 did not affect TGF-b1-induced myofibroblast differe

duplicated. ACTA2: one-way ANOVA with post hoc Tukey’s test. COL1A1, CTGF, and F

the expression of fibrosis-associated genes. All four genes: n = 8 from three sets. Each

COL1A1 andCTGF: one-way ANOVAwith post hocDunnett’s T3 test. (D) Effects of si-ci

quantification results. n = 12�14 from four independent experimental sets. One-way AN

on TGF-b1-induced releases of media collagen (left) and matrix collagen (right). Media c

collagen: n = 14 from four sets. One-way ANOVA with post hoc Tukey’s test. Data are
human postmortem specimens. It was discernible that circSmad4
was present in both types of fibroblasts (Figure S4C).

Daily administration of a high dose of isoproterenol (ISP), a b-adren-
ergic receptor agonist, is sufficient to induce both cardiac fibrosis and
cardiac hypertrophy, even after a relatively short period of adminis-
tration of less than 1 week.24 To check whether si-circSmad4 (mouse
form) affects the induction of cardiac fibrosis in response to ISP, we
administered a high dose of ISP to mice using an Alzet osmotic
pump and injected a single dose of si-circSMAD4 (50 mg) through
the tail vein on the starting day of ISP administration (Figure 3A).
ISP significantly increased the amount of circSmad4 (first bar versus
third bar in the left graph of Figure 3B), which mimicked the TAC-
induced cardiac fibrosis (conditions that were shown in Figure 1).
First, we checked the efficiency of in vivo delivery of si-circSmad4
to cardiac fibroblasts by measuring the endogenous circSmad4
amount. Intravenous injection of si-circSmad4 significantly blocked
the expression of circSmad4 both in vehicle-treated (first bar versus
second bar) and in ISP-administered (third bar versus fourth bar)
mice (left graph of Figure 3B). The amount of Smad4 mRNA, a
host gene of circSmad4 in a linear form, was also increased by ISP
administration (first bar versus third bar in the right graph of Fig-
ure 3B). However, si-circSmad4 failed to reduce the Smad4 mRNA
(right panel of Figure 3B). We investigated if si-circSmad4 could
also diminish the levels of endogenous circSmad4 in the lung and
brain, tissues wherein circSmad4 exhibits pronounced expression
(Figure S4A). The administration of si-circSmad4 resulted in a
notable reduction of circSmad4 in the lung and heart. However,
such a reduction was not observed in the brain, potentially attributed
to the inability of the siRNA to penetrate the blood-brain barrier
(Figure S4D).

Treating mice with ISP for 6 days was sufficient to induce cardiac hy-
pertrophy as analyzed by measuring heart weight (first bars versus
third bars in both graphs of Figure 3C). Interestingly, the enlargement
of heart was significantly reduced by simultaneous injection of si-
circSmad4 (third bars versus fourth bars), which suggests that initia-
tion of cardiac hypertrophy could be prevented by si-circSmad4.

ISP administration also induced cardiac fibrosis as shown by picrosirius
red staining; the area in red was increased in the third heart section
ated human cardiac fibroblasts. Band intensity was calculated after conventional RT-

own in the bar graphs on the right. Note that circNAV1was ruled out, because it was

endent experimental sets with unpaired Student’s t test. circSMAD4: n = 10 from five

’s U test. (B) Effects of si-circBNC2 on the expression of fibrosis-associated genes:

1A1, collagen type I alpha 1 chain; CTGF, connective tissue growth factor; FN1,

ntiation. All four genes: n = 5 from two independent experimental sets. Each sample

N1: one-way ANOVA with post hoc Dunnett T3 test. (C) Effects of si-circSMAD4 on

sample duplicated. ACTA2 and FN1: one-way ANOVA with post hoc Tukey’s test.

rcSMAD4 on TGF-b1-induced gel contraction. Left: representative gel picture. Right:

OVA with post hoc Dunnett’s T3 test. Scale bar, 10 mm. (E) Effects of si-circSMAD4

ollagen: n = 16 from four sets. One-way ANOVA with post hoc Tukey’s test. Matrix

represented as mean ± SEM.
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Figure 3. Effects of si-circSmad4 on acute cardiac fibrosis induced by ISP administration

(A) Experimental scheme. si-circSmad4 was intravenously administered through a tail vein. (B) Efficiency of si-circSmad4. si-circSmad4 successfully reduced the expression

of circSmad4 (left graph), whereas it failed to reduce the amount of linear mRNA of host Smad4 (right graph). Band intensity was calculated after conventional RT-PCR. n = 5

from two experimental sets. One-way ANOVA with post hoc Tukey’s test. (C) Effects of si-circSmad4 on the ISP-induced increase in heart weight. n = 5 from two exper-

imental sets. Each sample duplicated. One-way ANOVA with post hoc Tukey’s test. (D) Picrosirius red staining and quantification of cardiac fibrosis. n = 4�5. Each sample

duplicated. One-way ANOVA with post hoc Bonferroni’s test. Scale bar, 500 mM. (E) Changes in cardiac fibrosis-associated genes. Col3a1, collagen type III alpha 1 chain.

n = 5�6 from two sets. Each sample duplicated. One-way ANOVA with post hoc Dunnett T3. Data are represented as mean ± SEM.
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compared with the first one (Figure 3D). The increase was, however,
reduced in si-circSmad4-treated mouse heart (fourth section). The
anti-fibrotic effect of si-circSmad4 is quantified in the right bar graph
of Figure 3D. The induction of cardiac fibrosis by ISP administration
was further confirmed by increases in the mRNA amounts of fibrosis-
6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
associated genes (the third bars versus the first bars in Figure 3E).
The increases inActa2, Col1a1, Ctgf, and Fn1were significantly attenu-
ated by simultaneous treatment with si-circSmad4 (the fourth bars
versus the third bars in Figure 3E). Although it was not statistically sig-
nificant, the increase in the Col3a1mRNA amount was also reduced by



(legend on next page)
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si-circSmad4. These results suggest that circSmad4may play an impor-
tant role as a triggering signal in the development of cardiac fibrosis.

