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Cardiac fibrosis is a common pathological feature of cardiac
hypertrophy. This study was designed to investigate a novel
function of Yes-associated protein (YAP) circular RNA,
circYap, in modulating cardiac fibrosis and the underlying
mechanisms. By circular RNA sequencing, we found that three
out of fifteen reported circYap isoforms were expressed in nine
human heart tissues, with the isoform hsa_circ_0002320 being
the highest. The levels of this isoform in the hearts of patients
with cardiac hypertrophy were found to be significantly
decreased. In the pressure overload mouse model, the levels
of circYap were reduced in mouse hearts with transverse aortic
constriction (TAC). Upon circYap plasmid injection, the
cardiac fibrosis was attenuated, and the heart function was
improved along with the elevation of cardiac circYap levels
in TAC mice. Tropomyosin-4 (TMP4) and gamma-actin
(ACTG) were identified to bind with circYap in cardiac cells
and mouse heart tissues. Such bindings led to an increased
TPM4 interaction with ACTG, resulting in the inhibition of
actin polymerization and the following fibrosis. Collectively,
our study uncovered a novel molecule that could regulate car-
diac remodeling during cardiac fibrosis and implicated a new
function of circular RNA. This process may be targeted for
future cardio-therapy.
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INTRODUCTION
Cardiac fibrosis is one of the most common contributions to cardiac
dysfunction, due to pathological myocardial remodeling. This process
is associated with excessive matrix (i.e., collagens) deposition and car-
diac fibroblast activation, leading to a variety of cardiac remodeling
and progressive cardiac dysfunction.1 Upon cardiac fibrosis, the
compliance of heart tissues is decreased, and the progression of heart
failure is accelerated. Cardiac fibroblasts play central roles in main-
taining physiological heart functions as well as pathogenic cardiac re-
modeling during myocardial infarction and heart failure.2,3 Following
acute cardiac injury, fibroblasts are activated. These activated fibro-
blasts are involved in the process of inflammation, fibrosis, and scar
formation consequently. In the past prevailing theory, the activated
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form of fibroblasts, also known as myofibroblasts, was regarded as
the key effector in the pathogenesis of cardiac fibrosis via secreting
collagens and other extracellular matrix (ECM) molecules. However,
recent studies revealed protective effects of myofibroblasts upon pres-
sure overload (PO).4 There appear to be some factors regulating my-
ofibroblast activities associated with synthesis of fibrosis markers and
cardiac remodeling. Understanding the mechanism is critical for the
development of safe and effective treatment targeting cardiac fibrosis.

Yes-associated protein (YAP) is an essential effector in the Hippo
signaling pathway.5–8 YAP has been reported to mediate crucial path-
ways in heart development, heart regeneration, cardiac hypertrophy,
and myocardial infarction.9–12 Activation of cardiomyocyte YAP
could improve cardiac function and survival after cardiac injury.13

In addition to functioning on cardiomyocytes, the Hippo-YAP
pathway has been found to affect other types of cells in the heart,
including fibroblasts, vascular cells, and immune cells. The human
YAP gene regulates a variety of cell activities and can generate
many exons.14,15With alternative splicing, many isoforms can be pro-
duced. Back-splicing of these exons can potentially synthesize 15 YAP
circular RNA isoforms.16 It thus appears that more circular RNA iso-
forms than mRNA isoforms can be synthesized by the same gene. In
our previous study, we found that one of the YAP circular isoforms
(hsa_circ_0002320), which is generated from exons 5 and 6 of YAP
pre-mRNA, played a crucial role in cell proliferation and survival.17

Interestingly, our circular RNA sequencing showed that this isoform
was the most abundant YAP circular RNA (circYap) expressed in hu-
man heart tissue.
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Figure 1. The Levels of circYap and Fibrosis Markers in Patient Heart Tissue

(A) Heatmap of nine human heart specimens expressing circular RNAs hsa_circ_0006286, hsa_circ_0002320, and hsa_circ_0005990, produced by YAP

gene, performed by circular RNA sequencing. (B) Levels of the circular RNAs hsa_circ_0006286, hsa_circ_0002320, and hsa_circ_0005990. The number repre-

sented read count directly obtained by circular RNA sequencing. (C) Levels of circYap (hsa_circ_0002320) were measured by real-time PCR in different mouse

organs. (D) Levels of circYap (hsa_circ_0002320) were measured by real-time PCR in 104 patient hearts with cardiac hypertrophy and 21 normal hearts from

donations.

www.moleculartherapy.org
Recent studies have discovered the important roles of circular
RNAs in regulating cardiovascular functions.18–22 Considering
the important function of YAP, the parental gene of circYap, in
cardiovascular diseases and our previous study on circYap, we
were inspired to further explore the roles of circYap in regulating
cardiac functions. In particular, our sequencing results indicated
that investigating the potential effects of circYap hsa_circ_0002320
in cardiac remodeling and fibrosis is imperative. Our present study
is designed to discover the novel role of this circular RNA in the
development of cardiac fibrosis and the possible underlying
mechanisms.
RESULTS
Decreased Expression of circYap in Patients with Cardiac

