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Abstract

Aims Acute myocardial infarction (MI) is a significant contributor to death in individuals diagnosed with coronary heart dis-
ease on a worldwide level. The specific mechanism by which circRbms1 contributes to the damage caused by myocardial
ischaemia–reperfusion (I/R) is not well understood. The primary aim of this study was to examine the role of circRbms1
and its associated mechanisms in the setting of I/R injury.
Methods and results An in vivo MI mice model and an in vitro MI cell model was established. The expression levels were
detected using quantitative real-time PCR (qRT-PCR) and western blot. Cellular proliferation, apoptosis, pyroptosis, and au-
tophagy were detected by immunostaining, immunohistochemistry, western blot, and transmission electron microscopy
(TEM). Dual-luciferase reporter assay, RNA pull-down assay, and RIP assay were performed to validate the molecular interac-
tions. CircRbms1 was up-regulated in A/R-induced HCMs and acted as a sponge for miR-142-3p, thereby targeting MST1.
CircRbms1 could improve stability of MST1 by recruiting IGF2BP2 (all P < 0.05). CircRbms1 knockout reduced cell pyroptosis,
improved autophagy and proliferation level in A/R-induced HCMs (all P < 0.05). CircRbms1 knockout alleviated cardiac dys-
function and cell pyroptosis and enhanced autophagy and proliferation in mice through the miR-142-3p/MST1 axis.
Conclusions CircRbms1 inhibited the miR-142-3p/MST1 axis and played a protective role in myocardial I/R injury. It may pro-
vide a new therapeutic target for I/R heart injury.
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Introduction

Acute myocardial infarction (MI) is one of the most common
and critical conditions in hospital and also one of the main
causes of death in patients with coronary heart disease
worldwide. Timely reperfusion therapy is an effective way
to relieve myocardial ischaemia and reduce infarct size, but
it also causes irreversible damage to the myocardium and
coronary circulation, namely, myocardial ischaemia–reperfu-
sion (I/R) injury, which is a key factor affecting the prognosis

of MI patients.1 I/R injury involves multiple cellular and mo-
lecular mechanisms, including autophagy, apoptosis, necrosis,
necroptosis, inflammation, oxidative stress, and calcium
overload.2 I/R injury not only affects cardiomyocytes but also
affects the coronary microcirculation, leading to microvascu-
lar obstruction (MVO), which further aggravates myocardial
ischaemia and cardiac dysfunction.3 Therefore, it is of great
significance to understand the pathogenesis of I/R injury
and find effective cardioprotective strategies for improving
the clinical outcomes of MI patients. Currently, various
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mechanical and pharmacological interventions have been
proven to reduce I/R injury in animal models, such as ischae-
mic preconditioning, ischaemic postconditioning, remote
ischaemic conditioning, and targeted drugs.4 However, these
methods are not satisfactory in clinical trials, which may be
related to the patient’s age, co-morbidities, medication treat-
ment, and so on. Therefore, there is an urgent need to ex-
plore more effective and safe cardioprotective methods and
consider their impact on long-term targets such as MVO,
myocardial repair, and reverse remodelling.

Circular RNAs (circRNAs) are a class of non-coding RNAs
that are formed by back-splicing of exons or introns. CircRNAs
are widely expressed in various tissues and cell types and have
diverse functions in regulating gene expression, protein trans-
lation, RNA splicing, and interacting with RNA-binding
proteins.5 CircRNAs have been implicated in various patholog-
ical processes, including I/R injury.6 Among them, myocardial
I/R injury is a major contributor to morbidity and mortality
in patients with acute myocardial infarction (AMI), which is
characterized by irreversible loss of cardiomyocytes and im-
paired cardiac function.2 CircRNA single stranded interacting
protein 1 (circRbms1) was found to be up-regulated in myo-
cardial I/R injury and to promote cardiomyocyte apoptosis
by sponging miR-2355-3p and up-regulating its target gene
mammalian sterile20-like kinase 1 (MST1), which is a pro-apo-
ptotic kinase that mediates mitochondrial dysfunction and ox-
idative stress. Knockout of circRbms1 played a protective role
in myocardial I/R injury though inhibition of miR-2355-3p/
MST1 axis.7 This finding suggests that circRbms1 may be a po-
tential therapeutic target for myocardial I/R injury. However,
the role of circRbms1 in myocardial I/R injury is not fully un-
derstood. Therefore, further studies are needed to elucidate
the comprehensive functions and mechanisms of circRbms1
in myocardial I/R injury.

