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dependent mitochondrial fusion
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Abstract

Background Myocardial ischemia-reperfusion injury (MIRI) is caused by reperfusion after ischemic heart disease.
LncRNA Snhg1 regulates the progression of various diseases. N6-methyladenosine (m°A) is the frequent RNA
modification and plays a critical role in MIRI. However, it is unclear whether INcRNA Snhg1 regulates MIRI progression
and whether the INcRNA Snhg1 was modified by m°A methylation.

Methods Mouse cardiomyocytes HL-1 cells were utilized to construct the hypoxia/reoxygenation (H/R) injury model.
HL-1 cell viability was evaluated utilizing CCK-8 method. Cell apoptosis, mitochondrial reactive oxygen species (ROS),
and mitochondrial membrane potential (MMP) were quantitated utilizing flow cytometry. RNA immunoprecipitation
and dual-luciferase reporter assays were applied to measure the m®A methylation and the interactions between
INcRNA Snhg1 and targeted miRNA or target miRNAs and its target gene. The I/R mouse model was constructed with
adenovirus expressing INCRNA Snhg1. HE and TUNEL staining were used to evaluate myocardial tissue damage and
apoptosis.

Results LncRNA Snhg1 was down-regulated after H/R injury, and overexpressed INcCRNA Snhg1 suppressed
H/R-stimulated cell apoptosis, mitochondrial ROS level and polarization. Besides, INncRNA Snhg1 could target miR-
361-5p, and miR-361-5p targeted OPA1. Overexpressed INcRNA Snhg1 suppressed H/R-stimulated cell apoptosis,
mitochondrial ROS level and polarization though the miR-361-5p/OPAT axis. Furthermore, WTAP induced IncRNA
Snhg1 m°A modification in H/R-stimulated HL-1 cells. Moreover, enforced IncRNA Snhg1 repressed I/R-stimulated
myocardial tissue damage and apoptosis and regulated the miR-361-5p and OPAT levels.

Conclusion WTAP-mediated m®A modification of INcRNA Snhg1 regulated MIRI progression through modulating
myocardial apoptosis, mitochondrial ROS production, and mitochondrial polarization via miR-361-5p/OPAT axis,
providing the evidence for INcCRNA as the prospective target for alleviating MIRI progression.
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Background
Ischemic heart disease (IHD) is a main cause of death
around the world, with high mortality and morbidity [1,
2]. Myocardial infarction is the most popular primary
symptom of IHD [3]. In clinical therapy, prompt reperfu-
sion is crucial to decrease infarct size, save the ischemic
myocardium, and prevent the onset of heart failure [1, 4].
Nevertheless, reperfusion may induce myocardial injury
named myocardial ischemia/reperfusion injury (MIRI)
[4—6]. Increasing evidence reveals that reperfusion injury
accounts for 50% of the approximate myocardial infarct
size [7, 8]. MIRI leads to significantly increased mortality
in myocardial infarction [9]. Thus, MIRI is a primary risk
factor threatening global health. It is significant to clarify
the mechanism of the MIRI progression and explore the
potential therapy strategy to limit myocardial injury.

Mitochondrial dysfunction is closely related to meta-
bolic disorders, ischemic heart disease, and many other
diseases [10]. During MIRI, mitochondria ATP produc-
tion and mitochondrial membrane potential (MMP) are
decreased, while reactive oxygen species (ROS) are exces-
sively produced, which collectively lead to myocardial
dysfunction, DNA damage, and apoptosis [11]. In the
process of apoptosis, mitochondrial fusion is observed,
which is regulated by several proteins including optic
atrophy protein 1 (OPA1) and mitofusin 1 (MFN1) and 2
(MEN2) [12]. Therefore, it is important to identify poten-
tial factorsthat modulate mitochondrial dynamics to pre-
vent MIRL

Long non-coding RNAs (IncRNAs) belong to the non-
coding RNAs (ncRNA) family [13]. The IncRNAs are
over 200 nt in length without protein-coding capacity
but usually modulate gene expressions at the post-tran-
scriptional level via competing endogenous RNAs (ceR-
NAs) mechanism [14]. The ceRNA mechanism proposes
that IncRNAs may serve as ceRNA sponges to absorb
microRNAs (miRNAs), thereby mitigating the inhibitory
action of miRNAs on target mRNAs [15]. As a member
of the IncRNAs family, IncRNA SNHGL1 has been exten-
sively studied in a variety of diseases, including MIRI. For
example, IncRNA SNHG1 in HL-1 cells was significantly
reduced by H/R treatment and assuaged HL-1 cell pyrop-
tosis by regulating the KLF4/TRPV1/AKT axis through
sponging miR-137-3p [16]. IncRNA SNHGI1 expres-
sion was downregulated in H/R-induced H9c2 cells and
SNHG1/miR-16-5p/GATA4 regulated H9c2 cell apopto-
sis induced by H/R [17]. IncRNA SNHGI1 expression in
H/Rinduced AC16 cells was significantly decreased and
SNHG1/miR-450b-5p/IGF1 axis inhibited the apop-
tosis and oxidative stress levels of H/Rinduced AC16
cells [18]. Moroever, knockdown of SNHG1 alleviated

mitochondrial dysfunction in cerebral ischemia/reperfu-
sion injury [19]. However, whether IncRNA SNHG1 may
regulate cardiomyocyte apoptosis and mitochondrial
dysfunction in MIRI progression by sponging miRNA is
still poorly understood.

N6-methyladenosine (m°®A) is the frequent RNA modi-
fication in eukaryotic cells at the posttranscriptional level
[20, 21]. The potential regulatory efect of m6A modifca-
tion may infuence the occurrence and development of
a variety of cardiovascular diseases [22]. Studies have
shown that Wilms tumor 1-associated protein (WTAP)
is a RNA methyltransferase that promotes myocardial I/R
injury progression and mediates IncRNA m6A modifca-
tion through m®A reader [23, 24]. Prediction analysis by
SRAMP database revealed multiple m6A modifcation
sites in IncRNA SNHG1 sequence. However, whether
IncRNA SNHG1 was modified by WTAP-mediated m°A
methylation in MIRI is still poorly understood.

This study was therefore conducted to investigate the
role of WTAP-mediated m®A methylation of IncRNA
Snhgl in myocardial injury triggered by mitochondrial
dysfunction after MIRI. We showed for the first time that
IncRNA Snhgl sponged miR-361-5p to upregulate the
expression of OPA1, which then activated the mitochon-
drial fusion to attenuate MIRL. Moreover, WTAP induced
IncRNA Snhgl m6A modification and inhibited IncRNA
Snhg1 stability by m®A reader YTH N6-methyladenosine
RNA-binding protein 2 (YTHDEF2). The results of the
present study may provide a theoretical basis for future
clinical studies and highlight potential targets for the
treatment of MIRL

Materials and methods

Cell culture

Mouse cardiomyocytes HL-1 cells were maintained in
Claycomb medium (Sigma Aldrich) with addition of 10%
FBS (GIBCO, Grand Island, NY, USA) and 1% Penicillin—
Streptomycin (Solarbio, Beijing, China) at 37 °C with 5%
CO,.

Hypoxia/Re-oxygenation (H/R) model

H/R model was constructed using HL-1 cells [25]. Briefly,
cells were maintained in medium without serum at
hypoxic condition (94% N,, 1% O,, and 5% CO,) for 6 h.
Then, cells was replaced with fresh normal medium and
maintained at normal condition (21% O, and 5% CO,) for
12, 24, or 48 h to simulate reoxygenation injury.