Diseases

Based on the RNA sequencing results in nine human heart speci-
mens (W.W.D. et al., unpublished data), three out of fifteen
reported circYap isoforms were found to be expressed in these
human hearts (Figure 1A). Among these three isoforms,
hsa_circ_0002320 was the highest expressed circYap isoform in
human hearts (Figure 1B). Subsequently, we measured the levels
of mouse equivalent (89% homology) in different mouse organs
and found that all organs analyzed expressed this circYap isoform,
Molecular Therapy Vol. 29 No 3 March 2021 1139

http://www.moleculartherapy.org


A B

C

D

E

Figure 2. The Effects of circYap on Heart Function of Mice with Pressure Overload Induced by Transverse Aortic Constriction (TAC) Surgery

(A) Expression of circYap in mice with TAC and/or circYap plasmid injection for 8 weeks. (B) Echocardiography showed that TAC increased left ventricular end-systolic

diameter (LVESD) and left ventricular end-diastolic diameter (LVEDD) compared to the shammice. Such changes of heart function parameter could be improved by injection

of circYap plasmid. n = 10. **p < 0.01. (C) TAC reduced contraction velocity (dp/dt), left ventricular ejection fraction (LVEF), and left ventricular fractional shortening (LVFS)

compared to the sham mice, while ectopic delivery of circYap could prevent these effects of TAC. n = 10. **p < 0.01. (D) TAC increased heart weight to body weight or tibia

length ratio that was eliminated by ectopic delivery of circYap. n = 10. **p < 0.01. (E) Representative photographs of echocardiography from sham, TAC, TAC + vector, and

TAC + circYap plasmid injection mice.
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with the heart being one of the organs expressing high levels
(Figure 1C).

The YAP gene is known to play important role in maintaining heart
functions.10 We examined whether hsa_circ_0002320 expressed by
the YAP gene had any clinical implication. The levels of circYap
were measured in the hearts of 104 patients with cardiac hypertrophy,
including 25 patients with heart failure, 4 patients with aortic stenosis,
3 patients with mitral stenosis, 8 patients with hypertrophic cardio-
myopathy, and 64 patients with tetralogy of Fallot. As the controls,
21 heart samples from donations were also subjected to RNA isolation
for real-time PCR. We found that the levels of circYap were signifi-
cantly reduced in the hearts of patients with cardiac hypertrophy
compared to those in the donated normal hearts (Figure 1D).

Ectopic circYap Improved Heart Functions in the TAC Mice

To test the role of circYap in maintaining cardiac functions, we gener-
ated PO in mice by transverse aortic constriction (TAC). We found
the expression of circYap was significantly decreased in the heart
8 weeks after surgery, while ectopic delivery of circYap expression
plasmid increased circYap levels (Figure 2A). In the following heart
functional study, we detected a significant increase in left ventricular
end-systolic diameter (LVESD) and the left ventricular end-diastolic
1140 Molecular Therapy Vol. 29 No 3 March 2021
diameter (LVEDD) in the TAC mice, which were diminished by
ectopic delivery of circYap expression plasmids that were generated
by us previously17 (Figure 2B). We also detected a significant decrease
in left ventricular ejection fraction (LVEF), left ventricular fractional
shortening (LVFS), and contraction velocity (dp/dt) in the TAC
hearts, and such reductions were prevented by the delivery of the cir-
cYap (Figure 2C). The heart weights were increased in the TAC mice
but were maintained at normal levels in TAC mice with circYap
plasmid delivery (Figure 2D). The M-mode pictures showed the
typical increase in the left ventricular chamber of the TAC heart,
and delivery of circYap reduced it to normal levels (Figure 2E).

Ectopic circYap Prevented Heart Fibrosis

Fluorescence in situ hybridization (FISH) confirmed successful deliv-
ery of circYap into mouse heart tissues (Figure 3A; Figure S1A). In
addition, co-localization of circYap with cardiomyocytes and cardiac
fibroblasts upon circYap plasmid delivery was observed by FISH and
immunofluorescence (IF) staining (Figure S1B). H&E staining and
Sirius red staining demonstrated that the hypertrophy and fibrosis
in the TAC mouse hearts were prevented by the delivery of circYap
plasmids (Figure 3B). Since cardiac hypertrophy and remodeling
are associated with fibrosis, we stained the heart tissues with Masson
trichrome and Sirius red to visualize the collagen deposition in the
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Figure 3. The Effects of circYap on Fibrosis in Pressure-Overload Hearts

(A) Representative photographs of fluorescence in situ hybridization (FISH) staining to confirm the successful circYap plasmid delivery into the mouse hearts. (B) Repre-

sentative photographs of H&E-staining and Sirius red staining showed the heart sections of sham, TAC, TAC + vector, and TAC + circYap mice. (C) Representative pho-

tographs of Masson trichrome and Sirius red staining, showing that ectopic circYap delivery prevented the elevation of fibrosis in the TAC mouse hearts. (D and E)

