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ORIGINAL RESEARCH

Circular RNA Pum_0014 Targets miR-146a-5p/
NF2 Axis to Regulate VEGF/PAK1 Pathway and
Reduce H202-induced Cardiomyocyte Apoptosis

Yu Tang, PhD; Yun-Xia Wang, PhD; Yu-Liang Zhan, PhD;
Yan-Feng Liu, PhD; Gui-Ping Wu, MS; Li-Dan Wen, MS

ABSTRACT

Circular RNAs (circRNAs) have emerged as essential
regulators in cardiovascular disease, including acute
myocardial infarction (AMI). This study investigated the role
of circRNA Puml_0014 in myocardial infarction (MI) and
its underlying mechanisms using an H9C2 cell model.
Through Sanger sequencing, nucleic acid electrophoresis,
RNase R, and transcriptional inhibition experiments,
Puml_0014 was identified as a novel circRNA. The cell
localization of circRNA Puml_0014 was detected by qPCR
and fluorescence in situ hybridization, and the results
revealed that circRNA Pum1_0014 is predominantly located
in the cytoplasm. StarBase (URL: http://starbase.sysu.edu.
cn/) and TargetScan (URL: https://www.targetscan.org/
vert_80/) were used to predict circRNA Pum1_0014 targeting
miRNAs and miRNA targeting mRNA, and the results
identified miR-146a-5p as a potential target of Pum1_0014,
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INTRODUCTION

Acute myocardial infarction (AMI), the most severe type of
coronary artery disease, is a prime reason for death.' More than
800000 people experience myocardial infarction (MI) every year,
and 27% die.? Recently, AMI has shown a trend toward younger
age.’ Therefore, AMI is becoming a significant health problem
worldwide. Although clinical AMI treatment strategies have
improved in recent years, patients remain unsatisfied.*
Cardiomyocyte apoptosis was accepted as the primary mode of
cell death after MI.° Therefore, inhibiting cardiomyocyte apoptosis
may be a potential therapeutic strategy for treating MI.

which in turn targets NF2. The plasmid encoding the mutant
circRNA Puml 0014 or the 3’UTR mutant NF2 was
constructed, and the interaction between Puml_0014 and
miR-146a-5p or miR-146a-5p and NF2 was detected by
luciferase reporter gene assay. The results confirmed the
interactions between Pum1_0014, miR-146a-5p, and NF2. In
the MI cell model, upregulation of circRNA Pum1_0014 and
NF2 and downregulation of miR-146a-5p were observed.
Knockdown of circRNA Puml 0014 inhibited NF2
expression and activated the VEGF/PAK1 pathway, reducing
cardiomyocyte apoptosis. Conversely, inhibition of miR-
146a-5p and overexpression of NF2 had opposite effects.
These findings suggest that circRNA Puml_0014 acts
through the miR-146a-5p/NF2 axis to reduce cardiomyocyte
apoptosis in MI via the VEGF/PAK1/NF2 pathway. (Altern
Ther Health Med. [E-pub ahead of print.])

Circular RNAs (circRNAs) are a newly discovered class
of endogenous non-coding RNAs exhibiting high eukaryotic
transcriptome expression levels.® Unlike linear RNAs,
circRNAs possess a covalently closed circular structure,
which confers resistance to degradation by nucleases due to
the absence of a 5’-end cap structure and a polyadenylic acid
structure at the 3’ end.”® Recently, the critical role of
circRNAs in cardiovascular disease has been increasingly
concerned.’ Some studies reported that circRNA Nfix induces
post-MI cardiac regeneration."” CircHipk3 works as a
microRNA (miR)-133a sponge to enhance connective tissue
growth factor expression, and circMACF1 attenuates AMI
through the miR-500b-5p-EMP1 axis.'"'? CircZNF609 plays
a regulatory role in pulmonary fibrosis by acting through the
miR-145-5p/KLF4 axis and influencing its translation
function.” circMAML3 was reported to promote tumor
progression of prostate cancer by regulating miR-665/
MAPKBSIP2 axis." Thus, these studies illustrate that circRNAs
may be a significant potential therapeutic target in ML

Identifying and characterizing circRNAs have opened
up new avenues for understanding the regulatory mechanisms
underlying cardiovascular diseases, including MI."* Given
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the unique stability and regulatory functions of circRNAs,
they represent attractive targets for therapeutic interventions.
The potential of circRNAs to modulate critical molecular
pathways involved in MI pathogenesis provides a strong
rationale for further investigation into their roles and
therapeutic potential.