Pyroptosis is a novel form of programmed cell death that is
characterized by gasdermin D-mediated plasma membrane
rupture and inflammatory cytokine release. Pyroptosis has
been implicated in various cardiovascular diseases, including
myocardial I/R injury.8 However, the molecular mechanisms
and therapeutic targets of cardiomyocyte pyroptosis in myo-
cardial I/R injury remain elusive. Autophagy is a lysosomal
degradation pathway that maintains cellular homeostasis
and survival under stress conditions. Autophagy can also
modulate cell death pathways, such as apoptosis and
necroptosis, by regulating the turnover of key proteins and
organelles.9 However, the role of autophagy in cardiomyocyte
pyroptosis and its interaction with other cell death pathways
in myocardial I/R injury is poorly understood.

In this study, we aimed to investigate the potential regula-
tion and function of circRbms1 on the link between autoph-
agy and pyroptosis of cardiomyocytes, either with its other
possible downstream machinery to be involved in the patho-
genesis of myocardial I/R injury, thereby providing novel in-
tervention and therapeutic targets.

Materials and methods

Animal experiment

The following four groups were randomly divided into by 8-
week male C57BL/6 mice (20–26 g): (1) I/R + sh-NC group;
(2) I/R + shcircRbms1 group; (3) I/R + shcircRbms1 + anti-
miR-142-3p group; (4) I/R + shcircRbms1 + MST1 group (five
mice for each group). The surgical procedure reported in
Zhang et al.10 was followed. The mice were anaesthetized
with 2% isoflurane inhalation and artificially ventilated (80
strokes/min). The chest was opened at the fourth intercostal
space, and the heart and the left anterior descending artery
(LAD) were exposed. The LAD was ligated with a 7–0 silk su-
ture and reperfused 45 min later and lasted for 3 h. Adenovi-
ruses vectors to inhibit circRbms1 were injected through tail
vein. Five days after adenovirus administration, the following
experiments were performed. International guidelines for
animal research projects were obeyed, and the approval from
the Animal Ethics Committee of First Affiliated Hospital of
Nanchang University was obtained.

Cell culture and a/R-induced cell injury

RPMI-1640 containing 10% FBS, 100 μg/mL streptomycin,
and 100 U/mL penicillin was used to culture primary human
cardiac myocytes (HCMs, American Type Culture Collection,
ATCC; Manassas, VA, USA) at 37°C with 95% air and 5%
CO2. A hypoxia chamber with an anerobic pouch under 5%
CO2/95% N2 was used to culture HCMs for 24 h followed with
reoxygenation at 37°C with 5% CO2 for 3 h to establish the
model of A/R-induced cell injury.

Cell transfection

miR-142-3p mimic, miR-142-3p inhibitor (termed anti-miR-
142-3p), and its negative controls were designed and syn-
thesized by RiboBio (Guangzhou, China). Adenoviruses
vectors to inhibit circRbms1 were constructed (lenti-sh-
circRbms1) and lenti-sh-circRbms1 or lenti-sh-NC (100 μL),
synthesized by HanBio Biotechnology Co., Ltd (Shanghai,
China). Additionally, the full-length sequences of MST1 were
cloned into the pcDNA3.1 vector to obtain the corresponding
pcDNA3.1-MST1 overexpression plasmids. Transfection of
above-mentioned plasmids was conducted with Lipofecta-
mine 3000 (Invitrogen, CarIsbad, CA), and these cells were
used for subsequent experiments.

Ki67 detection

HCMs were fixed, permeabilized, blocked, and incubated with
primary antibody against Ki67 (clone SP6, Thermo Fisher
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Scientific). After washing, secondary antibody conjugated to
Alexa Fluor 488 (Thermo Fisher Scientific) was added. Cells
were mounted with DAPI (Thermo Fisher Scientific) and im-
aged. Ki67-positive cells percentage was calculated by divid-
ing Ki67-positive nuclei by DAPI-stained nuclei.

Transmission electron microscope

Fixation of cells with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) was performed for 2 h at room temperature.
Cacodylate buffer was used to wash the cells, which were
then postfixed with 1% osmium tetroxide for 1 h and
dehydrated in ethanol. Epoxy resin was used to embed and
polymerize the cells at 60°C for 48 h. A diamond knife was
used to cut ultrathin sections (70 nm), which were stained
with uranyl acetate and lead citrate. A transmission electron
microscope was used to examine the sections, and a digital
camera was used to capture the images. Double-membrane
vesicles with cytoplasmic material were identified as
autophagosomes.

