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through stabilizing NAE1 mRNA.
https://doi.org/10.1016/j.jacbts.2024.01.017

i, China; bShanghai Institute of

alth Commission, Shanghai, China;

; and the eInstitutes of Biomedical

work.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jacbts.2024.01.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2024.01.017&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABBR EV I A T I ON S

AND ACRONYMS

AAV9 = adeno-associated

virus 9

GO = Gene Ontology

KEGG = Kyoto Encyclopedia of

Genes and Genomes

m6A = N6-methyladenosine

MeRIP-seq = methylated RNA

immunoprecipitation

sequencing

METTL = methyltransferase-

like

MI = myocardial infarction

mRNA = messenger RNA

NAE1 = NEDD8 activating

enzyme E1 subunit 1

NRVMs = neonatal rat left

ventricle myocytes

NS = normal saline

qPCR = quantitative

polymerase chain reaction

RBM15 = RNA binding motif

protein 15

si = small interfering

TUNEL = terminal uridine nick-

end labeling

WTAP = Wilms tumor 1-

associated protein

The author

institutions

visit the Au

Manuscript

Cheng et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 5 , 2 0 2 4

RBM15 Protects From Myocardial Infarction M A Y 2 0 2 4 : 6 3 1 – 6 4 8

632
SUMMARY
s a

an

tho

re
RNA-binding proteins play multiple roles in several biological processes. However, the roles of RBM15—an

important RNA-binding protein and a significant regulator of RNA methylation—in cardiovascular diseases

remain elusive. This study aimed to investigate the biological function of RBM15 and its fundamental mecha-

nisms in myocardial infarction (MI). Methylated RNA immunoprecipitation sequencing was used to explore the

N6-methyladenosine (m6A) difference between MI and normal tissues. Our findings showed the elevated level

of m6A in MI, and its transcription profile in both MI and normal tissues. RBM15 was the main regulator and its

overexpression attenuated apoptosis in cardiomyocytes and improved cardiac function in mice after MI. Then,

we used one target NEDD8 activating enzyme E1 subunit and its inhibitor (MLN4924) to investigate the impact

of RBM15 targets on cardiomyocytes. Finally, the enhanced m6A methylation in the presence of RBM15

overexpression led to the increased expression and stability of NEDD8 activating enzyme E1 subunit. Our

findings suggest that the enhanced m6A level is a protective mechanism in MI, and RBM15 is significantly

upregulated in MI and promotes cardiac function. This study showed that RBM15 affected MI by stabilizing its

target on the cell apoptosis function, which might provide a new insight into MI therapy.

(J Am Coll Cardiol Basic Trans Science 2024;9:631–648) © 2024 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
C oronary heart disease, leading to
myocardial infarction (MI) ,is a ma-
jor contributor to morbidity and

mortality on a global scale.1 In the United
States, severe ischemia and loss of cardio-
myocytes cause nearly 735,000 annual inci-
dences of irreversible tissue damage,
resulting in hypertrophy, ventricular remod-
eling, dilatation, and heart failure.2 After the ischemic
injury, the myocardium undergoes a sequence of mo-
lecular and cellular interactions after different stages
of tissue repair.3 The pathophysiology and pathogen-
esis of MI are complex and diverse, mainly including
the production of reactive oxygen species, apoptosis,
autophagy, inflammatory response, mitochondrial
dysfunction, and immune response.4 Some useful
clinical biomarkers and key molecules for MI diag-
nosis, including NPPB, TNNT2, ANGPT2, and THBS2,
have been identified already.5-9 Although advances
in MI treatment, such as stem cell therapies, have
improved the prognosis of MI, patients with exten-
sive myocardial injury are still at a high risk of chronic
heart failure.10-12 In recent years, multiple studies
have found that epigenetic regulation is not only
involved in the progression of cardiac hypertrophy,
hypertension, heart failure, and other cardiovascular
diseases, but also plays an important role in MI.13
ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

r Center.

ceived January 30, 2023; revised manuscript received January
Epigenetics refers to the heritable changes in
the phenotype when the DNA methylation,
histone modification, noncoding RNAs, and N6-
methyladenosine (m6A) methylation occur on. An
essential epigenetic change known as m6A takes place
when the adenosine base is methylated at the N6
position.14,15 Evidence has shown that m6A-related
proteins play a critical role in diverse biological
functions, especially in the development and pro-
gression of diseases, such as in promoting gastric
cancer progression, inhibiting pancreatic cancer
tumorigenesis, or promoting proliferation and
tumorigenicity of endometrial cancer.16-18 Consistent
with its roles, m6A is emerging as an important
pathway mediating cardiovascular diseases.19-21 Sig-
nificant functions are performed by regulators of
m6A, the most common kind of RNA modification.
These functions include destruction, translation,
localization, transportation, and RNA processing.22,23

The m6A RNA editing was discovered in the 1970s
and has recently emerged as a significant regulator in
gene expression.24,25 It is a dynamic and reversible
modification mechanism, and its biological functions
are mediated through m6A-related proteins, named
“writer, “eraser,” and “reader.”26 The formation of
m6A was modulated by 3 categories of proteins: 9
readers (CBLL1, RNA binding motif protein 15
es and animal welfare regulations of the authors’
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[RBM15]B, RBM15, ZC3H13, VIRMA, WTAP, METTL16,
METTL14, and METTL3), 2 erasers (ALKBH5 and FTO),
and 15 readers (IGF2BP1, ELAVL1, RBMX, IGFBP3,
IGFBP2, IGFBP1, HNRNPA2B1, LRPPRC, FMR1,
HNRNPC, YTHDF3, YTHDF2, YTHDF1, YTHDC2, and
YTHDC1).23 The methyltransferase complex includes
methyltransferase-like 3 (METTL3), METTL14, and
Wilms tumor 1-associated protein (WTAP) plays an
important role on the cardiac function after MI.27

However, there is less research about other methyl-
ation regulators, such as RBM15. Therefore, in the
present research, we investigated the role of RBM15
in the incidence and progression of MI and provided a
novel insight toward myocardial protection.