This study aims to explore the functional significance of
circRNA Pum1_0014 in MI. By investigating its interaction with
miR-146a-5p and its downstream target NF2, as well as its
impact on the VEGF/PAK1 pathway, we seek to elucidate the
underlying mechanisms by which circRNA Puml_0014
regulates cardiomyocyte apoptosis in the context of MI.
Understanding the role of circRNA Puml 0014 in MI
pathophysiology may contribute to developing novel therapeutic
strategies for treating this devastating cardiovascular condition.

METHODS
Cell culture

H9C2 cells obtained from Xiamen Immocell Biotech were
cultured in Dulbeccos modified Eagles medium (catalog
number: 11965084, Gibco, USA) where 10% fetal bovine serum
(catalog number: 10099141C, Gibco, USA), four mM glutamine,
and 100 U/ml penicillin-streptomycin (catalog number:
15070063, Gibco, USA) were added, and maintained in a
37°C/5% CO, incubator. HIC2 cells were induced by 100 uM
H0, (catalog number: H1009, Sigma-Aldrich, USA) for 6
hours as a model group. HIC2 cells served as the control group.

Sanger sequencing (SS), nucleic acid electrophoresis, and
RNase R digestion

For SS, PCR amplification products separated from
agarose gel were purified, followed by SS determination of
nucleotide sequences of the purified fragments using the
standard method. For RNase R digestion, 2 pg total RNA was
extracted for 20 min with 3 U/ug RNase R (catalog number:
R7092M, Beyotime, China) at 37°C. Pum1_0014 expressions
were normalized against GAPDH. For nucleic acid,
electrophoresis was performed by adding the PCR products
amplified from complementary (cDNA) or genomic DNA

Isolating H9C2 nucleus and cytoplasm

The H9C2 nucleus and cytoplasm were isolated using
Nuclear and cytoplasmic extraction reagents (Catalog
number: 78833, Thermo Scientific, USA). After separation,
Puml_0014, U6, and 18S rRNA expressions were quantified
using qPCR, which served as references for nuclear and
cytoplasmic RNA, respectively.

Fluorescence in situ hybridization (FISH)

The subcellular localization of circRNA Pum1_0014 was
investigated by RNA-FISH. Cy3-labeled circRNA Pum1_0014,
U6, and 18 rRNA probes were supplied by RIBOBIO
(Guangzhou, China). Fluorescence signals were generated
using a Fluorescent In Situ Hybridization Kit (Catalog
number: C10910, RiboBio, China). A Zeiss LSM980 +
Airyscan2 machine was employed to capture images.

Bioinformatic analysis

StarBase (URL: http://starbase.sysu.edu.cn/) and
TargetScan (URL: https://www.targetscan.org/vert_80/) were
utilized for the prediction of the potential miRNA-binding
targets of circRNA Puml_0014 and the target mRNAs of
miR-146a-5p, respectively.

Plasmid, mimic, and inhibitor

miR-146a-5p mimic and its negative control (mimic
NC), miR-146a-5p inhibitor and its negative control
(inhibitor NC), the plasmid encoding short hairpin RNA
(shRNA) of circRNA Puml_0014 (shPuml_0014), the
plasmid encoding the negative control of shPuml_0014
(shNC), the plasmid encoding NF2 pcDNA-NF?2, the plasmid
encoding wild type Puml_0014 (Puml_0014 WT), the
plasmid encoding mutant Pum1_0014 (Puml_0014 MUT),
the plasmid encoding wild type NF2 3'UTR (NF2 3’UTR
WT), and the plasmid encoding mutant NF2 3’UTR (NF2
3’UTR MUT) were constructed by XIAMEN Anti-HeLa
Biological Technology Trade Co. Ltd. Sequences of mimic,
inhibitor, and primers for plasmid construction are list in
table 1.