Quantitation of Masson trichrome (D) and Sirius red (E) staining. n = 3. **p < 0.01. (F and G) Real-time PCR in patient hearts and normal heart donations showed that patients

produced higher levels of collagen-I (F) and collagen-III (G) than the normal hearts.
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heart tissues (Figure 3C). Quantitation analysis revealed that the
collagen levels were significantly increased in the hearts of TAC
mice, while circYap injection retained the collagen levels in TAC
mice (Figures 3D and 3E). To examine the clinical relevance of these
results, we measured levels of collagen-I and collagen-III in the pa-
tient heart specimens. The assays showed that the levels of
collagen-I and collagen-III were significantly higher in the samples
from the patients with cardiac hypertrophy compared to the hearts
without cardiovascular disease (Figures 3F and 3G). In addition, the
correlation of circYap and collagens in human heart tissue samples
was analyzed. Moderate but significant negative correlations were
observed between circYap and collagens (Figures S1D and S1E).
Furthermore, we analyzed collagen expression inmouse heart tissues by
using real-time PCR. Collagen-I and collagen-III were significantly
increased after TAC and decreased by circYap delivery (Figures 4A
and 4B). The levels of both collagen-I (Figure 4A) and collagen-III (Fig-
ure 4B) were inversely correlated with circYap expression. We also
measured the expressionofotherfibrosismarkers, including transform-
ing growth factor-b1 (TGF-b1) (Figure 4C), nerve growth factor (NGF)
(Figure 4D), and connective tissue growth factor (CTGF) (Figure S1F).
Expectedly, levels of all of these fibrosis markers increased significantly
in the TAC mouse hearts. Ectopic delivery of circYap prevented such
effects of TAC. The levels of these fibrosis markers showed inverse cor-
relationwith circYap levels.However, wedid notfind significant change
Molecular Therapy Vol. 29 No 3 March 2021 1141
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Figure 4. The Association of circYap with Fibrosis Markers

(A) Left: expression of collagen-I in mice heart tissues of sham, TAC, TAC + vector, and TAC + circYap mice. n = 5. **p < 0.01. Right: correlation between collagen-I and

circYap levels. n = 23. (B) Left: expression of collagen-III in mice heart tissues of sham, TAC, TAC + vector, and TAC + circYap mice. n = 5. **p < 0.01. Right: correlation

between collagen-I and circYap levels. n = 20. (C) Left: expression of TGF-b1 in mouse heart tissues of sham, TAC, TAC + vector, and TAC + circYap mice. n = 5. **p < 0.01.

Right: correlation between TGF-b1 and circYap levels n = 20. (D) Left: expression of NGF in mouse heart tissues of sham, TAC, TAC + vector, and TAC + circYap mice. n = 5.

**p < 0.01. Right: correlation between NGF and circYap levels. n = 22. (E) Decreased expression of collagen-III in MCF, HL-1, and AC16 cells transfected with circYap. n = 4.

**p < 0.01. (F) Expression of collagen-I (left) and collagen-III (right) in MCF cells treated with TGF-b1. Treatment with TGF-b1 significantly increased collagen expression. n = 3,

**p < 0.01. (G) MCF cells transfected with vector or circYap plasmid were treated with 1 ng/ml TGF-b1 for 24 or 48 h. Transfection with circYap decreased collagen-I (left) and

collagen-III (right) levels. n = 3. **p < 0.01.
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of tumor necrosis factor-a (TNF-a) levels, and therefore the levels of
TNF-awere not correlatedwith circYap expression (Figure S1G).These
results demonstrated that circYap was involved in maintaining heart
function via inhibiting cardiac fibrosis during PO.

To examine how circYap affected heart functions, we ectopically ex-
pressed circYap in mouse cardiac fibroblasts (MCFs) and cardiomyo-
cytes (HL-1 and AC16). After confirming the increased expression of
circYap (Figures S2A and S2B), we measured mRNA expression of
collagen-III and found the collagen-III mRNA expression was signif-
icantly downregulated in the cells with circYap overexpression (Fig-
1142 Molecular Therapy Vol. 29 No 3 March 2021
ure 4E). Since fibroblasts play the most important roles in mediating
the development of cardiac fibrosis, we treated MCFs with recombi-
nant TGF-b1 to mimic the induction of fibrosis. The results showed
that TGF-b1 treatment significantly boosted the expression of
collagen-I and collagen-III (Figure 4F), while overexpression of cir-
cYap could successfully block the elevation of these fibrosis markers
(Figure 4G). Overexpression of circYap also inhibited the total
collagen levels in the culture media and altered the secretion of
some cytokines upon TGF-b1 treatment (Figures S2C and S2D). In
addition, overexpression of circYap significantly increased the sur-
vival rates of cardiac cells (Figure S2E) and decreased the migratory
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Figure 5. The Binding of circYap with ACTG and TPM4 Proteins

(A) Mass spectrometry assay showing the proteins pulled down by circYap probe. (B) Expression of circYap in MCF and HL-1 cells transfected with circYap or the plasmids

lacking an intron for circularization (no-intron). n = 3. **p < 0.01. (C) The binding of circYap with ACTG and TPM4 in MCF and HL-1 cells with or without circYap and its linear

precursor (no-intron) overexpression. n = 3. **p < 0.01. (D) Antibodies against ACTG and TPM4 could precipitate circYap in mouse heart tissues. n = 3. **p < 0.01. (E) The

binding of circYap or YAPmRNAwith TPM4 and ACTG in mouse heart tissues with or without RNase R treatment. n = 4. **p < 0.01. (F) The binding of circYap with ACTG and

TPM4 in pressure-overload heart tissues with or without circYap plasmid injection. n = 4. **p < 0.01. (G) The circYap probe pulled down ACTG and TPM4 proteins in MCF

cells. (H) The binding of ACTG and TPM4 proteins in MCF cells upon circYap overexpression with RNase A or RNase R treatment. RNase A and RNase R were added after

immunoprecipitation. n = 3. (I) The binding of ACTG and TPM4 proteins in MCF cells upon circYap overexpression with RNase A or RNase R treatment. RNase A and RNase R

were added before immunoprecipitation. n = 3.
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ability of cardiac fibroblasts (Figure S2F). We also noticed the cell
morphologies were obviously changed in the cells after stable trans-
fection with circYap under both normal (with fetal bovine serum
[FBS]) and stress (without FBS) condition. Upon circYap overexpres-
sion, the cardiac fibroblasts became flat and spread out, while the car-
diomyocytes like HL-1 and AC16 cell were shrunken and elongated
(Figure S3).