RIP assay

Lysis of cells in RIP buffer with protease and RNase inhibitors
was performed. Protein A/G beads were used to preclear the
cell lysates and then incubate with an antibody against
IGF2BP2 (Cell Signaling Technology, 64143) or IgG (Abcam,
ab96899) overnight at 4°C. The antibody-RBP complexes
were captured by protein A/G beads and washed with RIP
buffer. TRIzol reagent was used to extract RNA from the
beads and reverse transcribe it into cDNA. The enrichment
of indicated gene was measured by qRT-PCR analysis.

Subcellular fractionation

Fractionation buffer (20 mmol HEPES (pH 7.5), 10 mmol KCl,
1.5 mmol MgCl2, 1 mmol EGTA, 1 mmol EDTA, 1 mmol DTT,
and 0.1 mmol phenylmethanesulfonyl fluoride), 250 mmol
sucrose, and 20 mmol protease inhibitor cocktail (Sigma-Al-
drich, St. Louis, MO, USA) were used to wash and resus-
pend the cells. A Dounce homogenizer was used to homog-
enize the cell suspension, and the nuclei were pelleted by
centrifuging at 750× g for 5 min. The supernatant contain-
ing the cytosolic and ER fraction was centrifuged at
10 000× g for 15 min to pellet the mitochondrial fraction.
The cytosolic fraction was obtained by centrifuging the su-
pernatant again. qRT-PCR was used to analyse the expres-
sion in the fractions.

Fluorescent in situ hybridization (FISH)

FITC-labelled circRbms1 and Cy3-labelled IGF2BP2 probes
were utilized for assessing the colocalization of circRbms1
and IGF2BP2 in cells. Briefly, cells were fixed and mounted
on glass slides. The FISH assay was subsequently conducted
using the Fluorescent In Situ Hybridization Kit (Geneseed,
Guangzhou, China) following the manufacturer’s protocol.
Fluorescent probes against circRbms1 and IGF2BP2 were
added to the slides and allowed to hybridize with the comple-
mentary DNA sequence on the chromosomes. The excess
probe was washed away, and the slides were examined under
a fluorescence microscope.

Actinomycin D treatment

Cells were treated with Actinomycin D (5 μg/mL, R&D, Min-
neapolis, MN, USA) for 60 min to several hours, and RNA
was extracted using TRIzol reagent. mRNA levels of MST1
were measured by qRT-PCR.

RNA pull-down assay

The streptavidin magnetic beads (Cat. No. HYK0208,
MedChemExpress) were incubated with the biotinylated
circRbms1 probe or the oligo probe (RiboBio) as the control
at room temperature for 2 h. The circRbms1 probe or the
oligo probe was mixed with lysed HCMs (1 × 107) at 4°C over-
night. Trizol was used to conduct the extraction of bound
RNA and qRT-PCR was performed to detect RNA.

Echocardiographic assessment

Evans blue dye (1 mL of a 2% solution; Sigma-Aldrich)
was injected through jugular vein to delineate the ischae-
mic area at risk after reperfusion. The mice were euthanized
by cervical dislocation, and the heart was excised and
sectioned. The heart slices were incubated with 1.0%
2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich) for
15 min at 37°C to differentiate live (red) and dead or infarcted
myocardium (white). Ice-cold sterile saline was used to wash
the slices, which were fixed in 10% formaldehyde, weighed,
and photographed from both sides. Computer-assisted
planimetry was used by a blinded histologist to assess the in-
farct area (INF) and the risk zone. The INF/LV ratio (%) was
calculated.

Luciferase reporter assay

The pGL3 vector (Hunan Fenghui Biotechnology Co., Ltd) was
inserted with circRbms1 3′-UTR or MST1 3′-UTR with/without
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the predicted responsive element of miR-142-3p (circRbms1-
WT, circRbms1-MUT, MST1-WT, and MST1-MUT) that were
amplified. The luciferase reporter vectors and miR-142-3p
mimics or NC control (Biomics Biotech) were transfected
into samples using Lipofectamine 3000 (Invitrogen). A
TransDetect® Double-Luciferase Reporter Assay Kit (FR201-
01, TransGen Biotech Co., Ltd.) was used to analyse the
luciferase activity at 48 h after the transfection and the
value of Renilla luciferase activity was used to normalize it.