(gDNA) templates to a nucleic acid dye GelRed

(catalog number: GR501-01, Vazyme, Nanjing, | Table 1. Sequences of mimic, inhibitor, and primers for plasmid
Jiangsu, China)-containing 6x loading buffer. | construction
Following isolation by agarose gel electrophoresis

Name S e (5'-3")

(2%), the DNA fragments were imaged by UV

miR-146a-5p mimic

UGAGAACUGAAUUCCAUGGGUU

transillumination.

mimic NC

UUGUACUACACAAAAGUACUG

miR-146a-5p inhibitor

AACCCAUGGAAUUCAGUUCUCA

inhibitor NC

CAGUACUUUUGUGUAGUACAA

Transcriptional inhibition assay with

shPum1_0014 F

CCGGCATCCCTTGGGCCCTGTTGTTCTCGAGAACAACAGGGCCCAAGGGATGTTTTT

shPum1_0014 R

AATTAAAAACATCCCTTGGGCCCTGTTGTTCTCGAGAACAACAGGGCCCAAGGGATG

actinomycin D ShNC F

CCGGCATCCCTTGGGCCGACAACAACTCGAGTTGTTGTCGGCCCAAGGGATGTTTTT

HIC2 cells (500,000) planted in six-well plates | EXCR

AATTAAAAACATCCCTTGGGCCGACAACAACTCGAGTTGTTGTCGGCCCAAGGGATG

Puml_0014 WT F

AGCTCGCTAGCCTCGAGCTGTTGTTGAGAATTGTAG

Puml_0014 WT R

CATGCCTGCAGGTCGACGGCCCAAGGGATGCAGACAG

for 12 h were immersed in an actinomycin D (2 pg/

Pum1_0014 MUT F

TCCTGTCCCTTGGCACCATTGGTGCTG

ml; catalog number: SBR00013, Sigma-Aldrich,

Puml_0014 MUT R

AGGGACAGGAGGATTTCTCCAACATG

PcDNA-NF2 F

AGATTCTAGAGCTAGCGAATTCATGGCCGGAGCCATCGCTTC

USA)-supplemented fresh medium. Quantitative

pcDNA-NF2 R

TTCGCGGCCGCGGATCCTCAAATGCAGATAGGTCTTC

PCR (qPCR) analysis of total RNA extracted at 0, 8,

NF2 3UTR WT F

ACGAGCTCGCTAGCCTCGAGCTTACTCTGCAGAGCG

NF2 3UTR WT R

CATGCCTGCAGGTCGACCTTCTCAAACCAAAGTCAGC

16, and 24 h after actinomycin D treatment was

NF2 3’UTR MUT F

TGTTCTAGTTCTCCTAGCCTGCATATCTATG

carried out.

NF2 3'UTR MUT R

AGGCTAGGAGAACTAGAACACCTTGAGAAATC

Abbreviaitions: F, forward primer, R, reverse primer.
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Cell Transfection

H9C2 cells planted in the wells of 6-well plates were
subjected to transfection with 5 pg of plasmid
(shPum1_0014, pcDNA-NF2, or/and their negative
control), 200 pmol miRNA mimic, or 200 pmol miRNA
inhibitor when they were 80% confluent following the
Lipofectamine 2000 (Catalog number: 11668500,
Invitrogen, USA) instructions. Cells were harvested 24 h
later for subsequent assays.

Luciferase reporter gene assay

mimic NC and miR-146a-5p mimic were co-transfected
with Pum1_0014 WT or MUT and NF2 3UTR MUT or WT
using Lipofectamine 2000 reagent into H9C2, and TK vector
co-transfection was performed simultaneously. After lysis
that was conducted at 24 h post-transfection, the luciferase
activities (firefly and Renilla luciferase activities) were
determined using a dual luciferase assay system (Catalog
number: E2920, Promega, USA), with the former normalized
against the latter to calculate the expression level.

qPCR

Total RNA was extracted from H9C2 using TRIZOL
(Catalog number: 15596018CN, Invitrogen, USA) reagent.
Using a PrimeScript RT Reagent Kit (Catalog number:
RR047A, Takara, Japan), cDNA was collected via reverse
transcription (RT) of high-quality total RNA. Then, the
primers were employed to perform the PCR reaction with
the Agilent-Strata gene MxReal-Time qPCR system and TB
Green Premix Ex Taq II (Catalog number: RR82LR, Takara,
Japan). Puml_0014, NF2, VEGE, and PAK1 levels were
normalized by 18S rRNA, whereas U6 calibrated miR-146a-
5p expression because of its nuclear location. The primers for
qPCR are listed in Table 2.