Cell transfection
pLVX-Puro-Snhgl (0eSnhgl),
(oeWtap), pLKO.1-Snhgl

pLVX-Puro-Wtap
shRNA (shSnhgl),
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pLKO.1-Wtap shRNA (shWtap), pLKO.1-Opal shRNA
(shOpal) and pLKO.1-Ythdf2 shRNA (shYthdf2) vectors
were constructed by GENERAL BIO (Chuzhou, China).
The respective blank plasmids were designated as nega-
tive controls. Transfection was achieved though applying
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA)
as per the supplier’s procedures. Forty-eight hours later,
viral supernatants were obtained and infected HL-1 cells.
The miR-361-5p mimic, inhibitor, and negative control
(miNC) were provided by Genepharm (Suzhou, China).

Cell viability assay

Forty-eight hours after treatment, cells were dispensed
into 96-well plates with 3x10° cells each well. Twenty-
four hours later, cells were added to 10 pL of CCK-8 for
1 h incubation. The absorbance was recorded at 450 nm
utilizing the microplate reader.

Flow cytometry

HL-1 cells were dispensed into a six-well plate for 24 h
cultivation. After treatment, cells were performed cen-
trifugation (1,000xg, 5 min) and then treated with
Annexin V-FITC (5 pL, 15 min) and propidium iodide
(5 pL, 5 min). The apoptotic cells were measured using
a flow cytometer (Becton-Dickinson FACS Calibur, San
Joes, CA, USA). Mitochondrial ROS levels were assessed
using a MitoSOX probe [26]. After treatment, 5 pM
MitoSOX Red (Invitrogen) was introduced to HL-1 cells
for 30 min incubation and cells were measured utilizing
flow cytometry. Moreover, the mitochondrial membrane
potential (MMP) ratio was designated as red (JC-1 aggre-
gates)/green (JC-1 monomers) fluorescence intensity uti-
lizing a JC-1 assay kit (C2006, Beyotime, Jiangsu, China)
and analyzed utilizing a flow cytometry.

Measurement of ATP

ATP level was evaluated using an ATP assay kit
(Jiancheng, Nanjing, China) following the supplier’s
instructions. HL-1 cells were plated into the 6-well plate

Table 1 Primer sequence information

Name Forward Reverse

Snhgl 5 -TGCTTGTAGTCAGGGTGC 5-AACACTGGCCTGGA
TG-3' CAAACA-3'

Opal 5-CTGCAGGTCCCAAATTGG 5'-CCCGCACTGAGTGG
TT-3' GTTTAT-3'

Wtap 5-ATCAGGCAGAGGTCACAA 5'- GGGTGGGCTTCAGC
GC-3 AGTAAT-3'

Ythdf2 5'-CAGGCATCAGTAGGGCAA 5'-AGTAGATCCAGAACC
CA-3' CGCCT-3

Gapdh 5'-CTGCCCAGAACATCATCC-3"  5-CTCAGATGCCTGCT

TCAC-3"

miR-361-5p  5-GCGCGTTATCAGAATCTCC 5-AGTGCAGGGTCCGA
AG-3' GGTATT-3’

U6 5-GCTTCGGCAGCAC-3' 5'-GGAACGCTTCACG-3'
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for24 h. After that, HL-1 cells were collected utilizing
lysis buffer. The detection solution was then introduced
to the supernatant and ATP level was tested via normal-
izing to the total protein content.

Quantitative real-time PCR (RT-qPCR)

RNAs samples of HL-1 cells were acquired utiliz-
ing Trizol (Invitrogen) and produced cDNA utilizing a
RevertAid First Strand cDNA Synthesis Kit (Fermen-
tas, Glen Burnie, MD, USA). RT-qPCR was conducted
through applying Maxima SYBR Green/ROX qPCR Mas-
ter Mix (2X) (Thermo Fisher Scientific, Waltham, MA,
USA) as previously described [27]. The PCR primers
were presented in Table 1. Results were quantitated with
the 2724 by normalizing to GAPDH or U6.

Protein preparation and western blot assay

Proteins samples were obtained with RIPA buffer plus
protease inhibitor cocktail (Sigma, Louis, MO, USA).
Equivalent quantities (20 pg) of proteins were run on
10% SDS-PAGE gels and transferred onto nitrocellulose
membranes. After obstructed non-specific bindings, the
membranes were probed to respective detecting anti-
bodies target OPA1 (Abcam; ab157457; 1:1000), WTAP
(Abcam; ab195380; 1:1000), YTHDEF2 (Abcam; ab220163;
1:1000), or GAPDH (Proteintech; 10494-1-AP; 1:8000) at
4 °C for 12 h, followed by dyed with with secondary anti-
bodies (ZSGB-BIO, Beijing, China; ZB-2301, ZB-2305;
1:10000) at 37 °C for 1 h. The blots were observed utiliz-
ing Immobilon Western Chemiluminescent HRP Sub-
strate (Millipore, Bedford, MA, USA). The intensities of
bands were quantitated using Image ] (NIH, Bethesda,
MD, USA).

Analysis of mA content

RNAs samples were acquired utilizing Trizol (Invitro-
gen). The purification of Poly(A)* RNA was performed
utilizing GenElute™ mRNA Miniprep Kit (Sigma, Louis,
MO, USA). The m°A level was estimated utilizing m®A
RNA Methylation Assay Kit (Abcam; ab185912) as previ-
ously described [28].

RNA immunoprecipitation (RIP)

RIP experiment was conducted through applying the
Magna RIP RNA-Binding Protein Immunoprecipitation
kit (Millipore) as previously described [28]. HL-1 cell
lysates were obtained utilizing RIP reagent and the RNA-
protein complexes were probed to anti-AGO2 (Abcam;
ab186733), anti-m6A (Abcam; ab208577), anti-YTHDF2
(Abcam; ab220163) or anti-IgG antibody (Abcam;
ab172730) overnight at 4 °C. After washing step using
RIP-wash buffer and RIP-lysis buffer, the adsorbed RNAs
were obtained utilizing phenol: chloroform: isoamyl alco-
hol and analyzed by RT-qPCR.
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Dual-luciferase reporter assay

Putative target regions of miR-361-5p to IncRNA Snhgl
and Opal 3-UTR were predicted using Starbase and
TargetScan. Predicted sequences of both wild type and
mutant were synthesized, respectively, and then inserted
into luciferase reporter vectors (PmirGLO), the vectors
were then nominated as WT 3’-UTR and Mut 3’-UTR.
The pGL3-IncRNA Snhgl or pGL3-Opal 3’-UTR and
pRL-TK renilla (Promega) luciferase reporter vector were
introduced into HL-1 cells accompanied by miR-361-5p
mimic or inhibitor. The sequence of IncRNA Snhgl con-
taining the m®A motifs was generated by Generay Tech-
nologies (Shanghai, China) and cloned into the upstream
of the pGL3-basic firefly luciferase vector. After that, the
pGL3-IncRNA Snhgl and pRL-TK renilla were co-trans-
fected into the HL-1, which were stimulated by H/R and
introduced into Wtap silencing or Wtap-expressing plas-
mid. The luciferase activities were recorded utilizing the
dual luciferase reporter gene kit (Yuanpinghao, Beijing,
China) 48 h after transfection.

Determination of mRNA stability

HL-1 cells were incubated with 0.2 mM actinomycin D
(Selleck, Shanghai, China). At the time point of 0, 3, and
6 h, total RNAs were isolated and produced cDNA uti-
lizing the oligo(dT) primer. The mRNA expressions were
quantified utilizing RT-qPCR.