Quantitative real-time PCR (qRT-PCR)

TRIzol reagent (Invitrogen) was used to conduct extraction of
total RNA from HCMs and tissues. TransScript First-Strand
cDNA Sythesis SuperMix was used to reversely transcribe
2 μg of template RNA into cDNA for miRNA quantification.
The Thermal Cycler Dice Real-Time System II (Takara) was
used to perform the fluorescence quantitative PCR reaction.
PrimeScript™ One Step qRT-PCR kit (Takara) was applied for
reverse transcription from RNA into cDNA for quantification
of circRbms1 or MST1. An ROX Reference Dye II (GenStar)
on StepOnePlusTM Real-Time PCR System (Applied
Biosystems) was used to perform the PCR reactions. The fol-
lowing primer sequences were used in qPCR: U6 forward 5′-
CTCGCTTCGGCAGCACA-3′ and reverse 5′-AACGCTTCACGAA-
TTTGCGT-3′; GAPDH forward 5′-CACCAGGGCTGCTTTTAACTC-
3′ and reverse 5′-TGGAAGATGGTGATGGGATTT-3′; circ-
Rbms1: forward 5′-CCCTGATCTCCATACCCAGA-3′ and reverse
5′-TGGAGTCGAGTGTTTGCAGT-3′; MST1 forward 5′-AGACC-
TCCAGGAGATAATCAAAGA-3′ and reverse 5′-AGATACAGAA-
CCAGCCCCACA-3′. GAPDH and U6 were used to normalize
the expression of mRNA and miRNA, respectively. Data were
analysed by using the 2�ΔΔCt method.

Western blot

PVDF membranes were transferred with 12% SDS-PAGE and
blocked with 5% defatted milk. Primary antibodies were
incubated with the protein samples at 4°C overnight followed
by incubation of secondary antibody goat anti-rabbit IgG H&L
preadsorbed (Abcam, ab96899, 1/1000) at 37°C for 45 min.
MST1 antibody (Abcam, ab245190, 1/1000), cleaved cas-
pase-1 antibody (Cell Signaling Technology, 89332, 1/1000),
NLRP3 antibody (Cell Signaling Technology, 15101, 1/1000),
beclin1 (Abclonal, A7353, 1:2000), LC3 (Cell Signaling Tech-
nology, 4108, 1:2000), p62 (Abcam, ab91526, 1:1000), and
MST1 antibody (Abcam, ab245190, 1/1000) were the primary
antibodies used. β-Actin was used as the control. Chemilumi-
nescence reagents were used to visualize protein bands and
ImagePro plus software 6.0 was used to quantify them.

Immunofluorescence

Fixation of cells with 4% formaldehyde was performed, and
then they were washed three times using iced PBS. Next,
cell permeabilization was achieved by using PBS with
0.25% Triton X-100 and another three washes with iced
PBS followed. Primary anti-caspase-1 antibody (Abcam,
ab138483, 1:200), anti-LC3II antibody (Abcam, ab192890,
1:200), and anti-Ki67 antibody (Abcam, ab15580, 1:200)
were added to the cells, and they were incubated overnight
at 4°C. Then, secondary antibody (LS-C60498, 1/1000, LSBio)
was supplemented to the samples, and a 2-h incubation at
room temperature was done. Finally, the samples were
mounted and imaged by a confocal microscope.

Data analysis

Mean ± standard deviation (SD) was used to display all data.
Student’s t-test was applied for comparison of two groups.
Graphpad Prism 6.0 software was used for the analysis and
graphing of all data. Significance was considered when
P < 0.05. All experiments were repeated at least three times.

Results

Scheme illustrating the production of circRbms1

Our analysis of circRbms1 across different species using the
BLAST website (https://blast.ncbi.nlm.nih.gov/) revealed
good conservation between human and mouse sources
(Figure 1A). Genomic information showed that circRbms1 is
derived from exons 10, 11, 12, 13, and 14 of the parental
Rbms1 gene (Figure 1B). qRT-PCR analysis of the abundance
of circRbms1 and Rbms1 in cardiomyocytes treated with RN-
ase R indicated that circRbms1 was more tolerant to RNase R
digestion than its linear counterpart Rbms1 (Figure 1C).
Furthermore, qRT-PCR analysis revealed that circRbms1
was significantly up-regulated in a mouse model of I/R (Figure
1D). These results suggested a potential role for circRbms1 in
the response to I/R injury.