CCK-8 assay

After seeded at a density of 8000 cells per well in 96-well
plates, H9C2 or H9C2 MI cells were transfected with relative
plasmids for 24 hours. To assess cell viability, 10 uL. CCK-8
solution was added to the cell culture medium. After a
2-hour culture at 37°C, the absorbance at optical density
450nm was detected by a microplate reader (Thermo Fisher
Scientific, USA). Cell viability was calculated based on the
OD value in the control group after normalization.

Annexin V- FITC/ PI assay

H9C2 cells at 48 h post-transfection were gathered for 20
min of staining using an annexin V-FITC/PI Apoptosis
Detection kit (Catalog number: A211-01, Vazyme, Nanjing,
Jiangsu, China), followed by flow cytometry analysis.

Western blotting

H9C2 cells were maintained in a phosphatase inhibitor-
containing ice-cold RIPA buffer for 30 min. This was followed
by homogenization and sonication. Proteins were extracted
and quantified using a BCA kit (Catalog number: PA115-02;

Table 2. The primers for JPCR

Primer name Sequence (5'-3")

GAPDH F CGCTGAGTACGTCGTGGAGTC
GAPDH R GCAGGAGGCATTGCTGATGA
Puml_0014 F CCTCCTTCAAATCTCCTA
Puml_0014 R ACTACAATTCTCAACAACA

U6 F CTCGCTTCGGCAGCACA

U6 R AACGCTTCACGAATTTGCGT

U6 RT AACGCTTCACGAATTTGCGT
miR-146a-5p RT | GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCCA
miR-146a-5p F  |CGCGTGAGAACTGAATTCCA
miR-146a-5p R |AGTGCAGGGTCCGAGGTATT

18S rRNA F AGGCGCGCAAATTACCCAATCC
18S rRNA R GCCCTCCAATTGTTCCTCGTTAAG
NF2 F TGAACGCACGAGGGATGAGTTG
NF2 R GCCTTTTCAGCCAACAGGTCAG
PAK1 F GTGAAGGCTGTGTCTGAGACTC
PAK1 R GGAAGTGGTTCAATCACAGACCG
VEGF F TTGCCTTGCTGCTCTACCTCCA
VEGF R GATGGCAGTAGCTGCGCTGATA

Abbreviaitions: F, forward primer, R, reverse primer.

TIANGEN Biotechnology, Beijing, China) to determine
concentration. After samples containing loading buffer
boiled at 95°C for 10 min, 20 pg protein per well was blotted
onto 10% SDS-PAGE gels. Following electrophoresis and
transfer, the membranes were blocked with 5% skimmed
milk for 1 h. After 3 times wash by PBST, the membrane was
incubated with 1% TBST buffer containing VEGF (1:2000,
Catalog number: 19003-1-AP), PAK1 (1:2000; Catalog
number: 21401-1-AP), NF2 (1:2000; Catalog number: 21686-
1-AP), and GAPDH (1:5000; Catalog number: 10494-1-AP)
all purchased from Proteintech (China), respectively, for
overnight at 4°C. After PBST was rinsed thrice, the membrane
grew with a 1:10000 diluted second antibody. After another
three washes (3 x 10 min), the membrane was added with an
ECL kit for protein band visualization using a Bio-Rad
ChemicDoc machine. The relative protein expression levels
of VEGE PAKI1, and NF2 were normalized against GAPDH.