RBM15 is an RNA-binding protein that can alter-
natively splice c-Mpl messenger RNA (mRNA) to in-
fluence the process of acute megakaryocytic
leukemia.28 Moreover, RBM15 is a methylation regu-
lator, although it is named m6A methylase, the real
function of adding m6A is from METTL3.29,30 Thus,
we investigated whether the role of RBM15 in
myocardial protection is significant and whether it
could regulate m6A process in MI. In this regard, we
found that MI tissues exhibited much higher m6A
methylation levels compared with normal myocar-
dium tissues. The expression of RBM15 was substan-
tially upregulated among m6A-related proteins. The
developmental expression of RBM15 decreased cell
apoptosis both in vitro and in vivo. Then, m6A-seq
characterization of MI tissues revealed that RBM15
regulated a target gene NEDD8 activating enzyme E1
subunit 1 (NAE1) involving the p53 signaling pathway.
Moreover, the expression of NAE1 decreased
apoptosis via the mechanism of increased m6A
methylation. Taken together, these results charac-
terize RBM15 as a significant factor attenuating the
apoptosis of cardiomyocytes under MI.

METHODS

HUMAN INCLUSION AND EXCLUSION CRITERIA. In
this study, patients with ST-elevation MI who un-
derwent emergent percutaneous catheter in-
terventions in the catheter room of Zhongshan
Hospital Affiliated with Fudan University from
January 2019 to June 2022 were selected as the
experimental group, and healthy individuals matched
with the age of the experimental group were selected
as the control group (Supplemental Table 1). Blood
sample collection and experiments were approved by
the hospital ethics committee. The inclusion criteria
of experimental group and control groups are as fol-
lows. 1) The experimental group standard was a male,
18 to 70 years old with obvious pain symptoms in the
anterior chest area were. The time was >30 minutes,
rest or sublingual nitroglycerin cannot alleviate the
pain, which may be accompanied by nausea and
vomiting; electrocardiography showed elevated
ST-segment in 2 (or more) leads, pathological Q-wave,
or dynamic change; new left bundle branch block;
cardiac troponin T, cardiac troponin I, or creatine
kinase-myocardial band increase (>99% of the upper
limit of the normal reference range); angiography
showed coronary stenosis of >70%; chest pain time
of <12 hours; no recent history of infectious diseases,
malignant tumors, and so on; and informed consent
has been signed. 2) The control group standard was a
male, age18 to 70 years with no chest pain caused by
physical labor or excitement. There was no significant
change in electrocardiography under normal condi-
tions; cardiac troponin T, cardiac troponin I, or crea-
tine kinase-myocardial band are normal; no recent
history of infectious diseases or malignant tumors;
and informed consent has been signed.

QUANTIFICATION OF mRNA METHYLATION WITH

m6A-IMMUNOPRECIPITATION AND QUANTITATIVE

POLYMERASE CHAIN REACTION. The m6A modifi-
cation level of a gene was assessed using the Magna
methylated RNA immunoprecipitation (MeRIP) Kit
(Millipore, cat. #CR203146). For this purpose, cells
were collected, double-washed with ice-cold PBS, and
centrifugated at a centrifugation rate of 1,500 rpm for
5 minutes at 4 �C. Then, the supernatant was dis-
carded, and the cells were mixed with RIP lysis buffer
(100 mL) and incubated on ice for 5 minutes. The ob-
tained cell preparation was stocked at �80�C for
future analysis. Then, the m6A antibody (8 mg) was
added to a tube containing magnetic beads, which
was then subjected to rotation at room temperature
for 30 minutes. Antibody-coated beads were double-
washed with RIP buffer and resuspended in RIP
buffer (900 mL) mixed with cell lysate (100 mL), fol-
lowed by centrifugation at 14,000 rpm for 10 minutes
at 4 �C and rotation at 4 �C overnight. Subsequently,
the beads were again washed with a high-salt buffer,
and RNAs were extracted with RIP wash buffer.
Finally, the RNA enrichment analysis was performed
by quantitative polymerase chain reaction (qPCR).

METHYLATED RNA IMMUNOPRECIPITATION SEQUENCING

LIBRARY CONSTRUCTION AND SEQUENCING. For this
purpose, total RNA extraction was performed by
TRIZOL reagent (Invitrogen) and was quantified by
Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit
(Agilent) with the RIN number more than 7.0. Then,
almost 200 mg of the total RNA was used for the
purpose of isolating and purifying the poly(A) mRNA
with poly(T) oligonucleotides content attached to the

https://doi.org/10.1016/j.jacbts.2024.01.017


FIGURE 1 MeRIP-seq Analysis Unveiling the m6A Profiles in the MI

(A) There were different peaks between MI and sham samples. (B) The differentially expressed genes were targeted by m6A modification in MI

and sham groups. (C) The m6A consensus sequence motif was identified in NRVMs. (D) The total m6A level was increased in MI. (E) Relative

m6A-related proteins increased in MI. (F) The protein expression of RBM15 increased notably in MI. (G) The RBM15 quantification of serum

from patients with STEMI and the healthy individuals, as assessed by ELISA. (n ¼ 50). Data are presented as mean � SEM. *P < 0.05,