Because the amount of circSmad4 was dramatically increased at 4 and
8 weeks, rather than at 1 week (Table S2), we assumed that circSmad4
plays an additional role in the relatively late phase of cardiac fibrosis,
and we questioned whether si-circSmad4 could reverse the pre-estab-
lished cardiac fibrosis. To examine this hypothesis, we established the
experimental protocol as shown in Figure 4A; TAC was introduced
to mice and si-circSmad4 was injected into the tail vein every 3 days
from the fifth week after the TAC operation and cardiac fibroblasts
were examined after isolation. We confirmed that cardiac fibrosis
and cardiac hypertrophy were established at 4 weeks (Figure S5).
TAC for 8 weeks further induced cardiac fibrosis with an increase in
the expression of circSmad4 (first vs. third bars in Figure 4B left graph).
The efficiency of knocking down circSmad4 in cardiac fibroblasts by si-
circSmad4 was examined; si-circSmad4 significantly reduced the
amounts of circSmad4 in cardiac fibroblasts from both sham-operated
(left two bars) and TAC (right two bars in Figure 4B left graph) mice. It
is noteworthy that TAC itself significantly increased the amount of
both circSmad4 (left graph) and Smad4 mRNA, a linear host gene
(right graph), compared with the sham-treated group (third bars versus
first bars in both graphs). However, si-circSmad4 did not affect the
expression of Smad4 mRNA (right graph).

We first checked whether the cardiac hypertrophy could be reversed
by administration of si-circSmad4 by measuring heart weight. The
eventual increase in heart weight was reduced slightly by administra-
tion of si-circSmad4, but no statistical significance was determined
(Figure 4C both graphs). We performed the echocardiographic anal-
ysis and observed the cardiac hypertrophy was developed (Figure 4D).
The TAC-induced reduction of left ventricular internal dimension in
both diastole and systolewas significantly recovered by administration
of si-circSmad4 (Figure S6). Cardiac output was examined by
measuring ejection fraction (EF) and fractional shortening (FS),
both of which are gold standard for the evaluation of cardiac contrac-
tility.25,26 TAC for 8 weeks significantly reduced both parameters (first
and third bars in Figure 4E).However, these reductionswere alleviated
by administration of si-circSmad4 (third and fourth bars in Figure 4E).
We next questioned whether the reduction of EF or FS resulted in the
heart failure. Increase in the lung weight is one of standard parameters
of heart failure, because it suggests the congestion of blood flow due to
the reduced cardiac output.27,28 Thus, we measured lung weight. TAC
Figure 4. Effects of si-circSmad4 on the pre-established cardiac fibrosis induc

(A) Experimental scheme. si-circSmad4 was intravenously administered every 3 days f

Figure S5). (B) Efficiency of circSmad4 knockdown. Band intensity was calculated after c

hoc Dunnett’s T3 test. (C) Changes in heart weight. Unlike the effects seen with ISP ad

weight, although there was a trend toward reduction (third bar vs. fourth bar). n = 14

dimensional echocardiogram. (E) Quantitative results of EF and FS. Note that TAC-

n = 10�14. Both parameters: one-way ANOVA with post hoc Bonferroni’s test. (F) Chan

lung weight (third bar vs. fourth bar). n = 8�9. One-way ANOVA with post hoc Bonferro

pre-established fibrosis was reversed by knocking down circSmad4. n = 5�14. Each

500 mM. (H) Changes in expression of fibrosis genes by si-circSmad4. n = 8�9. Eac

Dunnett’s T3 test. Col3a1: one-way ANOVA with post hoc Bonferroni’s test. Data are
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for 8 weeks resulted in the increase in the lung weight (first and third
bars in Figure 4F). However, this increase was significantly reduced by
si-circSmad4 (third and fourth bars in Figure 4F).

The cardiac fibrosis was significantly reduced as determined by picro-
sirius red staining (Figure 4G). The quantification results are shown
in the right bar graph in Figure 4G. The reduction of cardiac fibrosis
was also accompanied by a significant reduction in mRNA amounts
of fibrosis-associated genes such as Acta2, Col1a1, Col3a1, or Ctgf.
Although it was not significant, TAC-mediated induction of Fn1
was reduced by si-circSmad4 injection (Figure 4H). In some mice,
TAC for 8 weeks increased the appearance of severely deformed ven-
tricular shapes as well as fibrosis, which suggests that cardiac remod-
eling had developed (Figure S7A). It is noteworthy that some mice
mainly showed hypertrophic phenotypes (left two hearts in Fig-
ure S7A). However, in some mice, severe deformity accompanied
with thinning of left ventricular free wall, which is remarkable feature
of dilated cardiomyopathy, were observed (right six hearts in Fig-
ure S7A). This phenotypic diversity of TAC 8 weeks hearts might
result in the relative wide range of values of heart weight (third
bars in Figure 4C), EF and FS (third bars in Figure 4E), and fibrosis
(third bar in Figure 4G). However, this remodeling was not seen
when si-circSmad4 was administered (Figure S7B). These results sug-
gest that circSmad4 plays a role in the relatively late phase of mainte-
nance and further development of cardiac fibrosis and remodeling
even after the establishment of initial cardiac fibrosis and remodeling.

circSMAD4 targets miR-671-5p and miR-671-5p attenuates

myofibroblast activation

Recent advances in the study of non-coding RNA have elucidated that
long non-codingRNAsmodify chromosome structure, which results in
the regulation of transcription of target genes in the nucleus.29,30 Nu-
clear circRNAs are involved in transcription through their binding to
RNA-binding proteins (or transcription factors)31 or via the alternative
splicing of exons.32 In contrast to nuclear circRNAs, cytoplasmic circR-
NAs have discrete roles. Although a new function of encoding small
peptides33 has been reported, themostwell-known andwell-established
function of cytoplasmic circRNAs is to sponge miRNA and thereby
modulate the target genes of the miRNA.10 To further investigate this
mechanism, we first analyzed the intracellular localization of circS-
MAD4.We found that circSMAD4 is highly expressed in the cytoplasm
of human cardiac myofibroblasts (Figure S8A). We also noted that
TGF-b1 treatment altered the distribution toward a cytoplasmic
ed by TAC for 8 weeks

rom 5 weeks after TAC (establishment of fibrosis after TAC for 4 weeks is shown in

onventional RT-PCR. n = 6�7. Each sample duplicated. One-way ANOVA with post

ministration (Figure 3), si-circSmad4 did not result in a significant reduction of heart

�16. One-way ANOVA with post hoc Dunnett’s T3 test. (D) Representative one-

induced reduction of contractility was recovered by si-circSmad4 administration.

ges in lung weight. si-circSmad4 significantly reduced the TAC-induced increase in

ni’s test. (G) Effect of si-circSmad4 on TAC-induced cardiac fibrosis. Note that even

sample duplicated. One-way ANOVA with post hoc Dunnett’s T3 test. Scale bar,

h sample duplicated. All analysis except Col3a1: one-way ANOVA with post hoc

represented as mean ± SEM.
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distribution (first bar and second bar in Figure S8B). This result likely
suggests that transcriptional regulation or scaffold formationwith tran-
scription factors might not be the main function of circSMAD4.