Animal experiment and drug administration

C57/BL6 mice aged 6-7 weeks (male, 20-25 g) were
obtained from the SLAC Laboratory Animal Center of
Shanghai (Shanghai, China). The mouse myocardial I/R
model was constructed following previously described
[29]. Recombinant adenovirus expressing IncRNA Snhgl
(2x10'° pfu/ml) or blank pShuttle-CMV vector was
introduced into the left ventricular anterior wall via injec-
tion 24 h prior to I/R (four injections of 30 pl each with
an interval of 4'30” between injections). At 24 h after I/R,
the cardiac function was evaluated using the Vevo 2100
Imaging (Visual Sonics, Toronto, Canada) echocardio-
graphic system equipped with a 30 MHz transducer and
left ventricular ejection fraction and left ventricular frac-
tional shortening were calculated [30]. Heart rate, left
ventricle end-diastolic pressure and left ventricle end-
systolic pressure were recorded using an AcqKnowledge
version 3.8.1 system (BIOPAC Systems, Inc. Goleta, CA,
USA) with a sampling rate of 2,000 Hz [31]. All animal
procedures were performed in adherence with the Guide
for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publica-
tion No. 85-23, 1996, revised 2011), and approved by
the Ethical Committee of the Seventh People’s Hospital
of Shanghai University of Traditional Chinese Medicine.
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Histological analysis and TUNEL staining

The myocardium was excised to conduct hematoxylin
and eosin (HE) and terminal-deoxynucleoitidyl trans-
ferase mediated nick end labeling (TUNEL) staining
as previously described [32]. Heart tissues were fixed,
embedded, and cut into 5-um sections. The sections
were placed on glass slides, deparaffinized, and stained
sequentially with hematoxylin and eosin (RichardAllan
Scientific Co., Kalamazoo, MI, USA). The stained tissue
sections were analyzed using a light microscope (Axio
Imager M1; Carl Zeiss AG). Paraffin-embedded heart
sections were used for apoptosis determination using
TUNEL staining. Briefly, the slides were first incubated
in 50 pg/mL proteinase K solution at 37 °C for 30 min.
Then, followed by three times washing in PBS, slides
were incubated with the TUNEL detection buffer at 37 °C
for 1 h. Finally, the images were obtained and analyzed
using the Olympus Fluoview FV300 version.

Measurement of CK-MB and cTnT levels

The serum levels of mouse creatine kinase myocar-
dialband (CK-MB; X-Y Biotechnology; XY9MO0929)
and myocardial troponin-T (cTnT; X-Y Biotechnology;
XY9MO0582) were estimated using ELISA kits and ana-
lyzed to assess the degree of myocardial damage.

Data analysis

All experiments and assays were conducted with three
replicates, and quantitative data were described as the
meantstandard deviation. Data analysis was achieved
utilizing GraphPad Prism 8.4.2. Unpaired ¢-test and
one-way ANOVA followed by Dunnett’s multiple com-
parisons test were selected to confirm group differences.
P<0.05 was designated as statistically significant.

Results

Overexpressed LncRNA Snhg1 restrained H/R-stimulated
cell apoptosis, mitochondrial ROS production, and
mitochondrial polarization

To clarify the action of IncRNA Snhgl on MIRI, HL-1
cells were selected to construct the H/R model. The
IncRNA Snhgl level in the H/R model was first mea-
sured. It was found that IncRNA Snhgl was down-reg-
ulated after H/R injury and gradually decreased with
prolonged re-oxygenation time (Fig. 1A). Therefore, the
effects of IncRNA Snhgl overexpression on H/R-induced
injury were next investigated after IncRNA Snhgl over-
expressing lentiviral transduced into HL-1 cells. Results
showed that H/R injury decreased the HL-1 cell viabil-
ity, which was partially restored by enforced IncRNA
Snhgl (Fig. 1B). Besides, H/R injury accelerated HL-1 cell
apoptosis but was restrained by overexpressed IncRNA
Snhgl (Fig. 1C and 1D). In addition, mitochondrial ROS
level was increased in H/R-stimulated HL-1 cells, while
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Fig. 1 Overexpressed INcRNA Snhg1 restrains H/R-stimulated cell apoptosis, mitochondrial ROS production, and mitochondrial polarization. (A) The
INcRNA Snhg1 level in HL-1 cells after 6 h of hypoxia and 0, 12, 24, or 48 h of re-oxygenation was measured using RT-gPCR. After HL-1 cells pre-transfected
with IncRNA Snhg1 overexpressing lentivirus for 24 h and then received H/R challenge for 24 h, cell viability (B), cell apoptosis (C, D), mitochondrial ROS
level (E, G), MMP (F, H), ATP level (1) and IncRNA Snhg1 expression (J) were detected respectively. (A-C, G-J) One-way ANOVA followed by Dunnett’s
multiple comparisons test. **P < 0.01, ***P < 0.001 vs. control; ##P < 0.001 vs. H/R
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overexpressed IncRNA Snhgl suppressed this phenome-
non (Fig. 1E and 1G). Furthermore, H/R injury decreased
the MMP and ATP level of HL-1 cells, which was
increased after overexpression of IncRNA Snhgl (Fig. 1F,
1H and 1I). Moreover, the down-regulated IncRNA
Snhgl caused by H/R challenge was restored by IncRNA
Snhgl overexpressing lentiviral (Fig. 1J). Therefore, over-
expressed IncRNA Snhgl suppressed H/R-stimulated
cell apoptosis, mitochondrial ROS production, and mito-
chondrial polarization in HL-1 cells.

LncRNA Snhg1 targets miR-361-5p

LncRNAs usually modulate disease progression by act-
ing as miRNA sponges. Therefore, the target miRNA of
IncRNA Snhgl was screened to investigate the mecha-
nism of IncRNA Snhgl on MIRI progression. Bioinfor-
matics analysis using Starbase revealed that IncRNA
Snhgl might bind to miR-361-5p, and the presumptive
target sites were listed in Fig. 2A. miR-361-5p mimic
and inhibitor were introduced into HL-1 cells, which
was verified utilizing RT-qPCR (Fig. 2B). After that, the

A

WT IncRNA Snhg1 5 GAAUACCGCCCCAGUCUGAUAG 3
mmu-miR-361-5p 3' CAUGGGGACCUCUAAGACUAUU &
MUT IncRNA Snhg1 5 GAAUACCGCCCCAGAGACUAUU 3’

IN
]
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dual-luciferase assay was selected to prove the asso-
ciation of IncRNA Snhgl and miR-361-5p. Interestingly,
miR-361-5p mimic significantly inhibited wild IncRNA
Snhgl activity but had no influence on the mutant
IncRNA Snhgl activity (Fig. 2C). Conversely, miR-361-5p
inhibitor greatly enhanced wild IncRNA Snhgl activ-
ity, while it had no action on the mutant IncRNA Snhgl
activity (Fig. 2C). Meanwhile, the RIP experiment pre-
sented the significant enrichment of IncRNA Snhgl and
miR-361-5p using the anti-AGO2 antibody compared
to the anti-IgG antibody (Fig. 2D). Besides, H/R injury
promoted the miR-361-5p level, while overexpressed
IncRNA Snhgl repressed the miR-361-5p level (Fig. 2E).
Thus, IncRNA Snhgl targeted miR-361-5p.

LncRNA Snhg1 silencing promotes H/R-stimulated

cell apoptosis, mitochondrial ROS production, and
mitochondrial polarization via targeting miR-361-5p