**P < 0.01, ***P < 0.001. In data D, E, and F, differences were compared between sham and MI. In data G, difference was compared

between controls and STEMI. All data were analyzed using unpaired Student’s t test. ELISA ¼ enzyme-linked immunoassay;

m6A ¼ N6-methyladenosine; MI ¼ myocardial infarction; MeRIP-seq ¼ methylated RNA immunoprecipitation sequencing;

STEMI ¼ ST-segment elevation myocardial infarction.
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magnetic beads (Invitrogen). Then, the poly(A) mRNA
fractions were fragmented into w100-nt-long oligo-
nucleotides using divalent cations at an elevated
temperature. The RNA fragments were then filtered
and subjected to incubation with an m6A-specific
antibody (No. 202003, Synaptic Systems) in immu-
noprecipitation buffer (50mM Tris-HCl, 750mM
NaCl, and 0.5% Igepal CA-630) supplemented with
0.5 mg/mL bovine serum albumin at 4 �C. After 2 hours,
the RNA-antibody mixture was further incubated
with protein-A beads. Moreover, RNA was washed
with elution buffer (1 � immunoprecipitation buffer
and 6.7 mM m6A) and precipitated using ethanol
(75%). The immunoprecipitation fragments contain-
ing m6A and untreated input control fragments were
converted to the final complementary DNA library by
means of the deoxyuridine triphosphate method
complying with strand-specific library preparation.
The average insert size for the paired-end libraries
was w100 � 50 bp. Finally, an Illumina Novaseq 6000
platform was performed for the paired-end 2 �
150 bp sequencing.

METHYLATED RNA IMMUNOPRECIPITATION SEQUENCING

DATA ANALYSIS. First, Cutadapt and Perl scripts were
used for the quality control of the reads to remove the
adaptor, low-quality bases, and undetermined ba-
ses.31 HISAT2 was used for the purpose of mapping
reads to the genome with default parameters.32 The
m6A peaks were obtained by the R package exome-
Peak.33 The peak annotation was done with gene
architecture by ChIPseeker.34 Then, StringTie was
performed to measure the expression levels for all
mRNAs from input libraries by calculating the frag-
ments per kilobase of transcript per million mapped
reads.35 Finally, the differentially expressed mRNAs
with a fold-change of 2 and a P value of <0.05 were
selected with the aid of the edgeR package in R.36

QUANTIFICATION AND STATISTICAL ANALYSIS. All
data are shown as mean � SEM. All statistical an-
alyses, unless otherwise indicated, were performed
by GraphPad Prism 9.0 (GraphPad Software). Sta-
tistical significance was calculated by 2-tailed un-
paired Student’s t test if 2 independent groups
were compared. One-way analysis of variance was
used for comparisons among multiple groups. Post
hoc analyses were performed using Holm-Sidak’s
post hoc test for multiple pairwise comparisons or
by controlling the false discovery rate using the
method of Benjamini, Krieger, and Yekutieli.
Kaplan-Meier survival analysis was used to reveal
the survival rate of each group in vivo. P values
of <0.05 were considered statistically significant
(*P < 0.05, **P < 0.01, ***P < 0.001). The
significant threshold in multiple tests were set by a
false discovery rate of <0.05.

RESULTS

HIGHLY EXPRESSED m6A-RELATED PROTEIN RBM15

IN MI. To study the presence of the m6A modification
during MI, we successfully constructed mice models
of MI. We confirmed the occurrence of the m6A
modification during the MI process by methylated RIP
sequencing (MeRIP-Seq); specifically, 1,538 m6A
peaks were observed in MI compared with the con-
trol, and 45.93% of the m6A peaks occurred in the 3’
untranslated region (Figure 1A). We found 167 upre-
gulated genes and 49 downregulated genes
(Figure 1B). In total, the m6A sequence identified that
397 transcripts were upregulated, while 252 tran-
scripts were downregulated (Supplemental
Figure 1A). Gene Ontology (GO) analysis showed
that the differentially expressed m6A-related tran-
scripts were enriched in gene sets involved in extra-
cellular space, extracellular matrix, and positive
regulation of apoptosis cell clearance, revealing that
m6A regulation might have an impact on apoptosis
(Supplemental Figure 1B). Moreover, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis showed
that the differentially expressed m6A-related tran-
scripts were involved in histidine metabolism,
hypoxia-inducible factor-1 signaling pathway, com-
plement and coagulation cascades, and extracellular
matrix-receptor interaction (Supplemental Figure 1C).
When mapping the m6A methylomes, the m6A
consensus sequence RRACH motif was identified to
be highly enriched within m6A sites in the immuno-
purified mRNA (Figure 1C).