Using bioinformatics analysis with two different bioinformatics data-
bases, miRDB34 and miRNA_targets,35 we found that miR-512-3p,
miR-671-5p, and miR-4425 contain complementary sequences to
circSMAD4. However, by analysis with miRBase (http://www.
mirbase.org), we found that miR-4425 was not identified in other spe-
cies, which led us to rule it out for further study. As shown in Fig-
ure S9A, miR-512-3p has two possible binding sequences against
circSMAD4 at 159–180 and 321–342. Treatment with TGF-b1 also
significantly reduced the amount of miR-512-3p in human cardiac
myofibroblasts (Figure S9B). We next checked whether miR-512-3p
affected the expression of fibrosis-associated genes. Treatment with
miR-512-3p mimic did not affect the TGF-b1-induced increase in
the amount of ACTA2, COL1A1, CTGF, and FN1 (Figure S9C).
miR-512-3p inhibitor also did not affect the TGF-b1-induced
changes in those genes (Figure S9D). These results suggest that,
although it may act in association with circSMAD4 and with TGF-
b1, miR-512-3p itself does not modulate the development of fibrosis.

Thus, we investigated whether miR-671-5p is a target of circSMAD4
and whether miR-671-5p modulates fibroblast activation. The possible
binding sequence between circSMAD4 and has-miR-671-5p is shown
in Figure 5A. As for miR-512-3p, the amount of miR-671-5p was also
significantly reduced by TGF-b1 in human cardiac fibroblasts (Fig-
ure 5B) or by TAC 8 weeks in mouse cardiac fibroblasts (Figure S10).
To examine whether circSMAD4 can act as a sponge against miR-
671-5p, we used a luciferase reporter assay.We inserted the circSMAD4
downstreambehind the luciferase coding sequence to locate as a 30 UTR
and co-transfected this luciferase construct together with miR-671-5p.
Transfection ofmiR-671-5p dramatically reduced the luciferase activity
of circSMAD4 wild type in a dose-dependent fashion (left graph of Fig-
ure 5C). To checkwhether this reduction of luciferase activitywas circS-
MAD4 sequence specific, we generated a binding sequence-disrupted
mutant luciferase construct by use of site-directed mutagenesis. The
sequence is shown in Figure 5A. miR-671-5p failed to reduce the lucif-
erase activity of mutant circSMAD4 (right graph of Figure 5C).

We next checked whether miR-671-5p modulated fibroblast differenti-
ation. Transfection of miR-671-5p mimic significantly reduced TGF-
Figure 5. circSmad4 targets miR-671-5p

(A) Sequence alignment of human circSMAD4with has-miR-671-5p. Binding sequences

shown in blue. (B) TGF-b1 reduced the amount of miR-671-5p. n = 6 from three indep

Effects of miR-671-5p on circSMAD4-luciferase activity. Note that circSMAD4 wild-type

10–60 nM), whereas circSMAD4mutant was not (right panel, miRNA-671-mimic, 10–60

test. Mutant: n = 8 from two sets. One-way ANOVAwith post hocDunnett’s T3 test. (D) m

from three sets. Each sample duplicated. One-way ANOVA with post hoc Dunnett’s T3

Each sample duplicated. ACTA2, COL1A1, and CTGF: one-way ANOVA with post ho

Representative gel pictures to show effects of miR-671-5p mimic on TGF-b1-induced

n = 10�11 from three sets. One-way ANOVAwith post hocBonferroni’s test. Forty-eight

(H) Effects of miR-671-5p mimic on TGF-b1-induced releases of media collagen (left) and

Dunnett’s T3 test. Data are represented as mean ± SEM.
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b1-mediated induction of ACTA2, COL1A1, CTGF, and FN1
(Figure 5D). In contrast, miR-671-5p inhibitor potentiated the TGF-
b1-mediated increase in the expression of these genes (Figure 5E). To
confirm the role of miR-671-5p in fibroblast differentiation, a gel
contraction assay was performed. The TGF-b1-mediated reduction in
gel area was recovered by addition of miR-671-5p mimic (Figure 5F).
The quantification results are shown in Figure 5G. The TGF-b1-medi-
ated gel contraction was accompanied by an increase in collagen in me-
dia (left graph) or in matrix (right graph in Figure 5H). However, these
increases were blocked when miR-671-5p was transfected (Figure 5H).
miR-671-5p mimic blocks circSMAD4 overexpression-induced

fibroblast differentiation

Wenext checked whether overexpression of circSMAD4 induces fibro-
blast differentiation into myofibroblasts and whether miR-671-5p
mimic attenuates the effect of circSMAD4. To do this, we first con-
structed pcDNA3.1-zkscan1-circSMAD4 to ensure a circular structure.
Transfection of zkscan1-circSMAD4 increased the expression of myofi-
broblast genes of ACTA2, COL1A1, CTGF, and FN1 (first vs. second
bars). These increases, however, were blocked by co-transfection of
miR-671-5p mimic (second vs. third bars in Figure 6A). We also
checked whether miR-671-5p mimic could act on myofibroblast
contraction, which is an opposite action against circSMAD4 (Fig-
ure 2D). Transfection of pcDNA3.1-zkscan1-circSMAD4 itself for 24 h
induced contraction of the gel (left picture in Figure 6B), which appears
as a reduction in the gel area (left graph in Figure 6C). The reduction,
however, was abolished by co-transfection of miR-671-5p (left graph
and picture in Figures 6B and 6C). Transfection of miR-671-5p also
attenuated the gel contraction induced by transfection of circSMAD4
for 48 h (right picture and graph in Figures 6B and 6C). The results
in Figures 5 and 6 suggest that circSMAD4 is pro-fibrotic mediator
that is at least in partmediated by its antagonizing effect on anti-fibrotic
miR-671-5p.
miR-671-5p targets FGFR2