Interaction of circYap with TPM4 and ACTG

To uncover the molecules that mediated the function of circYap in
cardiac fibrosis, we performed RNA pull-down assay by using the
circYap probe in MCF and HL-1 cells. The precipitated proteins
were identified by mass spectrometry analysis. Twelve proteins
were identified to be pulled down by circYap probe, among which
gamma-actin (ACTG) and tropomyosin-4 (TPM4) were ranked as
the top two highest counts with no change in expression levels (Fig-
ure 5A; Table S3; Figure S4A). To confirm the mass spectrometry re-
sults and test the specificity of the interaction, we generated a circYap
construct without the 50 intron (no-intron), the essential component
in back-splicing. Transfection with circYap increased circYap levels in
both cell types significantly, but transfection with the no-intron
construct had little effect (Figure 5B). MCF and HL-1 cells transfected
Molecular Therapy Vol. 29 No 3 March 2021 1143
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with circYap and the no-intron constructs were subjected to immu-
noprecipitation assays. Antibodies against ACTG and TPM4 proteins
could precipitate circYap but not the product of the no-intron
construct (Figure 5C). In mouse heart tissues, we also confirmed
that antibodies against ACTG and TPM4 could precipitate endoge-
nous circYap (Figure 5D).

Since we have reported that circYap has potential binding ability with
YAP mRNA,17 we used RNase R to treat the heart tissue lysate to
exclude the possibility that circYap bound with these proteins via
YAP mRNA. We found that after depletion of the potential binding
of YAP mRNA with either ACTG or TPM4 by RNase R treatment,
circYap could still bind to these two proteins (Figure 5E). This
indicated that circYap directly bound to ACTG and TPM4 but not
bound with these proteins via YAP mRNA. Moreover, we found
that the binding of circYap with ACTG and TPM4 was significantly
decreased in mouse heart tissues upon TAC but maintained at a
higher level by restoration of circYap levels with plasmid injection
(Figure 5F).

Due to the interaction of ACTG with TPM4 in a dynamic way under
physiological conditions,23 we examined the change of interaction of
ACTG and TPM4 upon circYap overexpression. In the circYap-trans-
fected cells, the circYap probe could pull down ACTG and TPM4
(Figure 5G; Figure S4B), which indicated that circYap enhanced the
interaction of ACTG and TPM4.

To determine whether the interaction of ACTG and TPM4 were
bridged by circYap or a complex of circYap-ACTG-TPM4 was
formed, the reaction mixture was treated with RNase A or RNase R
before or after the immunoprecipitation. We found that neither
RNase A nor RNase R treatment after binding reaction could reduce
the binding ability of ACTG with TPM4 (Figure 5H). RNase A treat-
ment before the binding reaction showed decreased effect of circYap
on the formation of the complex (Figure 5I). These results demon-
strated that circYap directly bound to both ACTG and TPM4 and
facilitated the interaction of these two proteins by forming a complex.

Identifying the Binding Sites of circYap with TPM4 and ACTG

By using a computational approach, the contact sites of circYap with
ACTG and TPM4 were putatively mapped (Figure S4C). The best
predicted secondary structure of circYap was analyzed for its thermo-
dynamic properties. The structure of the ACTG protein used in the
docking procedure was derived from Protein Data Bank (PDB) entry
PDB: 5JLH. The molecular simulation result supported that circYap
could perfectly dock ACTG, while the 2- and 3-dimensional sequence
of the circYap showed different structures (Figure S4D). The docking
analysis predicted a minimal binding region of circYap for ACTG, as
shown in Figure 6A. Due to unavailable crystallographic data on
TPM4, we used a homology modeling approach for the generation
of the three-dimensional target structure. The molecular simulation
also supported that circYap could perfectly dock TPM4, and this pre-
dicted a minimal binding region of circYap for TPM4, as shown in
Figure 6B. Graphical representation of the three-dimensional struc-
1144 Molecular Therapy Vol. 29 No 3 March 2021
ture of circYap-ACTG (PDB: 5JLH)-TPM4 complex was shown in
Figure 6C and S5A–S5C. To confirm these binding activities, we
performed site-directed mutagenesis to generate mutations of the
binding sites in circYap or these two proteins, respectively. First, we
transfected the cells with circYap or protein binding site mutated
circYap constructs (circYapmuACTG and circYapmuTPM4). We
confirmed that mutation of either or both protein binding sites for
circYap significantly decreased the ACTG or TPM4 antibody precip-
itating circYap (Figure 6D). On the other hand, circYapmuACTG and
circYapmuTPM4 could not pull down ACTG or TPM4 due to the
mutation of their binding sites (Figure 6E). Moreover, transfection
with circYapmuACTG and circYapmuTPM4 constructs remarkably
reduced ACTG antibody precipitating TPM4 and vice versa
(Figure 6F).