Furthermore, an elevated total m6A mRNA level
was identified in MI (Figure 1D). Then, the expressions
of m6A-related proteins such as some “writers”
(METTL3, METTL14, WTAP and RBM15), “erasers”
(FTO and ALKBH5), and “readers” (YTHDF1, YTHDf2,
YTHDF3, YTHDC1, and YTHDC2) in MI tissues were
assessed with qPCR (Figure 1E). The expression of
METTL3 and RBM15 increased dramatically in MI
among other methylase-related proteins (Figure 1E).
Because we have investigated the role of METTL3 in
MI, in this research we paid attention to RBM15. Then,
we assessed the protein expression of RBM15 by
Western blotting, which also showed a highly
elevated expression level in MI tissues (Figure 1F). To
investigate potential diagnosis or treatment roles of
RBM15 in a clinical context, we examined serum from
patients with ST-segment elevation MI and healthy
individuals using enzyme-linked immunoassay.
Finally, we observed that the RBM15 level increased

https://doi.org/10.1016/j.jacbts.2024.01.017
https://doi.org/10.1016/j.jacbts.2024.01.017
https://doi.org/10.1016/j.jacbts.2024.01.017
https://doi.org/10.1016/j.jacbts.2024.01.017


FIGURE 2 The Protection of Targeting RBM15 on the Cardiomyocytes Under Hypoxia

Continued on the next page
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remarkably (Figure 1G). To imitate the MI circum-
stances, neonatal rat left ventricle myocytes (NRVMs)
under hypoxia conditions at different time points
(1, 3, 6, 12, and 24 hours) were set to assess the
expression of RBM15; we found the highly elevated
expression level after 3 hours (Supplemental
Figure 1D). These results proved that RBM15 might
have an important role in the m6A modification in MI.

THE EFFECTS OF OVEREXPRESSING RBM15 ON

CARDIOMYOCYTES UNDER HYPOXIA. To investigate
the biological roles of RBM15 in cardiomyocytes,
RBM15 silencing and overexpression were established
via transfection into NRVMs (Supplemental
Figures 2A to 2D). Subsequently, loss- and gain-of-
function assays were carried out for the purpose of
identifying the role of RBM15 in NRVMs under hyp-
oxic conditions. Considering the key role of bcl-2,
cleaved-caspase3, and bax in mediating apoptosis,
Western blotting analysis confirmed that RBM15
overexpression attenuated apoptosis activity of
NRVMs when treated in hypoxic conditions
(Figure 2A). Furthermore, lactate dehydrogenase
release assays showed that RBM15 overexpression
also decreased apoptosis of NRVMs (Figure 2B). The
results from the CCK8 assay also suggested that
RBM15 decreased the apoptosis of NRVMs under
hypoxic conditions (Figure 2C). Subsequently, we
used a terminal uridine nick-end labeling (TUNEL)
assay and flow cytometry to further demonstrate the
protective effect of RBM15. After hypoxia treatment,
there were few TUNEL-positive nuclei in NRVMs that
overexpressed RBM15 (Figure 2D). Representative
flow cytometry plots were generated for control and
NRVMs overexpressing RBM15; they demonstrated a
decreased number of apoptotic cells in the RBM15-
overexpressing treated group (Figure 2E). Hence,
those in vitro results showed that RBM15 could
ameliorate hypoxia-induced cell death.

APOPTOSIS OF NRVMs WITH SILENCED RBM15 UNDER

HYPOXIC CONDITIONS. To further investigate the
functional role of RBM15 in NRVMs, we used small
FIGURE 2 Continued

(A) The apoptosis markers cleaved-caspase3 and bax, and the antiapoptot

ratios of cleaved-caspase3 and bax/bcl-2 protein levels were calculated b

was determined by the LDH release assay and CCK8 assay (n ¼ 6). (D)

fragmentation showing the apoptotic cells (nuclei stained in blue with DA

TUNEL-positive cells per field indicated that RBM15 decreased treatmen

flow cytometry using APC and 7-AAD staining (left); statistical analysis of

100 mm. n ¼ 3. Data are presented as mean � SEM. *P < 0.05, **P < 0

differences were compared between Normoxia þ NC, Hypoxia þ NC, and H

variance followed by Tukey’s post hoc analysis. DAPI ¼ 4’,6-diamidino-2-

NRVM ¼ neonatal rat left ventricle myocyte; TUNEL ¼ terminal uridine
interfering (si)-RBM15 to demonstrate whether the
effects of RBM15 knockdown are the opposite from
those of RBM15 overexpression. To this end, we
performed Western blotting and identified the
apoptosis-related markers including bax/bcl-2 and
cleaved-caspase3. We found that the RBM15 knock-
down remarkably promoted NRVMs apoptosis
following hypoxia (Figure 3A). Similar to the Western
blotting results, the lactate dehydrogenase release
assay and CCK8 assay showed that RBM15 silencing
increased cell death (Figures 3B and 3C). The TUNEL
assay and flow cytometry showed the same results,
indicating that RBM15 knockdown promoted NRVMs
apoptosis after hypoxic treatment (Figures 3D and 3E).

IMPROVED HEART FUNCTION AND ATTENUATED

CARDIAC FIBROSIS AFTER OVEREXPRESSING

RBM15. The protective effects of RBM15 over-
expression in cells under hypoxia allowed us to
further analyze its effect on the infarction-induced
cardiac dysfunction. Then, we successfully estab-
lished the mouse MI model overexpressing RBM15
(Supplemental Figures 2E and 2F). Given that
glycogen consumption can cause hypoxia- and
glycolysis-induced damage of NRVMs at the very
beginning of MI, apoptosis was assessed through
Western blot and TUNEL assays on the infarcted tis-
sues and remote areas. We found that, 1 week after
MI, the expression levels of cleaved-caspase3 and bax
significantly decreased, whereas the expression level
of bcl-2 increased in the RBM15-adeno-associated vi-
rus 9 (AAV9) group (Figures 4A to 4F). The TUNEL
assay showed that the number of TUNEL-positive
nuclei in the RBM15-AAV9 group was lower than
that of the NC-AAV9 group (Figure 4G). Thus, the
in vivo results showed that RBM15 was able to
ameliorate MI-induced cell death.