To elucidate the precise mechanism of IncRNA Snhgl on
MIRI progression, shSnhgl lentivirus, and miR-361-5p
inhibitor were introduced into H/R-induced HL-1 cells.
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Fig.2 LncRNA Snhg1 targets miR-361-5p. (A) The putative target sites between INncRNA Snhg1 and miR-361-5p were presented. (B) The miR-361-5p level
was measured utilizing RT-gPCR in HL-1 cells introduced into miR-361-5p mimic or inhibitor. (C) The association between IncRNA Snhg1 and miR-361-5p
was verified using dual-luciferase assay after cells transfected with WT-IncRNA Snhg1 vector or MUT-INcRNA Snhg1 vector and miR-361-5p mimic or in-
hibitor. (D) RIP-PCR detected the binding of INcRNA Snhg1 or miR-361-5p to AGO2. (E) The miR-361-5p expression was measured utilizing RT-gPCR in HL-1
cells after pre-transfected with INcRNA Snhg1 overexpressing lentivirus for 24 h and received H/R challenge for 24 h. (B, C, E) One-way ANOVA followed
by Dunnett’s multiple comparisons test. (D) Unpaired t-test. *P < 0.05, ***P<0.001 vs. miNC, IgG, or control; #¥P<0.001 vs. H/R
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Results showed that H/R treatment suppressed cell
viability of HL-1 cells, and silencing of IncRNA Snhgl
exacerbated H/R-induced injury on cell viability, while
this phenomenon was reversed after miR-361-5p inhibi-
tor treatment (Fig. 3A). Besides, the promotion effect of
silenced IncRNA Snhgl on H/R-stimulated cell apoptosis
was restrained by miR-361-5p inhibitor (Fig. 3B and 3D).
Interestingly, H/R-induced mitochondrial ROS produc-
tion was facilitated by silenced IncRNA Snhgl, but this
action was repressed by miR-361-5p inhibitor (Fig. 3C
and 3E). H/R injury decreased the MMP and ATP lev-
els of HL-1 cells, and silenced IncRNA Snhgl aggravated
this effect, which was abolished by miR-361-5p inhibitor
(Fig. 3F and 3H). Furthermore, H/R treatment induced
the miR-361-5p level, and silencing of IncRNA Snhgl
further increased the miR-361-5p expression, which
was abrogated by miR-361-5p inhibitor (Fig. 3I). Hence,
silencing of IncRNA Snhgl promoted H/R-stimulated
cell apoptosis, mitochondrial ROS level and polarization
in HL-1 cells by targeting miR-361-5p.

Mir-361-5p targets OPA1

MiRNAs generally exerted effects via targeting mRNAs.
Therefore, the target mRNAs of miR-361-5p were
searched. Bioinformatics analysis using TargetScan dis-
covered that miR-361-5p might target Opal, and the
presumptive target sites were listed in Fig. 4A. Dual-lucif-
erase assay found that miR-361-5p mimic significantly
restrained the activity of wild Opal 3’-UTR but had no
impact on the activity of mutant Opal 3’-UTR (Fig. 4B).
Instead, miR-361-5p inhibitor amplified the activity of
wild Opal 3’-UTR but did not influence the activity of
mutant Opal 3-UTR (Fig. 4B). Besides, miR-361-5p
mimic restrained the OPA1 levels, but miR-361-5p inhib-
itor increased the OPA1 levels (Fig. 4C and 4E). In addi-
tion, H/R treatment decreased the level of OPA1, while
overexpressed IncRNA Snhgl increased the OPA1 level
(Fig. 4F and 4H). However, the promotion effect of over-
expressed IncRNA Snhgl on OPAL1 level in H/R-stim-
ulated HL-1 cells was abrogated by miR-361-5p mimic
(Fig. 4F and 4H). Taken together, miR-361-5p could tar-
get OPAL.

miR-361-5p inhibitor inhibits H/R-stimulated cell
apoptosis, mitochondrial ROS production, and
mitochondrial polarization in HL-1 cells by targeting OPA1
To elucidate whether miR-361-5p regulates MIRI devel-
opment, miR-361-5p inhibitor, and shOpal lentivirus
was introduced into H/R-induced HL-1 cells. It was pre-
sented that H/R injury suppressed HL-1 cell viability, and
miR-361-5p inhibitor improved H/R-induced damage
on cell viability, which was abolished by silenced Opal
(Fig. 5A). Besides, the suppression action of miR-361-5p
inhibitor on H/R-induced cell apoptosis was abolished by
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silenced Opal (Fig. 5B and E). In addition, H/R-induced
mitochondrial ROS level was inhibited by miR-361-5p
inhibitor, but silenced Opal reversed this effect (Fig. 5C
and F). Furthermore, H/R injury decreased the MMP
and ATP levels of HL-1 cells, and miR-361-5p inhibitor
increased these levels, which was abrogated by silenced
Opal (Fig. 5D, G and H). Moreover, H/R treatment inhib-
ited the OPA1 levels, and miR-361-5p inhibitor increased
the OPA1 level, which was abrogated by silenced Opal
(Fig. 5I and K). Collectively, miR-361-5p inhibitor inhib-
its H/R-stimulated cell apoptosis, mitochondrial ROS
level and polarization in HL-1 cells by targeting OPAL.

WTAP induces IncRNA Snhg1 m®A modification

To illustrate whether IncRNA Snhgl was modified
by m°A methylation, the shWtap lentivirus and Wtap
overexpression lentivirus were introduced into H/R-
induced HL-1 cells, which restrained and enhanced the
Wtap level, respectively (Fig. 6A and 6C). MeRIP-PCR
assay proved the elevated m°A level of IncRNA Snhgl
in H/R-stimulated HL-1 cells, while silenced Wtap
drastically decreased the m°®A level of IncRNA Snhgl
(Fig. 6D). Conversely, overexpressed Wtap increased the
m®A level of IncRNA Snhgl (Fig. 6D). Luciferase assay
showed that IncRNA Snhgl m®A activity was enhanced
in H/R-induced HL-1 cells, while silenced Wtap drasti-
cally decreased the IncRNA Snhgl m°A activity (Fig. 6E).
Overexpressed WTAP increased the IncRNA Snhgl m°®A
activity (Fig. 6E). After that, whether m®A modification
on IncRNA Snhgl affected its expression was deter-
mined. It was observed that silenced Wtap enhanced
the IncRNA Snhgl expression, but enforced Wtap sup-
pressed the IncRNA Snhgl expression (Fig. 6F). Besides,
the RNA stability of IncRNA Snhgl was measured
after silenced Wtap and treated with actinomycin D.
Results showed that silenced Wtap increased the stabil-
ity of IncRNA Snhgl (Fig. 6G). Additionally, the effect
of m°A “reader” YTHDF2 on IncRNA Snhgl expression
was studied after transfection of shYthdf2. The shYthdf2
considerably silenced the Ythdf2 expression (Fig. 6H
and 6]). The IncRNA Snhgl was elevated after silencing
Ythdf2 (Fig. 6K). Silenced Ythdf2 increased the stability of
IncRNA Snhgl (Fig. 6L). Furthermore, the RIP-PCR assay
found that IncRNA Snhgl was obviously enriched using
the anti-YTHDF2 antibody (Fig. 6M). Overall, these
results suggested that WTAP induced IncRNA Snhgl
m®A modification.

LncRNA Snhg1 overexpression inhibits I/R-induced
myocardial tissue damage and apoptosis

To interpret the action of IncRNA Snhgl on MIRI pro-
gression in vivo, the myocardial I/R mouse model was
established with overexpressed IncRNA Snhgl. Echocar-
diography was performed to measure cardiac function
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Fig. 5 miR-361-5p inhibitor inhibits H/R-stimulated cell apoptosis, mitochondrial ROS level and polarization in HL-1 cells by targeting Opa1. After HL-1
cells pre-transfected with shOpa1 lentivirus with or without miR-361-5p inhibitor for 24 h and received H/R challenge for 24 h, cell viability (A), cell apop-
tosis (B, E), mitochondrial ROS level (C, F), MMP (D, G), ATP level (H) and Opal mRNA (I) and protein levels (J, K) were measured respectively. (A-D, H, I,
K) One-way ANOVA followed by Dunnett’s multiple comparisons test. ***P < 0.001 vs. control; #P <001, #*P < 0.001 vs. H/R; 24P < 0.001 vs. H/R +inhibitor

parameters (Fig. 7A). Cardiac functions results showed
that I/R treatment significantly reduced cardiac ejec-
tion fraction, fractional shortening, left ventricular
end systolic pressure and heart rate, and promoted left