Second, we synthesized blocking oligos, which were reverse comple-
ment to the ACTG/TPM4 protein binding sites in circYap, to block
the binding of circYap with ACTG or TPM4. It showed that ACTG
and TPM4 were not able to precipitate circYap in the presence of
the blocking oligos (Figure 6G). In accordance, transfection with
the blocking oligos inhibited the capability of circYap to pull down
ACTG and TPM4 proteins (Figure 6H). In addition, the blocking oli-
gos also decreased antibody against ACTG precipitating TPM4 and
vice versa (Figure 6I).

Last but not least, to further confirm the binding sites, we designed
His-tagged ACTG or TPM4 with circYap binding sites mutation
(ACTGmut and TPMmut) (Figure S5D). By using Hig-tag, the poten-
tial influence of site mutation on antibody or primer recognition of
ACTG and TPM4 was avoided. We found that circYap could not
pull down ACTG or TMP4 with the mutation of circYap binding sites
(Figure 6J). In addition, ACTG or TPM4 with or without mutation
were precipitated via His-tag by using Ni-NTA agarose beads. The
mutated ACTG or TPM4 precipitated significantly less circYap
compared to those without mutation (Figure S5E). These results
confirmed that the binding of circYap and ACTG or TPM4 was abro-
gated by ACTGmut or TPMmut. In mouse heart tissues, the binding
of ACTG and TMP4 were significantly suppressed in TAC mice that
expressed decreased levels of circYap, while the interaction of ACTG
and TPM4 in TAC mice with the ectopic delivery of circYap was
maintained at similar levels to the sham mice (Figure 6K). These re-
sults indicated these protein binding sites were crucial for the binding
of circYap with ACTG and TPM4, and circYap was involved in the
interaction between ACTG and TPM4.

circYap Decreased Actin Polymerization

Actin polymerization plays important roles in regulating cell activ-
ities.24 Tropomyosin is an essential regulator of actin polymeriza-
tion.25 Under physiological conditions, TPM proteins bind to actin
to prevent the assembly of new actin filaments and actin polymeriza-
tion. Our results showed that overexpression of circYap significantly
inhibited the rate of actin polymerization (Figure 7A). In addition, we
found that inhibition of ACTG by small interfering RNA (siRNA)
could significantly reduce the migration rate of cardiac fibroblasts,
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Figure 6. Identification of the Binding Sites of circYap with ACTG and TPM4

(A and B) The binding sites of circYap with ACTG protein (A) and TPM4 protein (B) were identified via computational approach. (C) Docking of the circYap-TMP4-ACTG

complex. (D) RNA-immunoprecipitation by antibodies against ACTG and TPM4 was performed in MCFs transfected with circYap or mutant constructs. Mutations decreased

the antibodies precipitating circYap. n = 4. **p < 0.01. circYapmuACTG: ACTG binding site mutation in circYap; circYapmuTPM: TPM4 binding site mutation in circYap;

circYapmuBoth: both ACTG and TPM4 binding sitesmutation in circYap. (E) ACTG and TPM4 that bound with circYap were detected with respective antibodies after circYap

was pulled down by its probe. ACTG and TPM4 proteins were pulled down by the circYapwithout binding sitesmutation but not with binding sitesmutation. circYapmuACTG,

ACTGbinding sitemutation in circYap; circYapmuTPM, TPM4binding sitemutation in circYap; circYapmuBoth, both ACTG and TPM4binding sitesmutation in circYap. n = 3.

(F) Antibody against ACTG could precipitate TPM4 and vice versa with circYap overexpression. Binding sites mutation of circYap decreased the interactions of ACTG with

TPM4. n = 3. (G) RNA-immunoprecipitation of circYap by antibodies against ACTG and TPM4 was performed in AC16 cells transfected with blocking oligos that reverse

complement to the ACTGor TPM4binding sites. n = 4. **p < 0.01. (H) ACTGand TPM4were pulled down by the circYap in AC16 cells transfectedwith the blocking oligos. The

blocking oligos inhibited circYap pulling down the ACTG and/or TPM4 proteins. n = 3. (I) Transfection with the blocking oligos inhibited ACTG precipitating TPM4 and vice

versa. n = 3. (J) Plasmids that could be translated to His-tagged ACTG and TPM4 protein with or without circYap binding site mutation (ACTGmut and TPM4mut) were

transfected to circYap-overexpressed MCF cells. The circYap could not pull down ACTG or TPM4 with the binding site mutation. n = 3. (K) In the heart tissue of TAC mice,

decreased expression of circYap inhibited ACTG precipitating TPM4 and vice versa. Ectopic delivery of circYap plasmids increased the interaction of ACTG and TPM4. n = 3.
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while silencing TPM4 by siRNA could remarkably accelerate the
migration (Figure 7B; Figure S6A). This result confirmed the inhibi-
tory effects of TPM4 on ACTG-mediated cell activities by polymeri-
zation. We further validated that interrupting the binding of circYap
with ACTG and TPM4 by mutation on the binding sites significantly
increased the motility of cardiac fibroblasts (Figure 7C; Figure S6B)
and elevated the collagen-I and collagen-III levels (Figures 7D and
7E). In addition, blocking the binding of circYap to ACTG and
TPM4 by either mutation, the binding sites or transfection with the
blocking oligos decreased viability of MCF or AC16 cells (Figures
S6C and S6D).