At weeks 1, 2, and 4 after MI , serial echocardiog-
raphy and hemodynamic measurements were used to
evaluate the cardiac function in mice from the indi-
cated groups. We found that the cardiac function was
improved by RBM15 overexpression, as indicated by
ic marker bcl-2 were assessed by Western blotting (left); the relative

ased on Western blotting results (middle and right). (B, C) Cell injury

Representative images of TUNEL staining of NRVMs for DNA de-

PI, apoptotic cells stained in red) (left) (n ¼ 5). Statistical results of

t-induced cell apoptosis (right). (E) The representative images of

apoptosis ratio of the flow cytometry data (right) (n¼ 6). Scale bar,

.01, ****P < 0.0001. In data A (right), B, C, D (right), and E (right),

ypoxia þ RBM15. All data were analyzed using One-way analysis of

phenylindole; LDH ¼ lactate dehydrogenase; NC ¼ normal control;

nick-end labeling.
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https://doi.org/10.1016/j.jacbts.2024.01.017
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FIGURE 3 Apoptosis of NRVMs With Silenced RBM15 Under Hypoxic Conditions

Continued on the next page
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higher EF%, FS% and lower LVIDd, LVIDs at week 4
after MI (Figures 5A to 5E, Supplemental Figures 3A to
3E, Supplemental Table 5). The effects of RBM15 on
the post-MI outcomes were further confirmed by
assessing smooth muscle/collagen through Masson
staining. The smooth muscle/collagen ratio in the
normal saline (NS) group was considerably lower than
that in the sham group (Figures 5F and 5G). Further-
more, hematoxylin and eosin staining was performed
to evaluate the cell morphology of the myocardium.
For example, the cardiomyocytes were arranged
regularly in the sham group, showing obvious nuclei
and no inflammatory cell infiltration. In contrast, the
MI, MI with NS, and MI with NC-AAV9 groups dis-
played major myocardial cell necrosis, disordered
myocardial fiber arrangement, and quantities of in-
flammatory cell infiltrations. The cardiomyocytes in
MI within the RBM15-AAV9 group showed a much
more orderly arrangement with a remarkable reduc-
tion in the range and degree of cell necrosis
(Figure 5H). Finally, the probability of survival of each
group was analyzed and showed that the mortality
rate of mice with injection RBM15 after MI was
decreased at the final point (Figure 5I, Supplemental
Table 6). Taken together, these in vivo data indi-
cated that RBM15 dramatically decreased infarction
and improved cardiac function.

ANALYSIS OF DOWNSTREAM TARGETS OF RBM15 IN

CARDIOMYOCYTES. To investigate downstream tar-
gets of RBM15, the precise mechanisms of the
observed RBM15-dependent phenotypes were further
investigated with the aid of an integrated combined
MeRIP-seq and RNA-seq. MeRIP-seq revealed 1,538
differential m6A peaks with increased abundance,
whereas RNA-seq uncovered 851 upregulated tran-
scripts (Supplemental Tables 7 and 8). We focused
more on oncogenes whose methylation and expres-
sion profiles were regulated by RBM15. Thus, only
those transcripts that had both hypo-m6A peaks and
elevated expression levels upon RBM15 over-
expression were considered. All differentially
FIGURE 3 Continued

(A) The apoptosis marker bax and the anti-apoptosis marker bcl-2 were as

calculated (middle and right). (B, C) The LDH release assay and CCK8 as

(n ¼ 6). (D) Representative images of TUNEL staining of NRVMs for DNA

apoptotic cells stained in red) (left). Statistical results of TUNEL-positive

(right) (n ¼ 5). (E) The representative images of flow cytometry using A

cytometry data (right) (n ¼ 6). Scale bar, 100 mm. n ¼ 3. Data are present

D (right), and E (right), differences were compared between Normoxia þ N

analysis of variance followed by Tukey’s post hoc analysis. 7-AAD ¼ 7-am

other abbreviations as in Figure 2.
expressed gene fold changes are shown in Figure 6A.
Then, we conducted the enrichment analysis of all
the RBM15-upregulated genes into GO term annota-
tion. The top 10 enrichment GO terms are shown in
Figure 6B, and we found that gene sets were mainly
involved in iron-sulfur cluster assembly, negative
regulation of phosphorylation, and regulation of
apoptosis process. Moreover, we performed text
mining to find any relationship between MI and the
significantly enriched GO terms. For example, it has
been reported that the ischemic-reperfusion injury
results in oxidative damage led by cysteine ligands of
the iron-sulfur cluster.37 In MI, PPM1L could
inhibit IKKb’s phosphorylation and activation by
binding to it, thereby leading to the impairment of
nuclear factor kB signaling activation and inflamma-
tory suppression.38

To further systematically screen biological func-
tions, we searched for all differentially expressed
genes in the protein-protein interaction network
(Figure 6C). Each protein cluster is shown in a distinct
color, and the cluster enrichment function is labeled
in the corresponding colored boxes. Moreover, KEGG
analysis showed that localization, immune response,
and metabolic process were related to the RBM15
regulation process (Figure 6D). Importantly, filtering
the 1538 increased m6A peaks with the 851 upregu-
lated genes resulted in the identification of 25 genes
(Figure 6E). Among these 25 genes, we chose one of
the highly conserved genes, named NAE1, in the
regulation of the apoptotic process to investigate the
details of the regulation (Supplemental Figures 4A
and 4B).