Statistical analyses

GraphPad Prism v 8.0 was employed for statistical
analyses. One-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test was adopted for multi-group comparisons.
At the same time, the student’s t-test (unpaired) was applied to
between-group comparisons of parametric data. For calculating
the relative mRNA expression of the gene of interest, the
formula for estimating the relative mRNA expression of the
gene of interest is Expression of the gene of interest = C(T)
value of gene of interest / C(T) value of internal control gene.
This approach allows normalizing gene expression levels and
comparing samples or experimental conditions. Western
blotting was performed by scanning, and the signal intensity
was quantified using Image] software.'®

RESULTS
Puml 0014 is identified as a circRNA

We investigated whether Puml_0014 functions as a
circRNA. First-generation sequencing (Figure 1A) and
nucleic acid electrophoresis of Puml_0014 and GAPDH
(Figure 1B) were used to figure out the structure of
Puml_0014. As an exoribonuclease, RNase R digests almost
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Figure 1. Identified Puml_0014 as a novel circRNA. A.
Generation Sequencing Analysis of sequences of Pum1_0014.
B. Divergent primers amplify circRNA Pum1_0014 in cDNA
but not genomic DNA (gDNA); the arrow direction indicates
divergent and convergent primers. C. RNase tolerance
experiment. GAPDH and Pum1_0014 levels were detected
after treatment with or without RNase R. D. Transcriptional
inhibition experiments. H9C2 cells were treated with 1 uM
Actinomycin D (Sigma) for 0, 8, 16, or 24 hours respectively.
Total RNA was extracted and for qPCR quantification of
Puml_0014 and GAPDH expression. Pum1-0014: circRNA
Pum1_0014, bp: base pair. * P < .05, *** P < .001, *** P <
.0001, ns means P > .05.
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all linear RNA but not circRNA. As shown in Figure 1C, the
expression of Puml_0014 did not change after treatment
with RNase R. Additionally, when compared with GAPDH,
the expression of Pum1_0014 did not decrease after treatment
with the transcriptional inhibitor actinomycin D for different
times (Figure 1D). In summary, these results confirm that
Pum1_0014 is a circRNA.

CircRNA Puml1_0014 located in cytoplasm

To understand the mechanism of circRNA Pum1_0014,
its location was determined by nuclear separation and FISH
experiments. H9C2 cells were collected, and the nucleus and
cytoplasm were separated using nuclear and cytoplasmic
extraction reagents (Catalog number: 78833, Thermo
Scientific, USA). The enrichment of Puml_0014 was the
same as that of 18S, which was localized in the cytoplasm
(Figure 2A). In addition, FISH experiments revealed that
Puml_0014 appeared in the cytoplasm but the nucleus
(Figure 2B).

CircRNA Puml_0014 functioned as a miR-146a-5p
ceRNA to upregulate NF2

Online prediction tools (miRanda and starBase v2.0)
were used to identify miR-146a-5p as a potential target to
investigate Pum1_0014 interacting miRNAs (Figure 2C),
which returned NF2 as a possible target of miR-146a-5p