ventricular end diastolic pressure (P<0.001), these phe-
nomena were reversed by overexpressed IncRNA Snhgl
(P<0.001, Table 2). HE staining results found that the
myocardial tissue exhibited apparent damage, including
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Fig. 6 WTAP induces IncRNA Snhg1 m°A modification(A) The WTAP mRNA expression was detected utilizing RT-qPCR after HL-1 cells introduced into
shWtap lentivirus or WTAP overexpression lentivirus and received H/R challenge for 24 h. (B, C) The Wtap level was assessed utilizing western blot after
HL-1 cells transfected with shWtap lentivirus or Wtap overexpression lentivirus and treated with H/R for 24 h. (D) LncRNA Snhg1 m°A level was detected
using MeRIP-PCR after HL-1 cells transfected with shWtap lentivirus or Wtap overexpression lentivirus and received H/R challenge for 24 h. (E) The IncRNA
Snhg1 m®A activity was tested utilizing luciferase assay after HL-1 cells transfected with shWtap lentivirus or Wtap overexpression lentivirus and treated
with H/R for 24 h. (F) The IncRNA Snhg1 level in HL-1 cells introduced into shWtap lentivirus or Wtap overexpression lentivirus and received H/R challenge
for 24 h was evaluated utilizing RT-gPCR. (G) LncRNA Snhg1 level in HL-1 cells introduced into shWtap lentivirus and incubated with actinomycin D for 3 h
and 6 h was evaluated utilizing RT-gPCR. (H) The YTHDF2 mRNA level was measured in HL-1 cells after introduced into shYthdf2 lentivirus for 48 h using
RT-gPCR. (1, J) The YTHDF2 protein level was assessed in HL-1 cells after introduced into shYthdf2 lentivirus for 48 h using western blot. (K) The level of
INcRNA Snhg1 in HL-1 cells after introduced into shYthdf2 lentivirus for 48 h was assessed utilizing RT-gPCR. (L) The IncCRNA Snhg1 level in HL-1 cells after
transfected with shYthdf2 lentivirus and incubated with actinomycin D for 3 h and 6 h was evaluated utilizing RT-gPCR. (M) The combination of YTHDF2
and IncRNA Snhg1 m°A site was determined using RIP-PCR. (A, C-H, J-L) One-way ANOVA followed by Dunnett’s multiple comparisons test. (M) Unpaired
t-test. *P< 0,05, **P<0.01, **P<0.001 vs. control, shNC, or IgG; *P< 0.05, #P<0.01, ¥ P <0001 vs. H/R
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Fig. 7 LncRNA Snhg1 overexpression inhibits I/R-stimulated myocardial tissue damage and apoptosis. (A) Representative echocardiographic images.
(B) HE staining was conducted in myocardial tissue of I/R mice pretreated with INCRNA Snhg1 overexpression lentivirus. Scale bar, 200 um. (C, D) The
serum levels of CK-MB and cTnT were evaluated by ELISA in I/R mice pretreated with IncRNA Snhg1 overexpression lentivirus (E, F) Myocardial tissue
apoptosis was evaluated using TUNEL assay in I/R mice pretreated with INcRNA Snhg1 overexpression lentivirus. Scale bar, 100 um. The INCRNA Snhg1
(G), miR-361-5p (H), and Opal MmRNA levels (1) in I/R mice pretreated with INCRNA Snhg1 overexpression lentivirus were tested utilizing RT-gPCR. (J, K)
The Opal level in I/R mice pretreated with INcRNA Snhg1 overexpression lentivirus was detected utilizing western blot. (L) The mechanism diagram
revealing the regulation of WTAP-mediated m6A modification of INCRNA Snhg1 improved on myocardial ischemia-reperfusion injury via miR-361-5p/
Opal-dependent mitochondrial fusion. (C, D, F-I, K) One-way ANOVA followed by Dunnett’s multiple comparisons test. **P < 0.01, ***P < 0.001 vs. control;

P <001, #P<0.001 vs. I/R

disordered structure, inflammatory infiltration, and
interstitial edema after I/R treatment, which was alle-
viated by overexpressed IncRNA Snhgl (Fig. 7B). The
serum levels of CK-MB and ¢TnT were also increased

in I/R mice, which were alleviated by overexpressed
IncRNA Snhgl (Fig. 7C and 7D). Besides, I/R treatment
induced myocardial cell apoptosis, but overexpressed
IncRNA Snhgl suppressed this effect (Fig. 7E and 7F). In
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Group Echocardiographic data (%) Left ventricular end pressure (mmHg) Heart rate (beat/min)
EF FS Systolic Diastolic

Control 86.12+£1.40 48.27+1.76 103.3+£1.33 7.83+0.75 367.67+£17.43

I/R 59.28+5.13° 25.99+3.11° 75.07+1.45° 1243+0.16° 273.00+£10.20°

I/R+0eSnhg1 72.23+345° 34.85+2.66° 83.52+2.25P 9.54+0.80° 31333+13.25°

EF, ejection fraction; FS, fractional shortening. P<0.001 compared with control group; °P<0.001 compared with I/R

addition, the IncRNA Snhgl expression was decreased
in myocardial tissue after I/R injury, which was elevated
after transfection of IncRNA Snhgl overexpression lenti-
virus (Fig. 7G). Furthermore, miR-361-5p was enhanced
in the myocardial tissue of I/R mice, and overexpressed
IncRNA Snhgl restrained the miR-361-5p level (Fig. 7H).
Moreover, OPA1 were repressed in myocardial tissue
after I/R treatment, which was restored by overexpressed
IncRNA Snhgl (Fig. 7I and 7K). To sum up, enforced
IncRNA Snhgl restrained I/R-stimulated myocardial tis-
sue damage and apoptosis and regulated the miR-361-5p
and OPA1 levels.

Discussion

Myocardial ischemia-reperfusion injury (MIRI) is an
injury caused by the recovery of coronary artery blood
flow after ischemic heart disease and increases myocar-
dial infarction [3—6]. LncRNA Snhgl regulates disease
progression by modulating the cell cycle, apoptosis,
autophagy, oxygen species, and mitochondrial function
[33-35]. N6-methyladenosine (m°A) is the frequent RNA
modification manner, and IncRNAs can be modified by
m®A methylation [22, 24]. In this research, we elucidated
the action and mechanism of IncRNA Snhgl on MIRI
progression and clarified whether the IncRNA Snhgl was
modified by m°®A methylation. The findings revealed that
WTAP-mediated m®A modified IncRNA Snhgl modu-
lated MIRI progression manifested in regulating cell
apoptosis, mitochondrial ROS production, and MMP via
miR-361-5p/OPA1 axis (Fig. 7L). These results demon-
strated the existence of the WTAP/SNHG1/miR-361-5p/
OPAL1 regulatory axis and provided a novel therapeu-
tic target for the treatment of ischemic cardiomyocyte
injury.

LncRNA Snhgl belongs to the IncRNAs family, and it
usually presents abnormal expression in various disease
tissues and cells [36—38]. To elaborate the potential action
of IncRNA Snhgl on MIRI, the IncRNA Snhgl level was
explored in H/R-stimulated HL-1 cells and found that
IncRNA Snhgl was decreased after H/R challenge, which
was in line with the reported study [18]. The abnormal
level of IncRNA Snhgl implied possible involvement
in MIRI progression. As expected, overexpression of
IncRNA Snhgl restored HL-1 cell viability inhibited by
H/R challenge. Actually, the regulatory action of IncRNA
Snhgl on cell viability has also been demonstrated in