To identify genes that are related to the cardiac fibroblast activation in
our experimental models, we screened target candidates of miR-671-
5p in silico. miRNAs inhibit their target gene mRNA by complemen-
tary sequence-specific binding to the 30 UTR, which reduces the sta-
bility of the target mRNA.36 We narrowed the candidates related to
fibrosis by doing a literature search. These approaches led us to focus
are shown in red. The mutant sequence in which the binding element is disrupted is

endent experimental sets. Each sample duplicated. Unpaired Student’s t test. (C)

luciferase was inhibited in a dose-dependent fashion (left panel, miRNA-671-mimic,

nM). Wild type: n = 12 from three sets. One-way ANOVAwith post hoc Dunnett’s T3

iR-671-5pmimic attenuated the TGF-b1-induced increase in fibroblast genes. n = 8

test. (E) miR-671-5p inhibitor potentiated the TGF-b1 effects. n = 6 from three sets.

c Dunnett’s T3 test. FN1: one-way ANOVA with post hoc Tukey’s test. (F and G)

gel contraction (F). Scale bar, 10 mm. Quantification results (G). Twenty-four hours:

hours: n = 10�11 from three sets. One-way ANOVAwith post hocDunnett’s T3 test.

matrix collagen (right). n = 12 from three sets. Both: one-way ANOVAwith post hoc

http://www.mirbase.org
http://www.mirbase.org


Figure 6. Effects of circSmad4 overexpression and miR-671-5p on fibroblast differentiation

(A) Transfection of pcDNA3.1-zkscan1-circSMAD4 increased the expression of fibrosis genes, whereas co-transfection of miR-671-5p mimic blunted it. n = 9�11 from

approximately three to five independent experimental sets. Each sample duplicated. ACTA and FN1: one-way ANOVA with post hoc Bonferroni’s test. COL1A1 and CTGF:

one-way ANOVA with post hoc Dunnett’s T3 test. (B) Representative gel pictures. Scale bar, 10 mm. (C) Quantification results of gel contraction. Transfection of zkscan1-

circSMAD4 reduced the gel area, which represents contraction of the gel. However, co-transfection of miR-671-5p relieved the contraction. n = 9�11 from three sets. Each

sample duplicated. One-way ANOVA with post hoc Bonferroni’s test. Data are represented as mean ± SEM.
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on two candidates: disheveled 3 (DVL3) and fibroblast growth factor
receptor 2 (FGFR2).

The DVL family, including DVL3, are key regulators in Wnt signaling
and are known to induce fibrosis by inducing the nuclear transloca-
tion of b-catenin.37 Although a role of DVL3 in cardiac fibrosis has
not been reported, we postulated that it may share a common
pathway in cardiac fibroblasts. FGFR2 and its ligand fibroblast growth
factor (FGF) are well known to induce fibrosis in lung38 and kidney.39

Likewise, its pro-fibrotic function in cardiac fibrosis and remodeling
has been documented. FGFR2 is a target of an alternate miRNA, miR-
338-3p, in cardiac fibrosis.40

TheDVL3 30 UTRhas four putative binding sites at 646–652, 907–914,
1,579–1,585, and 2,210–2,215. The sequence alignments are shown in
Figure S11A.We first generated a pGL3UC-DVL3 luciferase construct
by inserting DVL3 30 UTR. Transfection of miR-671-5p mimic dose-
dependently decreased the luciferase activity (Figure S11B). Next, we
tested whether pro-fibrotic stresses could induce an increase inDVL3.
In human cardiac fibroblasts, treatment with TGF-b1 mildly but
significantly increased the DVL3 mRNA amount (Figure S11C). In
in vivo models, however, either ISP for 6 days (Figure S11D) or
TAC for 8 weeks (Figure S11E) failed to increase the amount of
DVL3 mRNA. Considering that these in vivo conditions were suffi-
cient to induce cardiac fibrosis, which was accompanied by a signifi-
cant increase in the myofibroblast marker genes (Figures 3 and 4),
DVL3 per se might not be involved in fibrosis.

We next focused on FGFR2 as a target of miR-671-5p. The 1,112–
1,118 region of the 30 UTR of FGFR2 was predicted to bind to miR-
671-5p (Figure 7A). Transfection of miR-671-5p reduced the 30

UTR luciferase activity of FGFR2 (left graph in Figure 7B). To check
the sequence specificity, we constructed a mutant FGFR2 30 UTR
luciferase construct (blue letters in Figure 7A). Transfection of
miR-671-5p failed to reduce the luciferase activity (right graph in
Figure 7B).

We next questioned whether fibrosis-provoking stresses can increase
the FGFR2 mRNA level and whether these increases can be affected
by si-circSMAD4, which would suggest that circSMAD4 may partic-
ipate in the induction of FGFR2 expression in cardiac fibrosis. In hu-
man cardiac fibroblasts, treatment with TGF-b1 increased the expres-
sion of FGFR2, which was then blocked by simultaneous treatment
with miR-671-5p mimic (third vs. fourth bar in Figure 7C). Although
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Figure 7. miR-671-5p targets FGFR2

(A) Sequence alignment of miR-671-5p and wild-type or mutant FGFR2 30 UTR. (B) miR-671-5p dose dependently reduced the 30 UTR luciferase activity (left, miRNA-671-

mimic, 10–60 nM). In contrast, it failed to inhibit themutant luciferase (right, miRNA-671-mimic, 10–60 nM). n = 8 from two independent experimental sets. Wild type: one-way

(legend continued on next page)
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not significant, transfection of miR-671-5p inhibitor tended to in-
crease the TGF-b1-induced increase in FGFR2 mRNA (third vs.
fourth bar in Figure 7D).

We next wanted to link the circSMAD4 and FGFR2. Transfection of
si-circSMAD4 attenuated the TGF-b1-induced increase in FGFR2
mRNA in human cardiac fibroblasts (Figure 7E). Prevention of the
TGF-b1-induced increase in FGFR2 mRNA was also observed in si-
circSmad4-administered ISP (Figure 7F) or TAC (Figure 7G) mouse
hearts.

