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HIGHLIGHTS

� The increase of ZFAS1 expression in MIRI

is an important cause of cardiomyocyte

apoptosis and ROS production.

� ZFAS1 can directly interact with the

promoter region of Notch1, recruit

DNMT3b to promote DNA methylation in

the promoter region of Notch1, and

trigger cardiomyocyte apoptosis and ROS

production after MIRI.

� Nicotinamide mononucleotide has the

potential to attenuate the apoptosis of

cardiomyocytes after MIRI by

competitively binding to DNMT3b and

inhibiting the DNA methylation of Notch1.
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SUMMARY
AB B
AND ACRONYM S

AAV = adeno-associated virus

DNMT = DNA

methyltransferase

HR = hypoxia/reoxygenation

lncRNA = long noncoding RNA

MI = myocardial infarction

MIRI = myocardial ischemia-

reperfusion injury

NICD = Notch intracellular

domain

Th
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vis

Ma
The most devastating and catastrophic deterioration of myocardial ischemia-reperfusion injury (MIRI) is car-

diomyocyte death. Here we aimed to evaluate the role of lncRNA-ZFAS1 in MIRI and delineate its mechanism of

action. The level of lncRNA-ZFAS1 was elevated in MIRI hearts, and artificial knockdown of lncRNA-ZFAS1 in

mice improved cardiac function. Notch1 is a potential target of lncRNA-ZFAS1, and lncRNA-ZFAS1 could bind to

the promoter region of Notch1 and recruit DNMT3b to induce Notch1 methylation. Nicotinamide mononucle-

otide could promote the expression of Notch1 by competitively inhibiting the expression of DNMT3b and

improving the apoptosis of cardiomyocytes and cardiac function. (J Am Coll Cardiol Basic Trans Science

2022;7:880–895) © 2022 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/).

M = neonatal mouse

ac myocytes
NMC

cardi
NMN = nicotinamide

mononucleotide

ROS = reactive oxygen species

shZFAS1 = short hairpin RNA

ZFAS1

siZFAS1 = small interfering

RNA ZFAS1

TG = transgenic

WT = wild-type

ZFAS1 = zinc finger antisense 1
C oronary artery disease is one of the most
common causes of mortality in the world.1

The standard treatment for repairing blood
supply to the ischemic myocardium is recovery of
reperfusion.2 However, reperfusion also induces ma-
jor cardiac damage, which is commonly known as
myocardial ischemia-reperfusion injury (MIRI).3

MIRI has been correlated with oxidative stress, auto-
phagy, endoplasmic reticulum stress, apoptosis, cal-
cium overload, and epigenetic alterations.4

Oxidative stress or reactive oxygen species (ROS) gen-
eration is the important initiating mechanism of
MIRI, the occurrence of which is the key to distin-
guishing myocardial infarction (MI) from MIRI. MIRI
is a complex pathologic condition involving various
signaling pathways.

The Notch signaling pathway is involved in a va-
riety of heart functions5-7 and is composed of 4 Notch
proteins (Notch 1-4) and 5 ligands, namely, Jagged 1,
Jagged 2, Delta-like 1, Delta-like 3, and Delta-like 4.8

The Notch protein is cleaved into the Notch intracel-
lular domain (NICD) and released into the cytoplasm
when the ligand on the neighboring cell surface in-
teracts with the Notch receptor.9 After being cleaved,
the NICD enters the nucleus and binds with the DNA-
binding protein CSL (CBF1)/Su (H)/Lag-1, which trig-
gers downstream gene transcription (such as Hes1
and Hey1).10 Inhibiting the Notch signaling has been
shown to alter the energy supply of cardiomyocytes,
leading to cardiac dysfunction.11 Notch1 gene inhibi-
tion can reduce the expression of Hey1 while
enhancing Runx2 expression, resulting in aortic valve
calcification.12 High glucose can increase the sensi-
tivity to myocardial ischemia by inhibiting the Notch
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signaling pathway in mice.13 Importantly,
Notch1, as a cardioprotective factor, can
inhibit cardiomyocyte apoptosis and oxida-
tive stress caused by MIRI,14 yet its upstream
regulatory mechanism is still unclear.

DNAmethylation is an epigenetic alteration
correlated with changes in transcription.15

In cell proliferation, cell differentiation,
apoptosis, and autoimmunity, DNA methyl-
ation is critical.16 The inhibition of Apaf1

expression is enhanced by DNA methylation of its
promoter.17 Long noncoding (lnc) RNA, cardiomyocyte
proliferation regulator, also participates in car-
diomyocyte proliferation and cardiac repair by regu-
lating the DNAmethylation of MCM3.18 Transcriptome
analysis in the human failing heart also changes the
level of DNA methylation and is related to
myocardial dysfunction.19,20 However, the function
of DNA methylation in MIRI regulation is mostly
unclear.