multiple disorders, such as cancers, Parkinson’s dis-
ease, and hypoxic injury [38—40]. Besides, apoptosis is a
significant feature of MIRI and is considered an essen-
tial pathogenic factor in MIRI [3, 41]. Apoptosis causes
cardiomyocyte loss and myocardium remolding and
aggravates inflammatory response [3]. Therefore, inhib-
iting myocardial cell apoptosis is critical for limiting
MIRI progression [41]. This research demonstrated that
enforced IncRNA Snhg]1 restrained myocardial cell apop-
tosis in H/R-stimulated HL-1 cells and I/R mice model.
Similarly, overexpressed IncRNA Snhgl was also proved
to repress cell apoptosis behavior in H/R-stimulated
AC16 cells [18]. Lv et al. revealed that enforced IncRNA
Snhgl inhibited oxygen-glucose deprivation-stimulated
cell apoptosis [42]. Furthermore, it is accepted that mito-
chondria are key targets and the source of tissue damage,
and the structural and functional changes of mitochon-
dria are critical in the pathogenesis of MIRI [10]. MIRI
could cause early mitochondrial-driven injury with
excessive ROS production and calcium regulation dis-
order, causing abnormal permeation, loss of MMP, and
swelling and damage to mitochondria of mitochondrial
permeability transition pore [43, 44]. In the current study,
increased mitochondrial ROS production and decreased
MMP and ATP levels were exhibited after H/R chal-
lenge, which was in line with the reported research [10].
Interestingly, these changes in the structural and func-
tional changes of mitochondria caused by H/R challenge
were reversed by overexpressed IncRNA Snhgl. In other
words, enforced IncRNA Snhgl suppressed mitochon-
drial ROS production and mitochondrial polarization in
H/R-induced HL-1 cells. To sum up, these findings indi-
cated the effectiveness of IncRNA Snhgl in improving
cell apoptosis, mitochondrial ROS production, and mito-
chonderial polarization in MIRI progression.

LncRNAs generally regulate disease progression via the
ceRNA mechanism [14]. To elucidate the precise mecha-
nism of IncRNA Snhgl on the regulation of cell apopto-
sis, mitochondrial ROS production, and mitochondrial
polarization in MIRI progression, the potential target
miRNA of IncRNA Snhgl was searched, and the find-
ings discovered that IncRNA Snhgl could target miR-
361-5p. So far, this study first reports that IncRNA Snhgl
targeted miR-361-5p. The actions of miR-361-5p on
modulating cardiomyocyte apoptosis and mitochondrial
function were proved in previous studies [45, 46]. Li et
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al. proved that inhibiting miR-361-5p expression limited
cardiomyocyte apoptosis in the mouse model of sepsis-
stimulated myocardial injury [45]. Wang et al. clarified
that decreased miR-361-5p provoked the reduction of
mitochondrial fission in mice with cardiac ischemia [46].
The miRNAs usually exerted functions via inhibiting the
target gene expression through binding to 3’-UTR [47].
Therefore, the target gene of miR-361-5p was explored,
and the findings demonstrated that miR-361-5p could
target OPA1. OPA1, a GTPase at the mitochondrial inner
membrane, exerts a critical function on mitochondrial
fusion [12]. As expected, the miR-361-5p inhibitor inhib-
ited H/R-stimulated cell apoptosis, mitochondrial ROS
level and polarization in HL-1 cells by targeting OPA1.
Consistent with our findings, the previous study reported
that OPA1 was reduced in cardiomyocytes with simu-
lated I/R challenge, and depletion of OPA1 sensitized
the cells to mitochondrial fragmentation, apoptosis, and
I/R injury [48]. Wang et al. also found that OPA1 attenu-
ated ROS production and mitochondrial dysfunction
in H,0,-challenged H9C2 cells [49]. Besides, we also
found overexpressed IncRNA Snhgl restrained the miR-
361-5p expression and elevated OPAL1 level in the I/R
mice model in vivo. Overall, this evidence suggested that
IncRNA Snhgl regulated MIRI progression via the miR-
361-5p/OPA1 axis.

The m°®A methylation is the frequent RNA modification
manner in eukaryotic cells [20, 21]. Recent studies dis-
covered that IncRNAs could be modified by m®A methyl-
ation [22, 24]. Jiang et al. reported that METTL3 induced
the IncRNA Snhgl m®A modification and improved the
stability of the IncRNA Snhgl in non-small cell lung can-
cer [50]. Therefore, whether IncRNA Snhgl was modified
by m®A methylation in HL-1 cells after H/R challenge
was studied in this study and it was proved that WTAP
induced IncRNA Snhgl m°®A modification and YTHDF2
was a specific m®A reader of IncRNA Snhgl in HL-1
cells with H/R challenge. These findings suggested that
WTAP-mediated m°A is associated with the expression
of IncRNA Snhgl, probably through regulating IncRNA
Snhgl stability, which provided new answers to the ques-
tion of why IncRNA Snhgl exhibited abnormal expres-
sion after H/R injury.

HL-1 cardiomyocytes are currently the only cells avail-
able that continuously divide, spontaneously contract,
and maintain a differentiated adult cardiac phenotype
through indefinite passages in culture [51]. HL-1 cells
have also been used to address pathological condi-
tions such as apoptosis, hypoxia, and I/R [52]. However,
the expression patterns of cardiomyocyte markers and
whole transcriptomic profile indicate low-to-moderate
similarity of HL-1 cells to primary cells/cardiac tis-
sues [53]. Therefore, we will validate the role of IncRNA
SNHG1/miR-361-5p/OPA1 axis in MIRI using primary
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myocardial cells in future experiments. In addition to
IncRNA SNHG1/miR-361-5p/OPA1, there are many
IncRNA SNHG1/miRNA/mRNA-mediated regulatory
pathways of myocardial injury, such as IncRNA SNHG1/
miR-137-3p/KLF4 [16], IncRNA SNHG1/miR-16-5p/
GATA4 [17] and SNHG1/miR-450b-5p/IGF1 [18]. Thus
the effect of these IncRNA SNHG1-mediated and other
reported mechanisms still need further research and
evidence.

Conclusions

WTAP-mediated m®A modification of IncRNA Snhgl
regulated MIRI progression through modulating myo-
cardial apoptosis, mitochondrial ROS production, and
mitochondrial polarization via the miR-361-5p/Opal
axis, providing the evidence for IncRNA as the prospec-
tive target for alleviating MIRI progression.

Abbreviations

MIRI Myocardial ischemia-reperfusion injury

m6A N6-methyladenosine

H/R hypoxia/reoxygenation

ROS reactive oxygen species

MMP mitochondrial membrane potential

IHD Ischemic heart disease

INcRNAs  Long non-coding RNAs

ceRNAs competing endogenous RNAs

miRNAs microRNAs

RT-gPCR  Quantitative real-time PCR

RIP RNA immunoprecipitation

HE hematoxylin and eosin

TUNEL terminal-deoxynucleoitidyl transferase mediated nick end
labeling

Acknowledgements
Not applicable.

Author contributions

Linlin Liu and Jiahong Wu conceived and designed this research. Jiahong Wu,
Cheng Lu, Yan Ma, Jiayi Wang, Jie Xu, Xiaoli Yang and Xuan Zhang conducted
the experiments and analysed the data; Hua Wang, Jieyu Xu and Jiehan Zhang
interpreted the results; Linlin Liu drafted the manuscript; Jiehan Zhang revised
the paper. The final manuscript read and approved by all authors.

Funding

This study was supported by Shanghai Municipal Commission of Health and
Family Planning (202040188), Talents Training Program of the Seventh People’s
Hospital, Shanghai University of Traditional Chinese Medicine (JCR2020-05),
Medical Disciplinary Development Project of Pudong New Area Health System
(PWYgy2021-10) and Multiplication plan for traditional Chinese medicine
specialty brand building (PDZY-2021-0310).

Data availability
The datasets used and/or analysed during this study were accessed via the
corresponding authors on reasonable request.

Declarations

Ethics approval and consent to participate

All animal procedures were performed in adherence with the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85—23, 1996, revised 2011), and approved by the
Ethical Committee of the Seventh People’s Hospital of Shanghai University of
Traditional Chinese Medicine.



Liu et al. Journal of Translational Medicine

(2024) 22:499

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Author details

'Department of Cardiology, Seventh People’s Hospital of Shanghai
University of Traditional Chinese Medicine, No. 358, Datong Road, Pudong
New Area, Shanghai 200137, China

Received: 21 November 2023 / Accepted: 20 May 2024
Published online: 25 May 2024

References

1.

w

20.