ENHANCED NAE1 EXPRESSION BY RBM15 THROUGH

STABILIZING ITS mRNA. To demonstrate whether
RBM15 regulates NAE1 mRNA, we first found that the
NAE1 mRNA expression level increased dramatically
in the infarction area in the MI model (Figure 7A), and
its level decreased after silencing RBM15 in NRVMs
under hypoxic conditions (Figure 7B). In contrast,
NAE1 mRNA expression level increased dramatically
sessed by Western blotting (left); the relative ratio of bax/bcl2 protein levels was

say were used to elucidate the cell injury. (B) LDH release assay, (C) CCK8 assay

defragmentation showing the apoptotic cells (nuclei stained in blue with DAPI and

cells per field indicated that RBM15 decreased treatment-induced cell apoptosis

PC and 7-AAD staining (left); statistical analysis of apoptosis ratio of the flow

ed as mean � SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. In data A (right), B, C,

C, Hypoxia þ NC, and Hypoxiaþ si-RBM15. All data were analyzed using one-way

inoactinomycin D; APC ¼ allophycocyanin; si-RBM15 ¼ small interfering RBM15;
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FIGURE 4 Decreased Apoptosis After Injecting RBM15-AAV9 Into the Myocardium after MI

(A to F) The apoptosis markers cleaved-caspase3 and bax, and the anti-apoptosis marker bcl-2 were assessed by Western blotting in the

infarct area and remote area, and the relative ratios of cleaved-caspase3, bax/bcl-2 protein levels were calculated. (G) Histochemical

identification of TUNEL-positive cells in the post-MI heart on day 7. Infarcted area of TUNEL and DAPI (left) and the rate of TUNEL-positive

cells (right) (n ¼ 6). Scale bar, 100 mm. Data are presented as mean � SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. In data B, C, E, F, and G

(down), differences were compared between sham and MI, or between MI þ NC and MI þ RBM15. All data were analyzed using unpaired

Student’s t test Abbreviations as in Figures 1 and 2.
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FIGURE 5 Improved Heart Function and Attenuated Cardiac Fibrosis After Overexpressing RBM15

(A) Representative echocardiography images on week 4 post-MI (n ¼ 6). (B to E) The measurement of left EF%, FS%, LVIDd, and LVIDs on week 4 post-MI and NS

injection, NC injection, and RBM15 injection. (F) The representative images of Masson’s trichrome staining. (G) Percentage of left ventricle area occupied by scar tissue

4 weeks post-MI and NS injection, NC injection, and RBM15 injection, (n ¼ 6). (H) HE staining of myocardial tissue in the marginal zone of MI. Scale bar, 100 mm. (I) MI þ
RBM15 group showed improved overall survival. Kaplan-Meier curves were generated, log-rank (Mantel-Cox) test (n ¼ 20). Data are presented as mean � SEM.

***P < 0.001. In data B, C, D, E, G, and I, differences were compared between sham and MI, or between MI þ NC and MI þ RBM15. All data were analyzed using

unpaired Student’s t test. EF% ¼ ejection fraction %; FS% ¼ fraction shortening %; HE ¼ hematoxylin and eosin; LVIDd ¼ left ventricular internal dimension-diastole;

LVIDs ¼ left ventricular internal dimension-systole; NS ¼ normal saline; other abbreviations as in Figures 1 and 2.
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FIGURE 6 Analysis of Downstream Targets of RBM15 in Cardiomyocytes

Continued on the next page
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after overexpressing RBM15 in NRVMs under hypoxic
condition (Figure 7C). To investigate the RNA-binding
role of RBM15 in NAE1 mRNA, we performed RIP-
qPCR, and found that RBM15 could bind quantities
of NAE1 mRNA (Figure 7D). After treatment with
actinomycin D (a transcription inhibitor), the qPCR
analysis revealed that the expression of NAE1 signif-
icantly decreased after silencing RBM15, indicating
that RBM15 can maintain the stability of NAE1
(Figure 7E). Taken together, our findings revealed that
RBM15 enhanced NAE1 expression via stabilizing
its mRNA.

APOPTOSIS OF CARDIOMYOCYTES AFTER INHIBITION

OF NAE1. Given that the GO and KEGG analyses
showed that NAE1 might be involved in the apoptosis
pathway, we further investigated whether NAE1, a
downstream target of RBM15, has an effect on car-
diomyocyte apoptosis under hypoxia. The role of
NAE1 in the protective effect on NRVMs was validated
by infecting the cells with adenoviruses expressing
NAE1 or siRNA. The Western blotting data proved the
upregulated expression of NAE1 and a remarkable
decrease in proapoptosis markers (cleaved-caspase3,
bax) in NRVMs (Figure 8A). In contrast, we used
siNAE1-1 and siNAE1-2 to infect NRVMs, and after
hypoxia treatment, we found that the NAE1 knock-
down promoted apoptosis of NRVMs (Figure 8B).
Furthermore, the lactate dehydrogenase release and
CCK8 assays were used to assess the NRVMs
apoptosis, and the results indicated that the NAE1
overexpression was able to decrease apoptosis of
NRVMs (Figures 8C to 8F). To further examine the
proapoptosis effect of the NAE1 knockdown, NRVMs
were treated with MLN4924 (the NAE1 inhibitor) at
different concentration points. We found that the
levels of NAE1 significantly decreased and proa-
poptosis markers, including cleaved-caspase3 and
bax significantly increased (Figure 8G). These data
demonstrated that NAE1 inhibition enhanced the
death of NRVMs.