Figure 2. Location of Puml_0014 and Puml_0014 targets
with miR-146a-5p to regulate NF2. A. Nuclear separation
experiment. The HOC2 nucleus and cytoplasm were separated
using a Thermo kit, and Pum1_0014, 18S, and U6 expressions
were detected, respectively. B. FISH experiment. Pum1_0014,
18S, and U6 probes were obtained from RIBOBIO company.
C-D. Predicted targeting sites for Pum_0014 and miR-146a-
5p by bioinformatics analysis. E-F. Dual luciferase reporter
gene experiments showed the effect of miR-146a-5p with
Puml_0014 and NF2. G-I. Pum1_0014 and NF2 expression
were detected after overexpressing miR-146-5p in HI9C2. J.
Cytotoxicity test of 100 uM hydrogen peroxide in HIC2 cells
to assess the suitable treatment time for the myocardial
infarction cell model. Pum1-0014: circRNA Puml_0014.
WT: wild type. Mut: mutant. ** P < .01, *** P < .001, **** P
<.0001, ns means P > .05.
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(Figure 2D). To validate the predicted targets of Pum1_0014
and miR-146a-5p, luciferase reporter gene assay was carried
out on Puml_0014 WT or MUT luciferase reporter plasmid-
transfected H9C2. The luciferase activity was found to be
reduced by miR-146a-5p mimics in Pum1_0014 WT cells but
not significantly altered in Puml_0014 MUT cells (Figure
2E). To validate the predicted miR-146a-5p and NEF2
interactions, a luciferase reporter gene assay was performed
on NF2 WT or NF2 MUT luciferase reporter plasmid-
transfected H9C2. This result showed that miR-146a-5p
mimics decreased luciferase activity in HOC2 cells transfected
with the NF2 WT plasmid but not the NF2 MUT plasmid
(Figure 2F). Besides, miR-146a-5p was up-regulated in miR-
146a-5p mimic-transfected H9C2 (P < .05), indicating
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Figure 3. Knockdowning Puml_0014 and overexpressing
miR-146a-5p reduce cardiomyocyte apoptosis in myocardial
infarction. A. The mRNA level of Pum1_0014, miR-146a-5p,
PAK1, VEGE and NF2 were detected in diverse groups with
or without knockdown of Pum1_0014 and overexpression of
miR-146-5p in HIC2 cells. B-C. The protein levels of PAK1,
VEGE and NF2 were detected in diverse groups with or
without knockdown of Puml_0014 and overexpression of
miR-146-5p in HIC2. D. Cell viability of diverse groups with
or without knockdown of Pum1_0014 and overexpression of
miR-146-5p in H9C2 cells by CCK8 assay. E-F. Apoptosis
rates in diverse groups were detected by flow cytometry using
Annexin V/PI assay. Pum1-0014: circRNA Pum1_0014. ** P
< .01, ¥ P <.001, *** P < .0001
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Figure 4. Increased cardiomyocyte viability by knocking
down Puml_0014 and overexpressing miR-146a-5p were
reversed by miR-146a-5p inhibitor and NF2 overexpression,
respectively. A. miR-146a-5p inhibitor or NF2 overexpression
reversed Puml_0014, miR-146-5p, PAK1, VEGE and NF2
levels in Puml_0014-knockdown and miR-146a-5p-
overexpressing H9C2 myocardial injury cell model cells,
respectively. B-C. miR-146a-5p inhibitor or NF2
overexpression reversed PAK1, VEGEF, and NF2 protein
levels in Puml_0014-knockdown and miR-146a-5p-
overexpressing H9C2 myocardial injury cell model cells,
respectively. D. Cell viability was reversed by miR-146a-5p
inhibitor or NF2 overexpression after Puml_0014
knockdown or miR-146a-5p overexpression in H9C2,
respectively. Pum1-0014: circRNA Pum1_0014. *, **, ***,
and **** indicate P < .05, P < .01, P < .001, and P < .0001,
while ns means P > .05, respectively.
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successful transfection (Figure2G). The expression levels of
circRNA Puml_0014 (Figure 2H) and NF2 mRNA (Figure
2I) significantly decreased in the miR-146a-5p mimic group.
Hence, circRNA Pum1_0014 may upregulate NF2 expression
through spongiform miR-146a-5p.

circRNA Pum1_0014 knockdown targets miR-146a-5p to
reduce apoptosis through VEGF/PAK1/NF2 pathway
To investigate the function of circRNA Puml_0014 in
AMI, hydrogen peroxide was used to treat HOC2 cells to
build the model (Figure 2J). After treatment with 100 uM
H,O, for 6 h, the cell viability was approximately 60%,
considered the model-induced treatment. CircRNA
Pum1_0014 and NF2 expression were upregulated in the MI
model, whereas miR-146a-5p was downregulated versus the
control group (Figure 3A-C). Thus, we performed Pum1_0014