Finally, we tested whether circYap-mediated actin polymerization
could occur in vivo. Heart lysates were prepared from sham and
Molecular Therapy Vol. 29 No 3 March 2021 1145
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Figure 7. The Function Change of Heart Cells upon siRNA and Binding Sites Mutation

(A) Actin polymerization rates in MCF cells transfected with control vector or circYap plasmids. Expression of circYap decreased actin polymerization. (B) The migration rates

of MCF cells transfected with TPM4 siRNA, ACTG siRNA, or control oligo were tested by wounding assays. Silencing TPM4 increased cell migration, while silencing ACTG

decreased cell migration. n = 7. **p < 0.01. (C) The migration rates of MCF cells transfected with vector control, circYap, and circYap constructs containing binding site

mutations with ACTG and TPM4 (circYapmuACTG and circYapmuTPM). n = 9. **p < 0.01 versus vector, ##p < 0.01 versus circYap. (D and E) The levels of collagen-I and

collagen-III in vector control, circYap, and circYap constructs containing binding site mutations with ACTG and TPM4 (circYapmuACTG and circYapmuTPM). n = 4. **p <

0.01 versus vector, ##p < 0.01 versus circYap. (F) In the heart tissues of TACmice, reduction of circYap expression increased actin polymerization. Ectopic delivery of circYap

decreased actin polymerization. (G) Diagram of circYap binding with ACTG and TPM4 forming complexes, playing roles in actin polymerization and tissue contraction.
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TAC mice that showed decreased expression of circYap. An increase
of actin polymerization was found in TAC mouse heart with the
reduction of circYap expression. Ectopic delivery of circYap could
inhibit the actin polymerization (Figure 7F). Therefore, we concluded
that circYap facilitated the binding of TPM4 with ACTG, leading to
the increased inhibitory effect of TPM4 on actin polymerization
and the following anti-fibrotic effects (Figure 7G; Figure S6E).

DISCUSSION
Cardiac fibrosis is a worldwide health problem associated with
nearly all etiologies of heart diseases. However, the molecular mech-
anisms underlying cardiac fibrosis remain unclear. Our study indi-
cates that circYap is a critical regulator in binding to tropomyosin
and actin, decreasing actin polymerization and cardiac fibrosis.
Our study also suggests that we could target the process of actin
polymerization to decrease cardiac fibrosis and improve heart func-
tions by ectopic delivery of nanoparticle-conjugated circYap expres-
sion plasmids.
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The promising potential of RNA-targeting therapeutics for human dis-
eases has started to be unveiled in recent years. Circular RNAs have
been reported to affect progression of heart disease and cancer.26–30

As the most stable RNAs due to their special structure, circular
RNAs are potential targets in RNA therapeutics.31–33 The circYap is
one of the circRNAs that we found to have protective effects in both
cancer17 and cardiovascular disease. Potentially, the human YAP
gene can produce 15 isoforms of circular RNAs.16 However, the expres-
sion of circYap could be tissue specific, since our circular RNA
sequencing result showed that only three isoforms were detected in hu-
man heart tissues. Therefore, we selected the one with the highest level
in our study.We found that the level of this circYap isoformwas signif-
icantly decreased in the hearts of patients with cardiac hypertrophy. In
addition, our results revealed that the expression of circYap was nega-
tively correlated with fibrosis factors including collagen-I and -III,
TGF-b, CTGF, and NGF in the heart of TAC-induced PO mouse
model. In the present study, we successfully restored the circYap levels
in the hearts of mice with TAC by delivery of circYap plasmids, which
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were validated by real-time PCR and FISH. Notably, the impaired heart
function and the cardiac fibrosis that resulted from PO were signifi-
cantly improved after ectopic circYap plasmid delivery. These results
provided a clue for the potential clinical application of circYap in
RNA therapeutics. Regarding the cellular target of circYap in the heart,
our present study showed that circYap affected the survival and cell
morphology of both fibroblasts and cardiomyocytes in in vitro cell
models. The fibroblasts are acknowledged to be the major effectors
of cardiac fibrosis. It has been reported that fibroblasts can modulate
cardiomyocyte survival via transduction of hypertrophic signal or
secretion of pro-apoptotic, pro-inflammatory mediators and exo-
somes.34 Our results from FISH inmouse heart tissue indicated circYap
is expressed in both cardiomyocytes and cardiac fibroblasts. However,
the function of circYap on myocytes and fibroblasts may be slightly
different due to the different roles of these two types of cells in cardiac
remodeling. The roles of circYap on specific cell types warranted
further investigation in future studies.