LncRNAs are differentially expressed in cardiac
diseases,21,22 and our previous studies unraveled that
zinc finger antisense 1 (ZFAS1) is deregulated in MI.
Specifically, circulating ZFAS1 was proposed as a po-
tential independent predictor of MI.23 ZFAS1 can act
as an endogenous SERCA2a inhibitor to regulate
contractile function24 and further induce
mitochondrial-mediated apoptosis.25 However, the
role of ZFAS1 in MIRI is currently unclear.

Nicotinamide mononucleotide (NMN) is an essen-
tial part in NADþ synthesis,26 which has multiple
pharmacologic effects on heart disease.27-29 NMN
exerts acute myocardial protection by targeting SIRT1
to stimulate glycolysis.30 In aging mice, NMN and
es and animal welfare regulations of the authors’
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melatonin can protect against MIRI by activating
SIRT3/FOXO1 and decreasing apoptosis.31 Impor-
tantly, NMN protects the MIRI by increasing the level
of NADþ in the heart.29 However, whether NMN is
related to DNA methylation in MIRI remains
unknown.

The general purpose of the present study was to
determine the role and mechanism of ZFAS1 in MIRI
regulation, as well as whether DNA methylation and
Notch signaling pathways are key controllers in this
process.

METHODS

Detailed descriptions on the materials and methods
used in this study are provided in the Supplemental
Methods section.

ANIMALS. As previously described, the MIRI model
was used.32 Mice were intubated and anesthetized
under direct vision, and their chests were opened to
reveal the heart. The left anterior descending coro-
nary artery was ligated with 7-0 line for 30 minutes to
cause myocardial ischemia. The line was released for
48 hours to allow for reperfusion. NMN (500 mg/kg/d
intraperitoneally) was administered to MIRI mice for
2 days. Use of the animals was approved by the Ethics
Committee of Harbin Medical University and con-
formed to the Guide for the Care and Use of Labora-
tory Animals published by the U.S. National Institutes
of Health.

CARDIAC-SPECIFIC ZFAS1 KNOCK-IN MICE. As pre-
viously described, cardiac-specific ZFAS1 knock-in
(transgenic [TG]) mice were created.32

STATISTICAL ANALYSIS. Data are presented as mean
� SEM of at least 3 independent experiments. Un-
paired Student’s t-test was used for comparisons be-
tween 2 groups. One-way and 2-way analysis of
variance tests were used to compare parameters
among 3 or more independent groups, whereas the
t-test was used to compare 2 groups. Pairwise com-
parisons between groups were made with the Bon-
ferroni multiple comparisons test when analysis
of variance yielded significant differences. A 2-tailed
P value <0.05 was considered to indicate statistical
significance. Pearson correlation test was used to
analyze the correlation of the parameters in the 2
groups in Figure3B. The statistical analyses were
performed with the use of Prism version 8.0 software
(GraphPad Software).

RESULTS

PRO–OXIDATIVE STRESS AND PROAPOPTOSIS EFFECTS

OF ZFAS1 IN MIRI. We constructed a mouse MIRI
model to investigate the function of ZFAS1 in MIRI,
and confirmed that cardiac function was clearly
reduced in this condition (Figures 1A and 1B).
MIRI mice had a larger proportion of ZFAS1 in their
hearts (Figure 1C). In cardiomyocytes exposed to
hypoxia/reoxygenation (HR) (Figure 1D), cell viability
was severely reduced, and ZFAS1 expression was
dramatically elevated (Figure 1E). Next, we inhibited
with adeno-associated virus (AAV) vectors to examine
ZFAS1 function (Figure 1F). Quantitative reverse-
transcription polymerase chain reaction was used to
confirm the efficiency of short hairpin RNA (sh)
ZFAS1-V in knocking down endogenous ZFAS1 in MIRI
mice (Supplemental Figure 1). ZFAS1 knockdown
significantly improved MIRI-induced impairment of
cardiac function (Figure 1G). Furthermore, shZFAS1-V
reduced the infarct size of MIRI hearts (Figure 1H).
Transfection of small interfering RNA (si) ZFAS1
mitigated the HR-induced reduction of cell viability
(Figure 1I) and Live/Dead Viability/Cytotoxicity assay
showed similar results (Figure 1J). Terminal deoxy-
nucleotide transferase–mediated dUTP nick-end la-
beling (TUNEL) staining indicates that apoptosis was
restored by siZFAS1 (Figure 1K). The enhanced
ROS generation induced by HR was reduced by
siZFAS1 (Figure 1L).