DISCUSSION
Almost all etiologies of heart disease can produce cardiac fibrosis,
which adversely contributes to cardiac remodeling and then reduced
compliance and function in the diseased hearts. Thus, cardiac fibrosis
is a high-impact health problem worldwide. In the current study, we
identified a novel signal pathway involving circSMAD4-miR-671-5p-
FGFR2, which mediates myofibroblast differentiation in cardiac fi-
broblasts. Knocking down circSMAD4 by si-circSMAD4 blocked car-
diac fibrosis in mouse hearts that had been administered ISP for
6 days. Notably, it reversed the pre-established cardiac fibrosis in
the mice subjected to TAC for 8 weeks. In human cardiac fibroblasts,
circSMAD4 provoked cardiac fibroblast activation, while miR-671-
5p, a novel anti-fibrotic miRNA, prevented fibrosis. Mechanistically,
we showed that circSMAD4 squelches out miR-671-5p by direct
binding in a sequence-specific manner. This reduction of miR-671-
5p induces upregulation of FGFR2, which then induces myofibroblast
differentiation and fibrosis (Figure 7H).

RNA-targeting therapeutics for human diseases have emerged as an
important platform in recent years. Like other non-coding RNAs,
circRNAs have been implicated as new modulators in many dis-
eases.41,42 Because of their stable structure, circRNAs have greater po-
tential over other RNAs. Indeed, circRNAs are believed to act as me-
diators between distant cells and organs43 and some circRNAs have
drawn much attention from clinicians and industry as reliable bio-
markers. Indeed, in previous studies in our laboratory, we showed
that two circRNAs, circSAMD4a and circSMOC1-2, are potential tar-
gets for treatment of vascular calcification.44,45 Moreover, circRNA
expression patterns tell us that circRNAs are quite tissue specific
and have many isoforms that may help to increase specific actions
in target organs and thereby to reduce unwanted effects.46,47 It is note-
worthy that circSMAD4 also has different isoforms with different sets
of exons and backsplice regions. Our circSMAD4 consists of exons 5
to 8 (circSMAD4-III, exon 5 to 8). In our initial screening with RNA-
seq data, we noticed that cardiomyocytes have different isoforms of
ANOVA with post hoc Dunnett’s T3 test. Mutant: one-way ANOVA with post hoc Tukey

increase in FGFR2mRNA expression. Mimic (C): n = 7 from three sets. One-way ANOVA

with post hocDunnett’s T3 test. (E) Effect of si-circSMAD4 on TGF-b1-induced increase i

ANOVAwith post hocDunnett’s T3 test. (F andG) Effect of intravenous injection of si-circ

8 weeks (G). The experimental schemes of those animal models are identical to Figure

Bonferroni’s test. TAC: n = 9�11 from two sets. One-way ANOVA with post hoc Bonfe

mean ± SEM.
circSmad4, such as circSmad4-I (exon 2 to 4), circSmad4-II (exon 1
to 7), and circSmad4-III (exon 5 to 8). Their expressions, however,
were not detected in cardiac fibroblasts. Considering this isoform
expression pattern, circSMAD4 (exon 5 to 10), which we studied in
the current work with cardiac fibroblasts, may have specificity against
cardiac fibrosis.

circSMAD4 has been shown in previous studies to attenuate inflam-
mation by targeting miR-377-3p.48 In contrast, its opposite action in
inflammation has also been reported in a study showing that circS-
MAD4 provokes experimental colitis through miR-135a-5p.49

Considering its roles in inflammation, it is also plausible that circS-
MAD4 plays a role in cardiac fibrosis and remodeling, because local
inflammation is a crucial factor for the initiation of cardiac fibrosis
and remodeling.50 We did not address the involvement of inflamma-
tion in the function of circSMAD4/miR-135-5p in the current work,
however, and this may need further study. Our results suggest, at least
in part, that circSMAD4 directly regulates cardiac fibrosis by inhibit-
ing miR-671-5p. It is also noteworthy that, although the circSmad4
amount was dramatically increased in the relatively late phase
(8 weeks) after TAC in our experimental models, si-circSmad4 suc-
cessfully attenuated the initial phase of acute cardiac fibrosis induced
by ISP (Figure 3). In addition, although it failed to eventually reverse
the cardiac hypertrophy in the late phase of TAC (8 weeks), it could
effectively reduce the pre-established cardiac fibrosis (Figure 4).
These wide-ranging effects raise the possible involvement of multiple
mechanisms or multiple cell types, including cardiomyocytes.

Recent studies have suggested that many circRNAs are involved in
cardiac fibrosis. Like our report, other reports have suggested
sponging of miRNAs as a working mechanism of circRNAs; some ex-
amples are circ_0036176,51 circSnx12,52 and circHIPK3.53 Although
C2C12 skeletal myoblasts were used, one study showed that circH-
IPK3 actively mediates myoblast differentiation.54 Notably, other
research has shown that circYap attenuates cardiac fibrosis by its
direct binding to proteins, tropomyosin-4, and gamma-actin.19 Alter-
natively, circNlgn generates the protein Nlgn173, which then acti-
vates H2AX to induce other proteins, including interleukins, and
thereby prevent doxorubicin-induced cardiac fibrosis.55 It should be
mentioned, however, that those studies used whole hearts for the
initial screening and identification of candidate circRNAs. Not only
the active differentiation of fibroblasts into myofibroblasts56 but
also the loss of functionally intact cardiomyocytes57,58 can provoke
overall fibrosis and substitution of functional cardiomyocytes. Thus,
using specific cell types for screening and identification may help to
delineate the mechanism of action and thereby reduce unwanted
’s test. (C and D) Effect of miR-671-5p mimic (C) or inhibitor (D) on TGF-b1-induced

with post hoc Dunnett’s T3 test. Inhibitor (D): n = 6 from two sets. One-way ANOVA

n FGFR2mRNA expression. n = 8�13 from approximately three to five sets. One-way

Smad4 on the increase in Fgfr2 expression induced by ISP for 6 days (F) or by TAC for

s 3A and 4A. ISP: n = 5�9 from two � three sets. One-way ANOVA with post hoc

rroni’s test. (H) Schematic diagram of working mechanism. Data are represented as
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effects when the mechanism is applied for future therapeutics. Thus,
in the present study, we used the Langendorff isolation system to first
obtain cardiac fibroblasts after TAC. Compared with other previous
reports in which whole hearts were used after TAC, the isolation of
cardiac fibroblasts after TAC is a strength of our study that allowed
us to focus on cardiac fibroblast-specific circRNAs.