DISCUSSION

Despite significant advances made in early detection
and treatment over the course of the last decade, MI
FIGURE 6 Continued

(A) The 851 m6A upregulated genes are shown in the bar plot. The x axis

(B) The top 10 enrichment GO terms of the RBM15-upregulated gene wa

analysis. (C) The protein-protein interaction motifs are shown. The circle

colored group of nodes shows a certain motif. The motif function is listed

genes are shown. (E) Filtering the increased genes in MeRIP-seq and RBM

Encyclopedia of Genes and Genomes; NAE1 ¼ NEDD8 activating enzyme
continues to be a primary cause of death and dis-
abilities.39 Many investigators are actively looking for
potential markers and investigating the components
of immune cell infiltration of MI, both of which have
the potential to have a significantly beneficial impact
on the long-term survival of patients with MI. Many
studies have reported the potential of using mRNA as
a potentially useful indicator of diseases in the car-
diovascular field, particularly MI. A growing body of
data shows that m6A regulators exhibit a wide range
of regulatory effects on the diversity of biological
activity. However, few people have been able to un-
derstand the role of m6A regulators in MI.40 The m6A
plays a modulatory role in nearly all stages of the RNA
life cycle, including mRNA processing, nuclear
export, translation modulation, and even the phase
separation potential of mRNA.41-43 It has been re-
ported that m6A plays an important role in cardio-
vascular diseases, not only as a biomarker in
diagnosis of MI, but also as a medicine in treatment of
cardiac remodeling.44,45 Shi et al44 used comprehen-
sive analysis of m6A regulators expression to identify
distinct molecular subtypes of MI, and they found
several genes were significantly related to the devel-
opment of MI, with being regulated by m6A methyl-
transferases. In the present research, we also
observed the differences in m6A modification in
MeRIP of MI and sham control tissues. Moreover,
RBM15 was screened as a dramatically changed m6A-
related protein. Given that we have demonstrated
METTL3, the main m6A methyltransferase regulated
the myocardial remodeling after MI, we investigated
the role of RBM15 in MI. We found that the expression
level of RBM15 was significantly upregulated in MI.
The GO analysis and KEGG analysis revealed that
many apoptosis-related genes during MI were
remarkably regulated by m6A. Overexpression of
RBM15 decreased the cardiomyocytes’ apoptosis. This
observation was further corroborated by in vivo
findings that the heart function was improved in the
MI mice overexpressing RBM15. Later, NAE1—an
RBM15 target—was found by filtering MeRIP-seq and
RBM15-RIP-seq. We found that RBM15 positively
regulated the stability of the target NAE1 mRNA.
Notably, similar to RBM15, the overexpression of
indicates the differentially expressed genes, and the Y-axis shows the expression fold change.

s shown. The y axis indicates the GO terms, the x axis shows the –log P value of enrichment

node indicates the gene, while the line depicts the interaction between the two proteins. Each

in the corresponding box. (D) The top 10 enrichment KEGG terms of the RBM15-upregulated

15-RIP-seq identified NAE1 as a direct target of RBM15. GO ¼ Gene Ontology; KEGG ¼ Kyoto

E1 subunit 1; other abbreviations as in Figure 1.



FIGURE 7 Enhanced NAE1 Expression by RBM15 Through Stabilizing Its mRNA

(A) The expression of NAE1 increased in the infarction area after MI (n ¼ 6). (B) Silencing of RBM15 decreased the expression of NAE1 under

hypoxic conditions, (n ¼ 6). (C) Overexpression of RBM15 under hypoxic conditions increased the expression of NAE1 mRNA, (n ¼ 6). (D)

RBM15-RIP qPCR showed that RBM15 was able to bind NAE1 mRNA. (E) qPCR analysis of the expression of NAE1 mRNA after treatment with

actinomycin D at the indicated time points from independent experiments. Data are presented as mean � SEM. *P < 0.05, **P < 0.01,

***P < 0.001. In data A, differences were compared with sham. In data B and C, differences were compared with Hypoxia þ NC. In data D,

difference was compared between IgG and anti-RBM15. In data E, difference was compared between NC and si-RBM15. Data A, B, and C were

analyzed using one-way analysis of variance followed by Tukey’s post hoc analysis. Data D and E were analyzed using unpaired Student’s t test.

mRNA ¼ messenger RNA; qPCR ¼ quantitative polymerase chain reaction; other abbreviations as in Figures 2 and 3.

Cheng et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 5 , 2 0 2 4

RBM15 Protects From Myocardial Infarction M A Y 2 0 2 4 : 6 3 1 – 6 4 8

644



FIGURE 8 Apoptosis of Cardiomyocytes After Inhibition of NAE1

Continued on the next page
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FIGURE 8 Continu
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NAE1 showed a protective effect on NRVMs apoptosis
under hypoxic conditions. Furthermore, functional
evaluations such as NAE1 silencing and using
MLN4924 (NAE1 inhibitor) demonstrated that NAE1
played a key role in MI. However, in addition to NAE1,
other potential downstream targets of RBM15 might
play crucial roles in mediating RBM15 functions in MI
protection. Nevertheless, clarifying the exact under-
lying mechanisms requires further systematic
investigations.