knockdown and miR-146a-5p overexpression using shRNA
plasmid and miR-146a-5p mimics in the MI cell model,
respectively (Figure 3A-C). Knockdown of Puml_0014
upregulated miR-146a-5p and inhibited NF2 mRNA
expression, while miR-146a-5p overexpression reduced
Puml_0014 and NF2 expression (Figure 3A-C). NF2-
deficient mice have been reported to exhibit increased
vascular structure and high bone marrow VEGF production.”
Studies have shown that VEGF can be combined with
erythropoietin to treat MI in ovine.'® Taken together, these
results suggest that reduced cardiomyocyte apoptosis by
Puml_0014 knockdown may be due to the activation of
VEGF signaling. Next, we validated the expression of VEGF
and PAK1 in an MI model. We found upregulated VEGF and
PAK1 mRNA and protein expression by circRNA Pum1_0014
knockdown or miR-146a-5p overexpression (Figure 3A-C),
consistent with the reported function of VEGF in ML Cell
viability increased in the Pum1_0014 knockdown and miR-
146a-5p overexpression groups (Figure 3D). Consistent with
this result, reduced apoptosis was observed in the Pum1_0014
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Figure 5. Reduced cardiomyocyte apoptosis by knocking
down Puml_0014 and overexpressing miR-146a-5p were
reversed by miR-146a-5p inhibitor and NF2 overexpression,
respectively. A-B. miR-146a-5p inhibitor or NEF2
overexpression reversed apoptosis rate in Puml_0014-
knockdown and miR-146a-5p-overexpressing H9C2
myocardial injury cell model cells, respectively. Pum1-0014:
circRNA Puml_0014. ***, and **** indicate P < .001, and P
<.0001, respectively.

A = Control = Model = = um1-0014
2a70% 069% T[384% | 12.10% ©[1065% | 14.01%)| ©[5.18% 6.53%
3 ® & ®
=3 &) = DIES) e <" =
é]l @?)) > (é‘/‘ ) Qz 2
8| & & =

| Dlo0ars | ataw| Tlsastn | sosew I las2ow | 27.05%| T lesosw | 10.36%)

8| F107 10° 107 10° 10° 1077907 10° 10° 10° 10° 107710° 10° 10° 10° 10° 107107 10° 10° 10° 10° 10"

- Model/shPum1-0014 iR-146a-
o tMiR-146a-5p inhibitor ... ModeUmimicNC . miR-1ysg?ggmimic > Mod&lilm:gNFgaSp
-la1a% 11.46% T [1.70% 16.44% T 19.65% 761%| T |1.88% 18.31%
| ¢ & & .

&1 OB ® £ ® 3 /5 |
2o N gf |3 2 gl
2f 2 1 2 S
&1 ® ® e

T515991% | 2a.49% 3 lsa76% | 27.10%| T lea62% | 18.12%| T lsa37% | 25.44%

710 10° 10* 10° 10° 1077107 10° 10* 10° 10° 1077107 10° 10* 10° 10° 1077107 10° 10* 10° 10° 107
Annexin V

B Control I
Model
Model/'shNC }
Model/shPum1-0014 } §
Model/shPum1-0014+miR-146a-5p inhibitor N
Model/mimic NC
Model/miR-146a-5p mimic }
Model/miR-146a-5p mimic+NF2 }

0 20 40 60
Apoptosis (%)

knockdown group and miR-146a-5p overexpression group
(Figure 3E, F). To further understand the critical roles of
circRNA Puml_0014 in MI, co-transfection of the miR-
146a-5p inhibitor and shPum1_0014, miR-146a-5p mimics
and NF2 overexpression were performed, respectively (Figure
4A), which showed its successful transfection. Upregulated
miR-146a-5p and decreased NF2 mRNA expression by
knocking down Pum1_0014 or overexpressing miR-146a-5p
were found to be reversed by miR-146a-5p inhibitor and NF2
overexpression, respectively (Figure 4A). Increased mRNA
and protein levels of PAK1 and VEGF were also changed
(Figure 4A-C). In addition, after transfection with the NF2
plasmid or miR-146a-5p, elevated cell viability and reduced
apoptosis in Pum1_0014 knocked-down cells or miR-146a-
5p-overexpressing cells were observed to be significantly
decreased and increased, respectively (Figure 4D, 5A-B).
These results indicated that the knockdown of circRNA
Puml 0014 reduced cardiomyocyte apoptosis via the miR-
146a/NF2 axis. When NF2 expression is downregulated, the
VEGF/PAK1 pathway is enhanced, thereby reducing
apoptosis in ML

DISCUSSION

CircRNAs, originally identified as the byproduct of
aberrant splicing, were increasingly discovered as the high-
throughput RNA-seq technique developed, allowing for the
study of a wide range of biological functions of circRNAs.**