Wang Z,Yao M, Jiang L, Wang L, Yang Y, Wang Q, Qian X, Zhao Y, Qian J.
Dexmedetomidine attenuates myocardial ischemia/reperfusion-induced fer-
roptosis via ampk/gsk-33/nrf2 axis. Biomed Pharmacotherapy = Biomedecine
Pharmacotherapie. 2022;154:113572.

Wu C, LiuR, Luo Z, Sun M, Qile M, Xu S, Jin S, Zhang L, Gross ER, Zhang Y, He
S. Spinal cord astrocytes regulate myocardial ischemia-reperfusion injury.
2022;117:56.

Teringova E, Tousek P. Apoptosis in ischemic heart disease. 2017;15:87.

Chen W, Zhang Y, Wang Z,Tan M, Lin J, Qian X, Li H, Jiang T. Dapagliflozin
alleviates myocardial ischemia/reperfusion injury by reducing ferroptosis via
mapk signaling inhibition. Front Pharmacol. 2023;14:1078205.

Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotection in
perspective. Nat Reviews Cardiol. 2020;17:773-89.

Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med.
2007;357:1121-35.

Jiang W, Zhang Y, Zhang W, Pan X, Liu J, Chen Q, Chen J. Hirsutine ameliorates
myocardial ischemia-reperfusion injury through improving mitochondrial
function via camkii pathway. Clinical and experimental hypertension (New
York, NY: 1993) 2023;45:2192444.

Chi L, Wang N, Yang W, Wang Q, Zhao D, Sun T, Li W. Protection of myocardial
ischemia-reperfusion by therapeutic hypercapnia: a mechanism involving
improvements in mitochondrial biogenesis and function. J Cardiovasc Trans|
Res. 2019;12:467-77.

He J, Liu D, Zhao L, Zhou D, Rong J, Zhang L, Xia Z. Myocardial ischemia/
reperfusion injury: mechanisms of injury and implications for management
(review). Experimental Therapeutic Med. 2022;23:430.

DuJ, LiH, Song J,Wang T, Dong Y, Zhan A, Li Y, Liang G. Ampk activation alle-
viates myocardial ischemia-reperfusion injury by regulating drp1-mediated
mitochondrial dynamics. Front Pharmacol. 2022;13:862204.

Wu F, Huang W, Tan Q, Guo Y, Cao Y, Shang J, Ping F, Wang W, Li Y. Zfp3612
regulates myocardial ischemia/reperfusion injury and attenuates mitochon-
drial fusion and fission by Incrna pvt1. Cell Death Dis. 2021;12:614.

Ong SB, Hausenloy DJ. Mitochondrial dynamics as a therapeutic target for
treating cardiac diseases. Handb Exp Pharmacol. 2017,240:251-79.

Shi X, Sun M, Liu H, Yao Y, Song Y. Long non-coding rnas: a new frontier in the
study of human diseases. Cancer Lett. 2013,339:159-66.

Boon RA, Jaé N, Holdt L, Dimmeler S. Long noncoding rnas: from clinical
genetics to therapeutic targets? J Am Coll Cardiol. 2016;67:1214-26.

Ala U. Competing endogenous rnas, non-coding rnas and diseases: an inter-
twined story. Cells 2020,9.

Tang RF, LiWJ, Lu Y, Wang XX, Gao SY. Lncrna snhg1 alleviates myocardial
ischaemia-reperfusion injury by regulating the mir-137-3p/kif4/trpv1 axis.
ESC Heart Fail; 2024.

Gong J, Dou L, Zhou Y. Positive feedback loop of Incrna snhg1/mir-16-5p/
gata4 in the regulation of hypoxia/reoxygenation-induced cardiomyocyte
injury. Mol Med Rep 2022,25.

Zhan J,Yin Q, Zhao P, Hong L. Role and mechanism of the Incrna snhg1/mir-
450b-5p/igf1 axis in the regulation of myocardial ischemia reperfusion injury.
Mol Med Rep 2022;25.

Hu L, Fang R, Guo M. Knockdown of Incrna snhgT1 alleviates oxygen-glucose
deprivation/reperfusion-induced cell death by serving as a cerna for mir-424
in sh-sy5y cells. Neurol Res. 2020;42:47-54.

Deng LJ, Deng WQ, Fan SR, Chen MF, Qi M, Lyu WY, Qi Q, Tiwari AK, Chen JX,
Zhang DM, Chen ZS. M6a modification: recent advances, anticancer targeted
drug discovery and beyond. 2022;21:52.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 15 of 16

Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mrna
modifications. Nat Rev Mol Cell Biol. 2017;18:31-42.

Tang J, Tang QX, Liu S. MettI3-modified Incrna-snhg8 binds to ptbp1 to regu-
late alas2 expression to increase oxidative stress and promote myocardial
infarction. Mol Cell Biochem. 2023,478:1217-29.

Wang H, Fu L, LiY, Wei L, Gu X, Li H, Li J, Wen S. M6a methyltransferase wtap
regulates myocardial ischemia reperfusion injury through ythdf1/foxo3a
signaling. Apoptosis. 2023;28:830-9.

Li ZX, Zheng ZQ, Yang PY, Lin L, Zhou GQ, Lv JW, Zhang LL, Chen F, Li YQ,

Wu CF, Li F, Ma J, Liu N, Sun Y. Wtap-mediated m(6)a modification of Incrna
diaph1-as1 enhances its stability to facilitate nasopharyngeal carcinoma
growth and metastasis. Cell Death Differ. 2022;29:1137-51.

Gao C,Wang R, LiB,GuoY, YinT, XiaY, Zhang F, Lian K, Liu Y, Wang H, Zhang L,
Gao E, Yan W, Tao L. Txnip/redd1 signalling and excessive autophagy: a novel
mechanism of myocardial ischaemia/reperfusion injury in mice. Cardiovascu-
lar Res. 2020;116:645-57.

Xiao Q, Zhong B, Hou Y, Wang M, Guo B, Lin L, Zhou Y, Chen X. Fighting can-
cer by triggering non-canonical mitochondrial permeability transition-driven
necrosis through reactive oxygen species induction. Free Radic Biol Med.
2023;202:35-45.

Yue ZS, Zeng LR, Quan RF, Tang YH, Zheng WJ, Qu G, Xu CD, Zhu FB, Huang
ZM. 4-phenylbutyrate protects rat skin flaps against ischemia-reperfusion
injury and apoptosis by inhibiting endoplasmic reticulum stress. Mol Med
Rep. 2016;13:1227-33.

XuW, LaiY, Pan Y, Tan M, Ma Y, Sheng H, Wang J. M6a rna methylation-medi-
ated ndufa4 promotes cell proliferation and metabolism in gastric cancer.
Cell Death Dis. 2022;13:715.

Yu YW, Que JQ, Liu S, Huang KY, Qian L, Weng YB, Rong FN, Wang L, Zhou

YY, Xue YJ, Ji KT. Sodium-glucose co-transporter-2 inhibitor of dapagliflozin
attenuates myocardial ischemia/reperfusion injury by limiting nlrp3 inflam-
masome activation and modulating autophagy. Front Cardiovasc Med.
2021;8:768214.

He H, Liu P, Li P. Dexmedetomidine ameliorates cardiac ischemia/reperfu-
sion injury by enhancing autophagy through activation of the ampk/sirt3
pathway. Drug Des Devel Ther. 2023;17:3205-18.

SasakiT, Shishido T, Kadowaki S, Kitahara T, Suzuki S, Katoh S, Funayama

A, Netsu S, Watanabe T, Goto K, Takeishi Y, Kubota I. Diacylglycerol kinase

a exacerbates cardiac injury after ischemia/reperfusion. Heart Vessels.
2014;29:110-8.