CircRbms1 serves as a miRNA sponge for miR-
142-3p to enhance MST1 expression

To determine the subcellular localization of circRbms1, we
performed qRT-PCR analysis on the nuclear and cytoplasmic
fractions of cardiomyocytes. Our results showed that
circRbms1 was presented in both compartments, with a
higher abundance in the cytoplasm (Figure 2A). Further
investigation into the function of circRbms1 revealed its bind-
ing to miR-142-3p through a RNA pull-down assay (Figure
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2B). Analysis using CircInteractome identified complementary
binding sites between circRbms1 and miR-142-3p. The
targeting relationship between the two was validated using
a luciferase reporter assay (Figure 2C). We also found that
circRbms1 negatively regulated the expression level of miR-
142-3p through qRT-PCR analysis (Figure 2D). Complementary
binding sites between miR-142-3p and MST1 were identified
using miRDB. A luciferase reporter gene assay confirmed the
targeting relationship between the two (Figure 2E). qRT-PCR
analysis further revealed that miR-142-3p negatively regu-
lated the expression level of MST1 (Figure 2F). The binding
of miR-142-3p with circRbms1 and MST1 was demonstrated
through a RNA pull-down assay (Figure 2G). To investigate
the effect of circRbms1 on MST1 expression, we performed
qRT-PCR and western blot analysis. Our results showed that
silencing of circRbms1 inhibited MST1 expression. However,

this effect was reversed when miR-142-3p expression was
inhibited (Figure 2H,I). These findings suggested a potential
regulatory role for circRbms1 in MST1 expression via its inter-
action with miR-142-3p.

Loss of CircRbms1 protects cardiomyocytes
against A/R-induced pyroptosis via targeting miR-
142-3p/MST1 axis

We performed qRT-PCR analysis to determine the expression
levels of circRbms1, miR-142-3p, and MST1 over time. Our re-
sults showed that circRbms1 expression increased over time
(Figure 3A), while miR-142-3p expression decreased over
time (Figure 3B). MST1 expression increased over time
(Figure 3C). Immunofluorescence (IF) detection of caspase-1

Figure 1 Scheme illustrating the production of circRbms1. (A) The conservation of circRbms1 between human and murine was compared in NCBI. (B)
Genomic information of circRbms1. (C) The abundance of circRbms1 and Rbms1 in cardiomyocytes treated with or without RNase R was detected by
qRT-PCR. (D) CircRbms1 was detected in sham or I/R mouse models (N = 5 per group). Data are presented as mean ± SD from three independent ex-
periments. ***P < 0.001.
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Figure 2 CircRbms1 serves as a miRNA sponge for miR-142-3p to enhance MST1 expression. (A) The abundance of circRbms1 in the nuclear and cy-
toplasmic fractions of cardiomyocytes was detected by qRT-PCR analysis. (B) The interaction between circRbms1 and miRNAs was screened by pull
down assay. (C) CircInteractome predicted the complementary binding sites of circRbms1 and miR-142-3p, and the targeting relationship was validated
by luciferase reporter assay. (D) The abundance of circRbms1 and miR-142-3p was detected by qRT-PCR. (E) miRDB predicted the complementary bind-
ing sites of miR-142-3p and MST1, and the targeting relationship was validated by luciferase reporter assay. (F) The abundance of miR-142-3p and
MST1 was detected by qRT-PCR. (G) The binding of miR-142-3p with circRbms1 and MST1 was proved by RNA pull-down assay. (H, I) MST1 was de-
tected in control (AAV9-shNC), AAV9-shcircRbms1 and AAV9-shcircRbms1 + anti-miR-142-3p group by qRT-PCR (H) and western blot (I). Data are pre-
sented as mean ± SD from three independent experiments. **P < 0.01, ***P < 0.001.
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Figure 3 Loss of circRbms1 protected cardiomyocytes against A/R-induced pyroptosis via targeting miR-142-3p/MST1 axis. Cells were treated with A/
R. (A–C) The expression levels of circRbms1 (A), miR-142-3p (B) and MST1 (C) were detected at 0, 15, 30, 60 min post treatment. (D) Cells were exposed
to A/R and treated with shcircRbms1, shcircRbms1 + anti-miR-142-3p or AAV9-shcircRbms1 + MST1. The expression of caspase-1 was detected by im-
munofluorescence and statistical results were listed. (E, F) Pyroptosis-related markers, caspase-1, cleaved caspase-1, NLRP3, IL-1β and IL-18 were de-
tected by qRT-PCR (E) and western blot (F). Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001.
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fluorescence activity showed that knocking down circRbms1
reduced caspase-1 fluorescence activity. However, inhibiting
miR-142-3p or overexpressing MST1 increased fluorescence
activity (Figure 3D). We also performed qRT-PCR analysis to
determine the expression levels of pyroptosis-related bio-
markers. Our results showed that the expression patterns of
pyroptosis-related biomarkers were similar. Knocking down
circRbms1 reduced their expression levels, while inhibiting
miR-142-3p or overexpressing MST1 increased their expres-
sion (Figure 3E). Western blot analysis was performed to fur-
ther validate the expression of pyroptosis-related molecules,
and the results were consistent with those of qRT-PCR anal-
ysis (Figure 3F). These experiments demonstrated that
silencing of circRbms1 significantly alleviated A/R-induced
pyroptosis in cardiomyocytes. However, this protective
effect was significantly reversed when miR-142-3p was si-
multaneously inhibited or when MST1 was overexpressed.