In our previous study, we discovered that circYap inhibited YAP pro-
tein expression in breast cancer.17 YAP protein expression was
increased in tumor tissues/cells compared to the benign tissue/normal
cells. Elevation of circYap could effectively reduce YAPprotein expres-
sion to the level of control tissues or cells. In the current study, however,
YAP mRNA and protein were found to be decreased in parallel to cir-
cYap in TACmouse heart; therefore, circYap is unlikely to antagonize
YAP expression itself. The mechanisms of circYap on the YAP
signaling pathway in cancer cannot explain the beneficial effects of cir-
cYap on heart function. Therefore, other potential mechanisms that
mediated the function of circYap in the PO model were investigated
in the present study.Here, we demonstrated that circYap inhibited car-
diacfibrosis via controlling the interaction ofACTGandTPM4and the
following actin polymerization. TPM plays a critical role in actin poly-
merization by stabilizing actin filaments. It has been reported that mu-
tation of TPM could result in hypertrophic cardiomyopathy, dilated
cardiomyopathy, or left ventricular noncompaction.35 TPM also in-
hibited new actin filament assembly via restricting the ability of the
Arp2/3 complex to nuclear actin polymerization.36 In our study, we
found that circYap could bind with both TPM4 and ACTG to form a
complex and significantly enhanced the inhibitory effect of TPM4 on
actin polymerization. By binding with circYap, the interaction of
TPM and ACTG was significantly enhanced. Therefore, TPM played
its critical role in actin filament assembly and thus suppressed actin
polymerization. Upon TAC-induced PO, actin polymerization in the
mouse heart tissue was accelerated, leading to the development of
collagen deposition and fibrosis. Ectopic delivery of circYap in our
study significantly decreased this process. It has been reported that
enhancement of actin polymerization could activate the process of
lung fibrosis.37 Here, our study confirmed the link between actin poly-
merization and cardiac fibrosis and identified circYap as the potential
inhibitor toprevent thedevelopment of cardiacfibrosis viadeactivating
actin polymerization.

Although our results showed that circYap could bind to ACTG and
TPM4, we did not examine the sizes of the binding complexes. Since
actin can form filaments and tropomyosin can bind to actin, there is a
possibility that the complexes of circYap-ACTG-TPM4 have different
sizes, which depends on the interaction of actin-actin and actin-
tropomyosin. The sizes of the complexes may contribute to actin
polymerization and cardiac fibrosis. Additional technologies with
innovation are needed to uncover the details of the interaction in
the future. Due to the potential formation of large complexes of these
three molecules, it is also possible that some circYap-binding proteins
detected by mass spectrophotometry may be under-representative.
Whether these proteins are involved in circYap-regulating cardiac
fibrosis warrants further investigation. Moreover, we demonstrated
that ectopic circYap elevated the circYap levels in both cardiomyo-
cytes and cardiac fibroblasts in vivo and altered the morphology of
cardiomyocytes and cardiac fibroblasts in vitro. Since cardiac fibro-
blasts are acknowledged to play the major role in cardiac fibrosis,38

we consider the protective effects of circYap on heart function and
cardiac fibrosis here is mainly mediated by the inhibition of actin
polymerization in cardiac fibroblasts. Our present study may offer a
novel and promising approach to impede cardiac fibrosis and
improve the heart function by targeting circRNA.

MATERIALS AND METHODS
Human Heart Specimens

Heart samples were obtained from 104 patients with cardiac hyper-
trophy resulting from heart failure, aortic stenosis, mitral stenosis,
hypertrophic cardiomyopathy, or tetralogy of Fallot, and 21 organ do-
nations without heart disease records (trauma or non-cardiac causes).
The clinical characteristics and etiology of these patients are described
in Table S1. The donation hearts from individuals who died from
non-cardiac causes were collected 0.5–6 h after patient’s death. At
the time of surgery, the heart tissue was removed from the left ventric-
ular free wall or right ventricular outflow tract and snap-frozen in
liquid nitrogen for RNA or protein isolation. The study was carried
out in accordance with the Ethics Code of the World Medical Asso-
ciation (Declaration of Helsinki). All patients selected in this study
gave formal informed consent prior to enrollment.

Animal Models

The PO model was induced by modified TAC in mice as previous
described.39 A successful PO model was confirmed with both visual
confirmation of differential carotid pulpability and measuring the
carotid artery flow velocities by Doppler. Those mice with a right
carotid (RC)/left carotid (LC) flow ratio >5 were included for further
experiments. The sham mice underwent surgery at the same time
points with the similar process of anesthesia and other operation
except aortic banding. All animal experiments were performed in
accordance with relevant guidelines and regulations approved by
the Animal Care Committee of Sunnybrook Research Institute.

For circYap administration, 8-week-old C57BL6 mice were processed
to TAC and the plasmids of control vector or circYap (50 mg each)
were injected intraperitoneally twice per week for 8 weeks. The
plasmids of circYap and vector control were generated as described
in the following section of construct generation. The plasmids were
Molecular Therapy Vol. 29 No 3 March 2021 1147

http://www.moleculartherapy.org


Molecular Therapy
conjugated with polyethylene glycol (PEG) and AU nanoparticles
before injection as previously described.40 Groups of sham and
TACmice without injection served as controls. After 8 weeks of injec-
tion, mice were sacrificed following cardiac function assessment.
Hearts and other organs were harvested. Part of the heart tissue
was fixed with 10% buffered formalin and embedded in paraffin
and then sectioned to 5 mm slides. H&E staining, Masson’s trichrome
staining, and Sirius red staining were performed as described.18

Mice were anesthetized with 2% isoflurane inhalation to undergo
transthoracic echocardiography and invasive hemodynamic assess-
ment. Transthoracic echocardiography was performed and analyzed
in a blinded manner, using a Vevo 2100 high-resolution imaging sys-
tem equipped with a 40-MHz transducer to measure LVEDD,
LVESD, LVEF, LVFS, and dp/dt. A 1.4-Fr high-fidelity pressure
catheter (SPR-671, Millar Instruments, Houston, TX, USA) was
inserted into the LV via the right carotid artery to evaluate left
ventricular pressure (LVSP) and dp/dt using PowerLab system (AD
Instruments).