In TAC 8 weeks mice, si-circSmad4 administration significantly
improved cardiac manifestations, including dilatation, fibrosis, and
cardiac output (Figures 4 and S7).However, it did not substantially alle-
viate cardiac hypertrophy (Figure 4C). Considering that cardiomyocyte
enlargement predominantly drives cardiac hypertrophy in response to
exogenous stressors, and given that si-circSmad4 primarily targets car-
diac fibroblasts due to the exclusive expression of circSmad4 in these
cells (Figure S4B), its limited efficacy in curbing hypertrophy during
the late stages of TAC might result from its narrowed effect on cardiac
myofibroblasts and scant influence on cardiomyocytes. However, this
specificity could be advantageous, allowing si-circSmad4 to target car-
diac fibroblasts without impacting cardiomyocytes during fibrosis-
related remodeling in the advanced stages of heart failure. Given circS-
mad4’s pronounced expression in the lungs, a compelling question
arises: might si-circSmad4 mitigate interstitial lung fibrosis? This re-
mains an avenue for future exploration.

In the current work, we did not consider mechanisms other than
miRNA sponging. Although active internal ribosome entry site
(IRES) was not found (IRESpy; https://irespy.shinyapps.io/IRESpy/),
and other possible proteins were not predicted to be translated, protein
translation or direct binding to other proteinsmay still participate in the
pro-fibrotic mechanism of circSMAD4, which requires further study.

SMAD4 is a host gene of circSMAD4 and both genes are simulta-
neously upregulated in hypertrophic stresses in in vivo conditions
(Figures 3 and 4). Still, it is curious what the biological function of
circSMAD4 in normal physiology is and what the relationship be-
tween circSMAD4 and SMAD4 mRNA is. Although not likely,
whether SMAD4 has other functions mediated by protein generation
or direct binding to other DNA or protein would be of interest, too. In
addition, the distribution of isoforms and their functions remain un-
known. Nonetheless, this work has merit due to our discovery of a
novel signal pathway involving circSMAD4/miR-671-5p/FGFR2,
which can be considered for future therapeutic platforms in cardiac
fibrosis.

MATERIALS AND METHODS
Bioinformatics

RNA-seq and circRNA selection strategy

For the RNA-seq analysis, total RNA was treated with the Ribo-Zero
Gold rRNA Removal Kit (Illumina) to remove ribosomal RNAs and
applied to the TruSeq Stranded Total RNA Kit (Illumina) to construct
an RNA-seq library. The library was sequenced by HiSeq 2500 (Illu-
mina) in the paired-end mode with 100 sequencing cycles. The
FastQCwas used for the initial quality check of the sequencing results,59

and the reads with low quality were removed with Trimmomatic.59 The
14 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
expression counts of circRNAswere calculatedusing the STARaligner60

and DCC algorithm61 and normalized by the total counts of circRNAs
in each sample. Among the total of 19,737 circRNAs with at least two
reads count in the 24 samples, we selected circRNAs with a mean
read count of at least 1 across all samples, resulting in 1,717 circRNAs
passing this criterion. Detailed schemes are shown in Figure 1A.

miRNA prediction

Prediction of miRNAs that bind to circRNA was performed by utili-
zation of two websites of miRDB34 and miRNA_targets.35 The se-
quences of selected circRNAs were provided as input in the prediction
tool of the miRDB (http://mirdb.org/index.html) web tool and
TargetScan software to identify miRNAs potentially interacting
with circRNA. The list of miRNAs expressed in lung fibroblast was
obtained from a previous publication (GEO: GSE125183). After
retrieving the list of miRNAs with binding sites in circRNAs, the
expression of these miRNAs was identified by miRNA assay using hu-
man cardiac fibroblast samples with fibrosis induced by TGF-b1. The
miRNAs with significant expression changes after treatment of car-
diac fibroblasts with TGF- b1 were selected as final candidates.

Target mRNA prediction

The functions of circRNAs were regulated by the genes targeted in the
circRNA-miRNA-mRNA network. The miRDB (http://mirdb.org/
index.html) and TargetScan (http://targetscan.org/vert_72/) were
used for analysis of the target mRNAs that can potentially bind with
miRNAs. Target mRNAs were predicted by using miRNA name or
sequence. After searching a list of mRNAs that might interact with
miRNAs,mRNAs related tofibrosis were selected. ThemRNAshaving
a negative correlation with miRNA in their expression change during
fibrosis were selected as final targets.

Sequence data deposition

We deposited the RNA-seq dataset, including raw sequencing reads
and processed data, at GEO with the accession number GSE240332.

Cell culture, vector construct, transfection, and luciferase assay

Cell culture

Primarily cultured human cardiac fibroblasts (LONZA, #CC-2904,
Lonza, Basel, Switzerland) were cultured in fibroblast basal medium
(FBM, #CC-3131, Lonza, Basel, Switzerland) supplemented with
FGM-3 Bullet Kit (#CC-4526, Lonza) at 37�C in a humidified incu-
bator with 5% CO2. Cells were cultured from passages 6 to 10. To
induce fibroblast activation, primary human ventricular cardiac fibro-
blasts were starved in FBM for 16 h followed by treatment with hu-
man TGF-b1 (#PHG9214, Gibco, MA, USA) for 24 h.

Vector constructs

The whole length of circRNA was cloned into the overexpression vec-
tor of pcDNA3.1(+). Zkscan1 MCS exon vector (Addgene, plasmid
#69901) was used for overexpression of circSMAD4. The vectors
were digested and ligated with the PCR product using the EZ-
Fusion Cloning Kit (Enzynomics) following the manufacturer’s in-
structions. The putative binding site mutants were inserted into the

https://irespy.shinyapps.io/IRESpy/
http://mirdb.org/index.html
http://mirdb.org/index.html
http://mirdb.org/index.html
http://targetscan.org/vert_72/
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MCS of the pcDNA3.1(+) Zkscan1 vector (Cosmogentech, Seoul, Ko-
rea). Primers for mutant construct for luciferase assay are described in
Table S3. After cloning, all constructs were confirmed by sequencing
(Macrogen, Korea).

Transfection

For circRNA overexpression, human cardiac fibroblasts were seeded
at a density of 2� 105 cells. When confluent, cardiac fibroblasts were
transfected with pZkscan1-circ-SMAD4, using Lipofectamine 3000
(#L3000001, Thermo), as per the manufacturer’s instruction. For
circRNA knockdown, cardiac fibroblasts were treated with siRNA, us-
ing Lipofectamine RNAiMax (#13778075, Thermo), according to the
manufacturer’s protocol.