Loss of CircRbms1 protects cardiomyocytes
against A/R-induced weakened autophagic status
and poor proliferative capacity via targeting miR-
142-3p/MST1 axis

We assessed cell proliferation by performing IF detection of
Ki67 fluorescence activity. Our results showed an increase in cell
proliferation after knocking down circRbms1. However, when
miR-142-3p was inhibited orMST1 was overexpressed, prolifer-
ation levels were suppressed (Figure 4A). Changes in the num-
ber of autophagosomes in cardiomyocyteswere observed using
transmission electron microscopy. Our results showed an in-
crease in the number of autophagosomes after knocking down
circRbms1. However, when miR-142-3p was inhibited or MST1
was overexpressed, the number of autophagosomes decreased
(Figure 4B). We performed IF detection of LC3 fluorescence ac-
tivity and found an increase in LC3 levels after knocking down
circRbms1. However, when miR-142-3p was inhibited or MST1
was overexpressed, LC3 levels decreased (Figure 4C). The ex-
pression levels of autophagy-related molecules were further
validated using western blot. The results were consistent with
those of electron microscopy and immunofluorescence experi-
ments (Figure 4D). The experiments showed that silencing
circRbms1 led to a significant reduction in the inhibitory effect
of A/R on cardiomyocyte proliferation and increased autophagy
in cardiomyocytes. However, these effects were significantly
reversed when miR-142-3p was inhibited or MST1 was
overexpressed.

circRbms1 enhances the mRNA stability of MST1
via recruiting IGF2BP2

A schematic diagram was created to illustrate the circRbms1
pull-down in cardiomyocytes (Figure 5A). Western blot was

performed to determine the protein levels of IGF2BP1,
IGF2BP2, and IGF2BP3 in protein pull-down samples from
cardiomyocytes following tagged RNA affinity purification as-
says. Our results confirmed that IGF2BP2 was a key
RNA-binding protein (RBP) that can bind to circRbms1 (Figure
5B). The efficiency of circRbms1 pull-down by RIP assay was
examined (Figure 5C). RIP assay revealed the enrichment of
MST1 mRNA in anti-IGF2BP2 antibody (Figure 5D). The local-
ization of circRbms1 (green) and IGF2BP2 (red) overlapped as
detected by immunofluorescence and FISH (Figure 5E).
qRT-PCR and western blot revealed that IGF2BP2 inhibition
reduced the stability of MST1 mRNA (Figure 5F,G). These re-
sults suggested a potential regulatory role for circRbms1 in
the stability of MST1 mRNA via its interaction with IGF2BP2.