XuH, Chen, Xie P, Lei T, Liu K, Liu X, Tang J, Zhang L, Yang J, Hu Z.
Remimazolam attenuates myocardial ischemia-reperfusion injury by
inhibiting the nf-kb pathway of macrophage inflammation. Eur J Pharmacol.
2023;965:176276.

Hsu CL, Yin CF, Chang YW, Fan YC, Lin SH, Wu YC, Huang HC. Lncrna snhgf
regulates neuroblastoma cell fate via interactions with hdac1/2. 2022;13:809.
Wang H, Lu B, Chen J. Knockdown of Incrna snhg1 attenuated ap(25-35)-
inudced neuronal injury via regulating kremen1 by acting as a cerna of
mir-137 in neuronal cells. Biochem Biophys Res Commun. 2019;518:438-44.
Qian C, Ye Y, Mao H, Yao L, Sun X, Wang B, Zhang H, Xie L, Zhang H, Zhang Y,
Zhang S, He X. Downregulated Incrna-snhg1 enhances autophagy and pre-
vents cell death through the mir-221/222 /p27/mtor pathway in parkinson’s
disease. Exp Cell Res. 2019;384:111614.

LiuY,YangY, LiL, LiuY, Geng P, Li G, Song H. Lncrna snhg1 enhances cell
proliferation, migration, and invasion in cervical cancer. Biochem cell Biology
= Biochimie et Biol cellulaire. 2018;96:38-43.

Yu X, Rong PZ, Song MS, Shi ZW, Feng G, Chen XJ, Shi L, Wang CH, Pang QJ.
Lncrna snhgT induced by sp1 regulates bone remodeling and angiogenesis
via sponging mir-181¢-5p and modulating sfrp1/wnt signaling pathway.
2021;27:141.

Wang DW, Lou XQ, Liu ZL, Zhang N, Pang L. Lncrna snhg1 protects sh-sy5y
cells from hypoxic injury through mir-140-5p/bcl-xl axis. 2021;131:336-45.
Wang H, Wang X, Zhang Y, Zhao J. Lncrna snhg1 promotes neuronal injury
in parkinson's disease cell model by mir-181a-5p/cxcl12 axis. J Mol Histol.
2021;52:153-63.

LiW, Dong X, He C,Tan G, Li Z, Zhai B, Feng J, Jiang X, Liu C, Jiang H, Sun X.
Lncrna snhg1 contributes to sorafenib resistance by activating the akt path-
way and is positively regulated by mir-21 in hepatocellular carcinoma cells. J
Experimental Clin cancer Research: CR. 2019;38:183.

Chen Z, Wu J, Li S, Liu C, Ren Y. Inhibition of myocardial cell apoptosis is
important mechanism for ginsenoside in the limitation of myocardial isch-
emia/reperfusion injury. Front Pharmacol. 2022;13:806216.



Liu et al. Journal of Translational Medicine

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2024) 22:499

Lv L, Xi HP, Huang JC, Zhou XY. Lncrna snhg1 alleviated apoptosis and
inflammation during ischemic stroke by targeting mir-376a and modulating
cbs/h(2)s pathway. Int J Neurosci. 2021;131:1162-72.

Lesnefsky EJ, Chen Q, Tandler B, Hoppel CL. Mitochondrial dysfunction and
myocardial ischemia-reperfusion: implications for novel therapies. Annu Rev
Pharmacol Toxicol. 2017;57:535-65.

Da Crola C, Baetz D. Isolated mitochondria state after myocardial ischemia-
reperfusion injury and cardioprotection: Analysis by flow cytometry. 2023;13.
Li D, Le J, Ye J, Fan Z. Mir-361-5p inhibits the wnt axis via targeting Igr4 and
promotes sepsis-induced myocardial injury. Ann Clin Lab Sci. 2022,52:927-37.
Wang K, Liu CY, Zhang XJ, Feng C, Zhou LY, Zhao Y, Li PF. Mir-361-regulated
prohibitin inhibits mitochondrial fission and apoptosis and protects heart
from ischemia injury. Cell Death Differ. 2015;22:1058-68.

O'Brien J, Hayder H, Zayed Y, Peng C. Overview of microrna biogenesis,
mechanisms of actions, and circulation. Front Endocrinol. 2018;9:402.

Chen L, Gong Q, Stice JP, Knowlton AA. Mitochondrial opal, apoptosis, and
heart failure. Cardiovascular Res. 2009;84:91-9.

Wang Y, Han Z, Xu Z, Zhang J. Protective effect of optic atrophy 1 on car-
diomyocyte oxidative stress: roles of mitophagy, mitochondrial fission, and
mapk/erk signaling. 2021;2021:3726885.

Jiang X, YuanY, Tang L, Wang J, Liu Q Zou X, Duan L. Comprehensive pan-
cancer analysis of the prognostic and immunological roles of the mettl3/.
Front cell Dev Biology.2021,9:765772.Incrna-snhg1/mirna-140-3p/ube2c axis

51.

52.

Page 16 of 16

Touchberry CD, Elmore CJ, Nguyen TM, Andresen JJ, Zhao X, Orange M,
Weisleder N, Brotto M, Claycomb WC, Wacker MJ. Store-operated calcium
entry is present in hl-1 cardiomyocytes and contributes to resting calcium.
Biochem Biophys Res Commun. 2011,416:45-50.

XuT, Zhang Y, Liao G, Xuan H, Yin J, Bao J, LiuY, Li D. Luteolin pretreatment
ameliorates myocardial ischemia/reperfusion injury by Incrna-jpx/mir-146b
axis. Anal Cell Pathol (Amst). 2023;2023:4500810.

Onddi Z, Visnovitz T, Kiss B, Hambalkd S, Koncz A, Agg B, Varadi B, Téth V,
Nagy RN, Gergely TG, Gergd D, Makkos A, Pelyhe C, Varga N, Reé D, Apati A,
Leszek P, Kovécs T, Nagy N, Ferdinandy P, Buzés El, Gérbe A, Giricz Z, Varga ZV.
Systematic transcriptomic and phenotypic characterization of human and
murine cardiac myocyte cell lines and primary cardiomyocytes reveals seri-
ous limitations and low resemblances to adult cardiac phenotype. J Mol Cell
Cardiol. 2022;165:19-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿WTAP-mediated m﻿6﻿A modification of lncRNA Snhg1 improves myocardial ischemia-reperfusion injury via miR-361-5p/OPA1-dependent mitochondrial fusion
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Cell culture
	﻿Hypoxia/Re-oxygenation (H/R) model
	﻿Cell transfection
	﻿Cell viability assay
	﻿Flow cytometry
	﻿Measurement of ATP
	﻿Quantitative real-time PCR (RT-qPCR)
	﻿Protein preparation and western blot assay
	﻿Analysis of m﻿6﻿A content
	﻿RNA immunoprecipitation (RIP)
	﻿Dual-luciferase reporter assay
	﻿Determination of mRNA stability
	﻿Animal experiment and drug administration
	﻿Histological analysis and TUNEL staining
	﻿Measurement of CK-MB and cTnT levels
	﻿Data analysis

	﻿Results
	﻿Overexpressed LncRNA Snhg1 restrained H/R-stimulated cell apoptosis, mitochondrial ROS production, and mitochondrial polarization
	﻿LncRNA Snhg1 targets miR-361-5p
	﻿LncRNA Snhg1 silencing promotes H/R-stimulated cell apoptosis, mitochondrial ROS production, and mitochondrial polarization via targeting miR-361-5p
	﻿Mir-361-5p targets OPA1
	﻿miR-361-5p inhibitor inhibits H/R-stimulated cell apoptosis, mitochondrial ROS production, and mitochondrial polarization in HL-1 cells by targeting OPA1
	﻿WTAP induces lncRNA Snhg1 m﻿6﻿A modification
	﻿LncRNA Snhg1 overexpression inhibits I/R-induced myocardial tissue damage and apoptosis

	﻿Discussion
	﻿Conclusions
	﻿References