Luciferase assay

Luciferase reporter pGL3UC vector, which was constructed by insert-
ing CMV promoter sequences and multiple cloning sites into pGL3
basic (Promega) was used. To detect the interaction between circS-
MAD4 and miRNAs, the sequence of circSMAD4-wt and the
sequence of circSMAD4-mutantwere cloned into themultiple cloning
sites at the 30 UTR of pGL3UC (Cosmogentech). Human cardiac fi-
broblasts were seeded into 24-well plates. When the cell confluency
reached around 70%–80%, cells were co-transfected with either
100 ng of empty pGL3UC vector or pGL3UC vector with circS-
MAD4-wild type and circSMAD4-mutant, along with miRNAmimics
using Lipofectamine 3000.

To verify the interaction betweenmiRNA andmRNA, the sequence of
the mRNA 30 UTR was cloned into the multiple cloning sites of
pGL3UC vector. Human cardiac fibroblasts were seeded into 24-well
plates. When the cell confluency reached about 70%–80%, cells were
co-transfected with either 100 ng of empty pGL3UC vector or pGL3UC
vector with mRNA 30 UTR sequence and mRNA 30 UTR mutant
sequence, along with miRNA mimics using Lipofectamine 3000.

Luciferase and galactosidase activities were measured 24 h after trans-
fection with the dual luciferase reporter assay system (#E397A, Prom-
ega,Madison,WI, USA) following themanufacturer’s protocol. Lucif-
erase activity was normalized by b-galactosidase luciferase activity.

Sircol collagen assay

The manufacturer’s instruction for Sircol collagen assay kit (#S1000,
Biocolor Assays, Ireland) was followed. Briefly, to extract matrix
collagen, cells were incubated with 0.1 mg/mL pepsin (#P7012,
Sigma-Aldrich, USA) in 0.5 M acetic acid at 4�C with gentle agitation
overnight. Then, acid-neutralizing reagent was added to the cell
extracts. To measure contents of soluble collagens in the conditioned
medium and matrix, medium and cell extracts sample were added to
Sircol dye reagent and agitated for 30 min at room temperature fol-
lowed by centrifugation at 12,000 rpm for 10 min. Then, the pellet
was dissolved in alkali reagent. The absorbance was measured at
555 nm using a Spectramax Abs Plus (Molecular Devices). Soluble
collagen contents were attained with a standard graph of supplied
collagen.
Collagen gel assay

The contractile property of cardiac fibroblasts was determined by
collagen gel contraction assay. Confluent cultures of cardiac fibroblasts
were detached by trypsin and suspended in serum-free FBM. The cell
number was then counted with a hemocytometer. Amounts of 2.5 �
105 cells were resuspended withmedium containing 1mg/mLCollagen
type I (#354231, Corning Life Sciences, NY, USA). Following this,
500 mL of the mixture wasmixed with 1MNaOH to prepare a collagen
lattice and then immediately transferred to the 24-well plate. The
mixture was then allowed to polymerize at room temperature for
40 min. After polymerization, the gels were covered with serum-free
medium with TGF-b1 or vehicle and were gently detached with a ster-
ilized spatula. The area of gels was measured daily with the ENDURO
GDS gel documentation system (Labnet International, Iselin, NJ,
USA). The gel area was determined by using ImageJ software.

RNA studies

RNA isolation, cDNA synthesis, conventional PCR, and qRT-

PCR

TRI Reagent (#TR118, Molecular Research Center, OH, USA) was
used to isolate total RNA in accordance with the manufacturer’s pro-
tocol. DNase I (#2270A, Tokyo, Takara) was used to remove residual
DNA in the samples. Total RNAs (1 mg, 20 mL) were reverse tran-
scribed using a RevertAid reverse transcriptase (#EP0442, Thermo
Scientific) and random hexamers (#SO142, Thermo Scientific) to
obtain cDNA. cDNAs were then subjected to conventional PCR
and real-time qRT-PCR. qRT-PCR was performed to measure myo-
fibroblast marker gene expression using QuantiTect SYBR Green
PCR Kit (#204143, Qiagen, Germantown, MD, USA) on a Rotor-
Gene Q real-time PCR cycler (Qiagen). The relative expressions of
genes were calculated on the cycle threshold values using the 2�DDCt

method. GAPDH was used as a control gene for normalization. The
primers used are listed in Table S1.

To validate circRNA expression, conventional PCRwas performed us-
ing the nTaq (Mg2+Plus) kit (#P050A, Enzynomics, Deajeon, Korea)
with specifically designed primers for circRNA amplification. Diver-
gent primerswere designed across the backsplicing junction to amplify
circRNA transcripts. Used primers are listed in Table S3. Amplifica-
tion of circRNA transcripts from agarose gel electrophoresis was
quantified by measuring the band intensity with ImageJ software.

The cDNA of miR-671-5p and miR-512-3p were synthesized by add-
ing a poly(A) tail to the 30 end and ligating an adapter to the 50 end of
miRNA followed by reverse transcription with universal primer using
the TaqMan Advanced miRNA cDNA Synthesis Kit (A28007,
Applied Biosystems, Thermo Fisher Scientific). The cDNAs were
analyzed by qPCR using a QuantiTect SYBR Green PCR Kit with
gene-specific primers for miR-671-5p, miR-512-3p, and 18S rRNA
(483035_mir, 478971_mir, and 4333760F, Applied Biosystems).

RNase R digestion

The RNase R treatment assay is a common method used to remove
linear RNAs. Total RNA samples were mixed with RNase R
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 15
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(#RNR07250, Lucigen,Middleton,WI,USA), while the control samples
were without RNase R. RNase R digestion was conducted at 37�C for
20 min and inactivated at 95�C for 3 min following the manufacturer’s
protocol.

siRNAs

The siRNAs for each circRNA at the head-to-tail junctions were de-
signed using the siDesign center in Horizon Discovery (https://
horizondiscovery.com/en/products/tools/siDESIGN-Center) or the i-
Score designer (https://www.med.nagoya-u.ac.jp/neurogenetics/iScore/
iscore.html). The siRNAs were synthesized by Bioneer (Daejeon, Ko-
rea). siRNAs for FGFR2, DVL3, and AccuTarget negative-control
siRNA (#SN-1003) were obtained from Bioneer (Daejeon, Korea).
siRNA sequences were provided in Table S3.