The mechanism of circRbms1’s effect on I/R
injury is validated in vivo

At the animal level, mice received adenoviruses carrying plas-
mids by injection as described in the methods. We detected
INF/LV (%) and infarct size (% of risk zone). INF/LV and repre-
sentative images of myocardial tissue in indicated mice
showed that cardiac injury was alleviated after knocking
down circRbms1. However, the degree of cardiac injury repair
was weakened when miR-142-3p was inhibited or MST1 was
overexpressed (Figure 6A,B). Caspase-1 signal activity was
diminished after circRbms1 was inhibited, as indicated by
IHC staining. However, when miR-142-3p was inhibited or
MST1 was overexpressed, the signal increased (Figure 6C).
qRT-PCR analysis of pyroptosis-related biomarkers revealed
that their expression levels decreased after circRbms1
knockdown. Nonetheless, when miR-142-3p was inhibited
or MST1 was overexpressed, their expression levels increased
(Figure 6D). IF detection of Ki67 demonstrated an increase in
cell proliferation following circRbms1 inhibition. When miR-
142-3p was inhibited or MST1 was overexpressed; however,
proliferation levels were reduced (Figure 6E). After inhibiting
circRbms1, we detected an increase in LC3 levels using im-
munofluorescence. When miR-142-3p was inhibited or
MST1 was overexpressed, LC3 levels decreased (Figure 6F).
Western blot analysis revealed a decrease in MST1 expres-
sion following circRbms1 inhibition. When miR-142-3p was
inhibited or MST1 was overexpressed, MST1 expression in-
creased (Figure 6G). Therefore, the effect of circRbms1 on
I/R injury mechanism has been validated in vivo.

Discussion

Myocardial I/R injury poses a serious threat to the prognosis
of patients with AMI.11 Therefore, a treatment that can alle-
viate I/R injury is particularly important for improving the
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Figure 4 Loss of circRbms1 protected cardiomyocytes against A/R-induced weakened autophagic status and poor proliferative capacity via targeting
miR-142-3p/MST1 axis. Cells were exposed to A/R and treated with shcircRbms1, shcircRbms1 + anti-miR-142-3p or AAV9-shcircRbms1 + MST1. (A) Ki-
67 was detected by immunofluorescence. (B) Changes in the number of autophagosomes were quantified by TEM. (C) LC3 activity was detected by
immunofluorescence. (D) The expression of autophagy-related molecules, LC3I, LC3II, Beclin1, p62 and MST1 was detected by western blot. Data
are presented as mean ± SD from three independent experiments. ***P < 0.001.
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therapeutic effect of AMI.12 Cell pyroptosis has a significant
pro-inflammatory effect. Therefore, compared with other cell
programmatic death modes such as apoptosis and autoph-
agy, pyroptosis not only leads to the death of myocardial cells
but also leads to the activation of local inflammatory reac-
tions, which further aggravates local tissue damage. This also
makes pyroptosis a more important therapeutic target than
other programmatic deaths such as apoptosis and
autophagy.13–15 Our previous study revealed that A/R-in-
duced HCMs had increased circRbms1. CircRbms1 served as

a sponge for miR-2355-3p and miR-2355-3p targeted MST1.
Furthermore, knockout of circRbms1 attenuated cell apopto-
sis, oxidized stress, and inflammation in A/R-induced HCMs.7

In this study, knocking down circRbms1 can reduce caspase-1
signal activity and pyroptosis-related biomarkers expression
while increasing cell proliferation and LC3 levels. However,
the degree of cardiac injury repair was weakened when
miR-142-3p was inhibited or MST1 was overexpressed.
Therefore, the miR-142-3p/MST1 axis might be the down-
stream target of circRbms1.