For Sirius red staining, mouse heart sections were stained with
Weigert’s hematoxylin for 8 min after being dewaxed and hydrated.
Then, the slides were stained in 0.1% picrosirius red for another 1 h
and washed in 0.1% acetic acid. Masson’s trichrome staining was per-
formed with Masson’s trichrome staining kit from American Master
Tech.

FISH

In FISH, Alexa 488 labeled DNA oligo probes against circYap were
generated by fluorescence PCR labeling kit from Biolynx. The labeled
probes were heated at 95�C for 5 min and chilled on ice immediately
to prevent reannealing. A scramble sequence was used as a negative
control. After dehydration and air drying, the fixed samples were pre-
treated with hybridization solution in 55�C for 0.5 h. The pre-hybrid-
ized slides were incubated with 50 nM fluorescence-labeled DNA
oligo probes in hybridization buffer at 55�C for 1 h followed by serial
washes with saline-sodium citrate (SSC) buffers. DAPI staining was
done for another 20 min after washing with PBS before mounting.

RT-PCR and RNase Treatment

Total RNA was extracted from cells or tissues using a kit from Ge-
neaid TriRNA isolation kit or TRIzol. 1 mg RNA was subjected to
reverse transcription and quantitative PCR (qPCR) using iScript RT
kits and SYBR green master mix (Bio-Rad). U6 or GAPDH were
used as internal controls. The sequences of primers are listed in Table
S2. RNase treatment was conducted as previously described.41 In
brief, 1 mg RNase R (Epicenter) or RNase A (QIAGEN) was added
in the mixture either before or after immunoprecipitation and incu-
bated at 37�C for 15 min.

RNA and Protein Interaction

For immunoprecipitation, 100 mL magnetic beads were washed in
PBS-T (PBS + 0.1% Tween-20) and incubated with 1 mg primary
antibody at room temperature for 10 min. The total protein lysates
1148 Molecular Therapy Vol. 29 No 3 March 2021
were collected, and the protein concentrations of different samples
were equalized. Then, the protein lysate was incubated with anti-
body-containing beads for 1 h. The magnetic beads were washed 3
times with PBS-T and were resuspended in either TRIzol (for
RNA extraction) or 2 � Laemmli buffer (0.125 M Tris-HCl, 4%
SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol
blue [pH 6.8] for protein isolation). The isolated RNAs were sub-
jected to real-time PCR, while the isolated proteins were subjected
to western blotting.

RNA pull-down assay was performed using an RNA probe as
described.42 In brief, the cells were lysed in coimmunoprecipitation
(coIP) buffer and then incubated with 3 mg biotinylated DNA oligo
probes against circYap at room temperature for 2 h. 50 mL Streptavi-
din C1 magnetic beads (Invitrogen) were added to each binding reac-
tion and further incubated at room temperature for another 1 h. The
beads were washed briefly with coIP buffer 5 times. The bound pro-
teins in the pull-down material were analyzed by western blotting.
The oligomers for RNA pull-down of human circYap 50-tcaggaagag-
gacctgccgaagcagttcttgc were biotinylated using the biotin-11-dATP
labeling kits.

Bioinformatics Prediction

To determine the possible interaction of circYap with ACTG1/TPM4,
20,000 models were generated using NPDock server,43 a protein-
RNA docking analysis tool. NPDock server combines GRAMM for
global macromolecular docking, scoring with a statistical potential,
and clustering, followed by refinement of best-scored docked com-
plexes from the three biggest clusters. Distance-based and residue-
level resolution contact maps of circYap-ACTG1 docked complex
and circYap-TPM4 docked complex were determined using
RNAmap2D44 and COCOMAPS45 tools. Contact distances were
computed between Ca atoms of protein residues and O50 atoms of
RNA strands. Two residues are in contact when their O50–Ca dis-
tance is less than 10 Å. A distance-based approach was used to
identify the binding site residues/nucleotides for the protein-RNA
complexes using a specific cutoff value. Two atoms (one in RNA
and another in protein) are considered to be interacting with each
other if the distance between them is <3.5 Å.

Actin Polymerization Assay

Actin polymerization was conducted with the Actin Polymerization
Biochem kit (Cytoskeleton). Briefly, the pyrene actin was dissolved
in G-buffer containing ATP at 0.4 mg/mL and incubated on ice for
1 h to depolymerize actin oligomers, followed by centrifuge at
14,000 rpm at 4�C for 30 min. The supernatant was transferred to a
96-well plate (200 mL per well). Meanwhile, the cells were lysed
in actin-compatible buffer containing 20 mM HEPES, 20 mM
NaCl, and protein inhibitors and subjected to centrifugation at
150,000 � g at 4�C for 1 h. 20 mL of the supernatant was added in
each well containing G-actin stock. Then, actin polymerization buffer
was added in the wells to start the reaction. Kinetic for over 120 cycles,
60 s interval time was set on Multiscan Spectrum (BioTek Synergy I)
with the ex.350 nm and em.410 nm.
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Statistical Analysis

All experiments were performed in triplicate, and numerical data
were subject to independent sample t test for two groups and one-
way ANOVA for three or more groups. The levels of significance
were set at *p <0.05 and **p <0.01.
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