Animal models

Adult male C57BL/6J mice (8–10 weeks old) were purchased from
Damul Science (Damul Science, Dajeon, Korea). All animal experi-
ments as well as the use of Avertin were approved by the Institutional
Review Board of Chonnam National University Medical School
Research Institutional Animal Care and Use Committee (CNU-
IACUC-H-2021-39 and CNU-IACUC-H-2022-11) and followed the
Guide for the Care and Use of Laboratory Animals (eighth edition, Na-
tional academies Press, Washington, DC, USA, 2011). As used in other
papers,62,63 Avertin was chosen for anesthesia because it is known to
have fewer side effects on cardiovascular and hemodynamic stabil-
ity.64–66 In the current study, Avertin was used for temporary induction
of anesthesia but not for obtaining of results from the live animals.

Osmotic pump implantation for ISP administration

The animal model of cardiac fibrosis was induced by implantation of
an osmotic pump containing 30 mg/kg/day ISP for 6 days, as previ-
ously described.67 Pumps were dorsally implanted in the mice for
6 days. For the control group, age-matched normal control mice
received the equivalent volume of PBS. After infusion, mice were
sacrificed and heart tissues were harvested for further analysis.

TAC surgery

TAC surgery was described in previous reports.68,69 Briefly, 8-week
old male C57BL/6J mice were anesthetized with 2,2,2-tribromoetha-
nol (Avertin, #T48402, Sigma, St. Louis, MO, USA). The mice were
then ventilated and the chest was opened to expose the thymus and
aortic arch. A 7-0 silk suture was placed between the innominate
and left carotid arteries. A 27G needle was placed parallel to the trans-
verse aorta and the suture was tied. After ligation, the needle was
removed and the rib cage was closed using 4-0 silk suture. As a con-
trol, shammice were subjected to the same operation without ligation.

Isolation of mouse cardiac fibroblasts from the heart

TheLangendorff perfusion systemwas used to isolate cardiacfibroblasts
from mouse hearts as described in Yoon et al.70 After anesthesia, the
hearts were immediately excised and were instantly perfused with
Ca2+-free Tyrode buffer (137 mM NaCl, 5.4 mM KCl, 10 mM HEPES
pH 7.4, 1 mM MgCl2, 5 mM taurine, 10 mM glucose, and 10 mM
16 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
BDM) for 7 min followed by perfusion with enzyme solution (0.1 mg/
mL hyaluronidase and 0.35 U/mL collagenase type B in Ca2+-free Ty-
rode buffer) for an additional 25 min. Then, hearts were dissociated
into small pieces with fine forceps, resuspended in 5% BSA in Tyrode
buffer for 10 min, and then passed through a 100-mm cell strainer
(#352360, Falcon, NY, USA). The suspension was allowed to settle by
centrifugation at 50� g for 2 min to purify cardiomyocytes. The super-
natants were centrifugated to obtain cardiac fibroblasts.

In vivo siRNA delivery

siRNA of circSmad4 was delivered into C57BL/6J mice using in vivo-
jetPEI (#101000040, Polyplus, Illkirch, France), following the manu-
facturer’s instruction. The experimental scheme is described in
Figures 3A and 4A. Briefly, in vivo-jetPEI reagent and siRNA were
diluted in 5% glucose solution, followed by incubation for 15 min
at room temperature. The siRNA mixture was intravenously injected
through the tail vein.

Echocardiography

Echocardiographic studies were performed using a Vivid S5 echocar-
diography system (GE Healthcare, Chicago, IL, USA) equipped with
13-MHz linear array transducer at 8 weeks after TAC by an expert
who was not notified about experimental conditions to exclude
bias. Two-dimensional guided M mode of the left ventricle (LV)
was obtained from the parasternal view. LV cavity dimension and
LV free and interventricular septum wall thickness were measured,
and percentage change in LV dimension (FS, LV%FS) was calculated
as LV%FS = [(LVDd � LVDs)/LVDd] � 100, where LVDd is LV
dimension at end-diastole and LVDs is LV dimension at end systole.
LV% EF was calculated as LV%EF = [(EDVESV)/EDV]� 100, where
EDV is LV volume at end-diastole and ESV is LV volume at end sys-
tole. LV volume was estimated by the Teicholz method.

The LV myocardial performance index (MPI) was calculated from
mitral valve inflow and aortic valve outflow Doppler images. The
time from cessation to the beginning of mitral inflow (a) and the
LV ejection time (b) were measured. The LV MPI was calculated as
follows: LV MPI = (ICT + IRT)/ejection time = (a � b)/b where
ICT is the LV isovolumic contraction time and IRT is the isovolumic
relaxation time. Doppler-derived intervals were measured offline
from stored data.

Histochemical and Sirius red staining

Mouse heart tissues for heart histology were fixed in 4% paraformal-
dehyde. The fixed heart tissues were generally dehydrated and
paraffin embedded. The paraffin blocks were cut into sections with
a thickness of 15 mm. Heart sections were then processed for Sirius
red staining. Sirius red staining was performed on paraffin sections
of mouse hearts to detect collagen deposition.

Statistical analysis

Analyses were conducted using IBM SPSS Statistics 26 (IBM, Chicago,
IL). We first verified data normality through the Shapiro-Wilk test
(because all numbers in group were less than 50). For data confirmed
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as normally distributed, we applied a parametric test—either a two-
tailed Student’s t test or ANOVA with subsequent post hoc anal-
ysis—dependent on the number of groups being either two or more.
In case of evaluating more than two groups, following ANOVA, we
examined variance homogeneity between groups with Levene’s test.
Absence of homogeneity necessitated the use of Dunnett’s T3 as the
post hoc test. When homogeneity was evident, the choice between
the post hocTukey’s honestly significant difference test or Bonferroni’s
test was determined based on whether the number of cases within
groups was equal. For non-normally distributed data, which is deter-
mined by Shapiro-Wilk test, we employed non-parametric methods:
the Kruskal-Wallis test with a Bonferroni adjustment or the Mann-
Whitney U test, predicated on whether there were more than two
groups in consideration. Significance was confirmed for a p value of
less than 0.05 and each p value is noted in the figures.
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