Heart tissue detection using a deep sequencing approach
revealed an abundance of circRNAs expressed in the heart,
implying the key role circRNAs play in disease development.”
Research on circRNAs has focused on competing endogenous
RNAs or target RNA decoys and miRNA sponges through
binding to RNA binding proteins (RBPs). In addition,
circRNA also functions as a protein scaffold, facilitating the
contact and assembly of proteins such as circFoxo3. Many
circRNAs are cytoplasmically located, where they can play a
role in sponging miRNA.* In contrast, others exist in the
nucleus, where they may target snRNA, thus enhancing their
parental genes’ RNA POI II transcription activity.' In MI
mice, CDR1as, first reported as a functional circRNA in MI,
was highly expressed compared to healthy mice.?
Overexpression of CDR1as increases cardiac infarct size via
miR-7/PARP/SPI1. In contrast, low MICRA expression was
found in MI patients with left ventricular dysfunction.
MICRA may rely on the sponges of miR-150, which appear
after patients develop acute ML.* These studies confirmed
the diverse functions of circRNA in MI patients and provided
us with a novel potential therapeutic approach for ML

In this study, we aimed to investigate the role of circRNAs
in myocardial infarction (MI). We began by using rat
cardiomyocyte HIC2 cells to identify a novel circRNA,
Puml_0014, employing multiple methods. We determined
that Pum1_0014 is predominantly in the cytoplasm through
subcellular localization analysis. Using bioinformatics, we
predicted potential miRNAs that Pum1_0014 could target. To
validate the functional relevance, we conducted experiments
confirming that Pum1_0014 acts as a sponge for miR-146a-5p,
consequently leading to the downregulation of NF2. This
downregulation, in turn, promotes the VEGF/PAK1 pathway;,
ultimately reducing cardiomyocyte apoptosis in vitro.

Previous research has extensively explored the role of
miR-146a-5p in various cardiovascular diseases.”*?* Notably,
miR-146a-5p has been identified as a crucial apoptosis
regulator by suppressing vascular endothelial growth factor
(VEGF).” Moreover, miR-146a-5p has been implicated in the
regulation of cardiac fibrosis by targeting tumor necrosis factor
receptor-associated factor 6 (TRF6) and inhibiting FGF2.2%

While the NF2 gene has been extensively studied in the
context of cancer, its role in cardiovascular diseases,
particularly cardiomyocyte apoptosis, remains largely
unexplored. Additionally, studies have reported that VEGF-A
can promote angiogenesis after MI by increasing reactive
oxygen species (ROS) production and enhancing endoplasmic
reticulum (ER) stress-mediated autophagy®® Therapeutic
strategies involving VEGF expression enhancement, such as
VEGF nanoparticles or circFndc3b overexpression, have
shown promising results in post-MI neovascularization and
fibrosis alleviation.*"*

Despite the significant findings regarding the relationship
between circRNAs, miR-146a-5p, NF2, and the VEGF/PAK1
pathway, our study has certain limitations. Further
experiments could provide a more comprehensive
understanding of their roles. For instance, investigating the
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changes in ROS generation following knockdown of
Pum1_0014 would offer valuable insights, given the observed
activation of VEGF. Additionally, validating the function of
Puml_0014 in an in vivo mouse model of MI would help
elucidate its therapeutic effects.

In conclusion, our study highlights the regulatory role of
circRNA Puml_0014 in the miR-146a-5p/NF?2 axis, leading
to modulation of the VEGF/PAK1 pathway and the reduction
of H202-induced cardiomyocyte apoptosis. The potential of
Puml_0014 as a therapeutic target for MI holds significant
promise, although further investigations are warranted.

CONCLUSION
Puml_0014 knockdown is myocardial protective by
increasing cardiomyocyte viability and reducing

cardiomyocyte apoptosis through the miR-146a-5p binding
mechanism. Besides, Pum1_0014 works as a miRNA sponge
to inhibit miR-146a-5p function and regulates NF2 expression
and the VEGF/PAKI signaling axis in cardiomyocytes. Once
the VEGF/PAK1 pathway is upregulated, the cardiomyocytes
are repaired. Our study identified a novel circRNA and
illustrated the association between Puml 0014 and miR-
146a-5p, which may provide new therapeutic strategies for
MI prevention and treatment.
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