Figure 5 CircRbms1 enhanced the mRNA stability of MST1 via recruiting IGF2BP2. (A) Schematic diagram of circRbms1 pulls down in cardiomyocytes.
(B) Western blot analysis of IGF2BP1, IGF2BP2, and IGF2BP3 protein levels in the protein pulldown samples from cardiomyocytes following tagged RNA
affinity purification assays. (C) The efficiency of circRbms1 pulled down was examined by RNA immunoprecipitation (RIP) assay. (D) MST1 was detected
in cells treated with anti-IgG (control) or anti-IGF2BP2. (E) The localization of circRbms1 (green) and IGF2BP2 (red) was detected by immunofluores-
cence and RNA-fluorescence in situ hybridization (FISH). (F) MST1 and IGF2BP2 were detected by qRT-PCR in cells treated with si-NC (control) or si-
IGF2BP2. (G) Half-life of MST1 mRNA was detected in cells treated with si-NC (control) or si-IGF2BP2. Data are presented as mean ± SD from three
independent experiments. **P < 0.01, ***P < 0.001.
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Figure 6 The regulatory axis of circRbms1/MST1 in myocardial I/R injury in vivo. Mice received adenoviruses carrying plasmids by injection as de-
scribed in methods. After 5 days, the mice were subjected to myocardial I/R (45 min/180 min) and then assigned to 5 groups, sham, I/R, I/
R + AAV9-shNC, I/R + AAV9-shcircRbms1, I/R + AAV9-shcircRbms1 + anti-miR-142-3p and I/R + AAV9-shcircRbms1 + MST1. (A) INF/LV (%) and Infract
size (% of risk zone) are detected. (B) Representative images of heart tissues in indicated mice. (C) Caspase-1 was detected by IHC staining. (D)
Pyroptosis-related biomarkers, NLRP3, IL-1β, and IL-18 were detected by qRT-PCR. (E) Ki-67 was detected by immunofluorescence. (F) LC3 activity
was detected by immunofluorescence. (G) MST1 was detected by western blot. Data are presented as mean ± SD from three independent experi-
ments. *P < 0.05, ** P < 0.01, ***P < 0.001.
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CircRbms1 plays an important role in a variety of cardio-
vascular diseases, including MI. CircRbms1 was up-regulated
in the heart tissues of MI mice and hypoxia-induced cardio-
myocytes. Hypoxia induced cardiomyocyte injury by sup-
pressing cell viability, migration, and invasion, and promoting
apoptosis. Function experiments showed that circRbms1
overexpression aggravated hypoxia-induced cardiomyocyte
injury, while its silencing relieved cardiomyocyte injury
induced by hypoxia.16 Another study found that circRbms1
mediated H/R induced cell injury by targeting miR-2355-3p/
MST1 axis. It was also found that circRbms1 knockdown
attenuated cardiac function, cell apoptosis, oxidative stress
injury, and inflammation response through regulating miR-
2355-3p/MST1 axis in I/R mouse model.7 CircRNA has diverse
regulatory downstream molecular patterns. On the one hand,
it acts as a miRNA sponge to regulate the expression of target
genes; on the other hand, it can recruit RNA-binding proteins
to affect the stability of downstream mRNA. In the current
study, circRbms1 also exerted regulatory roles by two ways.
CircRbms1 served as a miRNA sponge for miR-142-3p to en-
hance MST1 expression as well as enhanced the mRNA stabil-
ity of MST1 via recruiting IGF2BP2.

MiR-142-3p is an inflammatory miRNA that plays a dual
role in the immune and central nervous systems. Dysregu-
latedmiR-142-3p has been implicated in multiple cardiovascu-
lar diseases and was significantly down-regulated in coronary
microembolization (CME)-induced myocardial injury.17 More-
over, miR-142-3p overexpression alleviated hypoxia/reoxy-
genation-induced apoptosis and fibrosis of cardiomyocytes
through targeting HMGB1.18 Based on the previous studies
mentioned above, we speculated that miR-142-3p may also
be involved in the regulation of circRbms1 in myocardial in-
jury. In this study, we reported for the first time that miR-
142-3p was reduced in A/R-induced HCMs. Additionally,
miR-142-3p was found to alleviate A/R-induced cell pyroptosis
and enhance autophagy.

MST1 (mammalian sterile 20-like kinase 1) was an up-
stream component of the Hippo pathway that regulated cell
growth and death responses in various cell types.19 In the
heart, MST1 not only induced apoptosis but also regulated
autophagy.20 MST1 has been shown to impair protein qual-

ity control mechanisms in the heart through inhibition of au-
tophagy. Stress-induced activation of MST1 in cardiomyocytes
promoted accumulation of p62 and aggresome formation, ac-
companied by the disappearance of autophagosomes.21

Cardiomyocyte-specific MST1 gene knockout can reduce Ang
II-induced myocardial injury by promoting cardiomyocyte
autophagy. This mechanism may be related to the inhibition
of the ROS-mediated JNK signalling pathway.22 Our research
revealed that MST1 expression was elevated in A/R-induced
HCMs, corroborating findings from prior research. Hence, we
have described a novel mechanism of circRbms1 during A/R-
induced cell injury by targeting miR-142-3p/MST1 and by di-
rectly modulating MST1’s stability. Among increasing data
describing a role for circRNA as a link between autophagic
status and myocardial I/R injury, our work may contribute
towards further supplying attractive potential target for
therapeutic approaches.

However, there are also still some limitations to this inves-
tigation. The relationship between circRbms1 and prognosis
in clinical scenarios remains to be urgently explored. Besides,
whether the regulatory axis of circRbms1 would be applicable
to more other mammals, such as rats, is required to be fur-
ther validated. Not all significant signalling pathways were
discussed. We will supplement and improve these works with
subsequent research.
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