Recently, a growing body of work has indicated the
essential role of m6A in human diseases.46-48 The
regulation process involves 3 major m6A regulators,
including methyltransferase, demethylase, and
methylation recognition enzymes. The methyl-
transferases include METTL3, METTL14, WTAP,
RBM15, and RBM15b, but the latter 3 do not have the
ability to transfer m6A to mRNA. By adding m6A to
related mRNAs, METTL3 affects the alternative
splicing, stable or translation of those mRNA to
regulate various diseases.43,49-51 During this process,
METTL14 mainly binds to some sites in METTL3 to
form a new complex, but WTAP and other proteins
such as RBM15 or RBM15b probably recruit some fac-
tors to assist in the m6A regulation process.52-54

Although some researchers have reported that
WTAP and RBM15 can add m6A to mRNA to regulate
some diseases, they have only found that related
phenotypes changed, but they have not investigated
whether the exact process of adding m6A involves
WTAP or RBM15 or not.55,56 Therefore, we preferred
to name RBM15 as the m6A regulator, which can assist
the m6A adding process.

The present research discussed the regulatory role
of RBM15 in the protection from MI and the upregu-
lation of the expression of its targets. It has been re-
ported that RBM15 can facilitate the access of DEP5 to
mRNA with its nuclear export factor function.57 Yang
et al58 have demonstrated that Circ-CTNNB1 facili-
tates RBM15-mediated m6A modification to drive
aerobic glycolysis and osteosarcoma progression.
ed

sfected with adenovirus overexpressing NAE1 for 48 hours, and then subjecte

r bcl-2, and NAE1 protein were assessed by Western blotting; the relative ra

the Western blotting result. (n ¼ 6). (B) NRVMs were transfected with si-NAE1

stern blotting, and the relative ratios of cleaved-caspase3, bax/bcl2, and NA

F) Cell injury was determined by LDH release assay and CCK8 assay. (n ¼ 6). (

2.5, and 5.0 mM), then the apoptosis markers cleaved-caspase3 and bax, the

and the relative ratios of cleaved-caspase3, bax/bcl2, and NAE1 protein levels

SEM. *P < 0.05, **P < 0.01, ***P < 0.001. In data A, B, C, D, E, and F, differ

xia þ DMSO. All data were analyzed using One-way analysis of variance follow

t left ventricle myocyte; other abbreviations as in Figures 2 and 7.
Additionally, studies related to RBM15 have focused
mainly on its function as an RNA-binding protein, and
RBM15 has a great effect on megakaryoblastic leuke-
mia and hematopoietic development.59-61 Therefore,
in this study, we used RIP assays and multiple loss- or
gain-of-function experiments to show that RBM15 can
bind NAE1 mRNA and stabilize mRNA to decrease
cardiomyocytes apoptosis. NAE1 decreases cell
apoptosis mainly through inhibiting the p53 pathway
and Akt pathway to regulate the myocardial function
in MI.62-64 Moreover, we found that RBM15 promoted
Akt pathway to exert myocardial protective effect
(Supplemental Figures 5A and 5B). Finally, these
findings envision the RBM15 as a candidate drug for
the treatment of MI.

STUDY LIMITATIONS. Although we also found that
overexpressing RBM15 could increase the total m6A
level in cells, and NAE1 was screened from MeRIP-
seq, which could be regulated by RBM15, we only
drew a conclusion that RBM15 participated in NAE1’s
m6A regulation process because the main methyl-
transferase was METTL3. Lacking the advanced
technologies, we merely showed that RBM15 partici-
pated in NAE1’s m6A regulation process. In terms of
the present m6A research, how to study the dynamic
regulation of m6A is extremely important, because
the dynamic regulation of methylation and deme-
thylation should be involved in the occurrence and
development of diseases. In the future, we will
explore more mechanisms of RBM15 in assisting
NAE1’s m6A regulation process. However, our study
successfully demonstrated the role of RBM15 in MI
protection, suggesting a viable potential for devel-
oping targeted therapies against MI.

CONCLUSIONS

The present research shed light on an RNA-binding
protein, namely, RBM15, which plays a modulatory
function in the regulation of NAE1 mRNA. Regarding
d to hypoxia. The apoptosis markers cleaved-caspase3 and bax, the

tios of cleaved-caspase3, bax/bcl-2, NAE1 protein levels were

for 48 hours, and then subjected to hypoxia. The apoptosis markers

E1 protein levels were calculated based on the Western blotting

G) NRCMs were treated with MLN4924 for 24 hours with different

anti-apoptosis marker bcl-2, and NAE1 protein levels were assessed

were calculated based on Western blotting results. (n ¼ 6). Data are

ences were compared with Hypoxia þ NC. In data G, difference was

ed by Tukey’s post hoc analysis. si-NAE1 ¼ small interfering NAE1;
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Despite the

large number of drug therapies available for the treatment of MI,

there remains a compelling need for establishing a novel and

effective therapies to improve the efficacy of existing ones.

Among many antitumor drugs, the pharmacological basis of

many drugs is to promote the apoptosis of tumor cells or inhibit

the proliferation of corresponding blood vessels through RNA

modification. However, in the cardiovascular field, there is no

RNA modification drug for the treatment of MI.

TRANSLATIONAL OUTLOOK: The enhanced m6A methyl-

ation in the presence of RBM15 overexpression led to the

increased expression and stability of NAE1, contributing to less

myocardial fibrosis, cell apoptosis, and cardiac dysfunction. Our

findings suggest that the enhanced m6A level is a protective

mechanism in MI, setting the stage for the therapeutic targeting

of the MI. Finally, pharmacological inhibitors of the molecules

involved the pathway are being tested and are primed for testing

for the beneficial effects in patients with MI.
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the functional implication of NAE1 in MI protection,
these findings emphasize the key role of m6A in MI.
Moreover, the findings of the present research sug-
gest the regulating role of RBM15 as a general mech-
anism underlying a variety of biological events in MI,
which warrants further investigation.
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