Intracellular Ca2þ overload occurs during both MI
and MIRI, and our previous study verified that ZFAS1
could cause intracellular Ca2þ overload. Therefore, we
conducted additional experiments to determine
whether ZFAS1 promotes ROS levels after excluding
the effect of ZFAS1 on calcium overload. BAPTA, a
calcium chelator, was administrated to both the HR-
treated cardiomyocytes and the ZFAS1-overexpressed
cardiomyocytes. As shown in Supplemental Figure 2,
the viability of cardiomyocytes was significantly
increased after BAPTA administration, which was
further increased after ROS was scavenged by
N-acetyl-L-cysteine (NAC). As shown in Supplemental
Figures 2E and 2F, the level of ROS did not change
significantly after administration of BAPTA, whereas it
was significantly decreased after administration of
NAC. These data indicated that ZFAS1 still exerts an
effect on ROS levels, excluding the regulation of
calcium overload, and this further suggests that ZFAS1
has other underlying mechanisms in the regulation of
MIRI.

THE GENE EXPRESSION PROFILE OF ZFAS1-

OVEREXPRESSION MICE. To understand the molec-
ular processes supporting MIRI by ZFAS1 (Figure 2A),
we constructed cardiac specific ZFAS1 knock-in TG
mice (Figure 2B). ZFAS1 was upregulated in TG mice
(Supplemental Figure 3). We compared the
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FIGURE 1 Pro-Oxidative Stress and Proapoptotic Effects of ZFAS1 in MIRI
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transcriptomes between TG and wild-type (WT)
hearts by gene expression profiles (Figure 2C). The
experiment revealed 30 down-regulated genes and 19
up-regulated genes in TG mice (Figure 2D). A Gene
Ontology (GO) functional analysis of these 49 differ-
entially expressed genes was then conducted with the
cluster profile bioinformatics tool (Figure 2E). Next,
we predicted and screened the direct target of ZFAS1
from 4 pathways, including the activation of cardio-
vascular phylogeny, stress response, programmed
cell death cardiac development, and apoptosis pro-
cess (Figure 2F), and identified that Notch1 and
NTRK3 might be potential targets of ZFAS1
(Figure 2G). Notch signaling pathway is one of the top
30 rich Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, according to a KEGG pathway
enrichment analysis of differentially expressed
(Figure 2H). Therefore, our follow-up research mainly
discusses the role of Notch1 in MIRI.

ZFAS1 IS A NEGATIVE REGULATOR OF NOTCH1.

Notch1 expression was identified in TG mice to
examine the influence of ZFAS1 on Notch1. Notch1
mRNA levels were significantly lower in TG mice,
which is negatively connected to ZFAS1 expression
(Figures 3A and 3B). Similarly, NICD in TG mice was
considerably lower than in WT mice (Figure 3C),
which was verified by the immunofluorescence
(Figure 3D). In TG mice, the mRNA and protein levels
of Hes1 and Hey1, downstream regulators of the
Notch signaling pathway, were both reduced
compared with WT mice (Figures 3D to 3H).

ZFAS1 PROMOTES CARDIOMYOCYTE APOPTOSIS DURING

MIRI BY REGULATING THE NOTCH SIGNALING PATHWAY.

Next, we characterized the regulatory effects of ZFAS1
on the Notch signaling pathway in MIRI and found
that the mRNA level of Notch1 was reduced during HR,
which was reversed by siZFAS1 (Figure 4A). Figures 4B
and 4C showed the results that inhibiting the
FIGURE 1 Continued

(A) Experimental timeline. (B) Echocardiographic detection of changes in

to detect ZFAS1 expression in MIRI mice. n¼ 10. *P< 0.05 vs Sham. (D) C

vs Ctl. (E) qRT-PCR was used to determine the level of ZFAS1 expression i

(G) Echocardiographic detection of changes in cardiac function. n¼ 8. ***P

shZFAS1-V on the infarct size of MIRI mice. n¼ 4. (I) CCK8 assay to detect

determine the effects of siZFAS1 on cardiomyocytes cell viability. n ¼ 8.

(K) TUNEL assay was used to investigate the effect on apoptosis. n ¼ 6.

(L) Effects of siZFAS1 on the contents of ROS. n¼ 6. **P< 0.01 vs Ctl; ###

means of t-tests and 1-way analyses of variance with Bonferroni multiple

AAV ¼ adeno-associated virus; Ctl ¼ control cells; HR ¼ hypoxia/reoxyge

qRT-PCR¼ quantitative reverse-transcription polymerase chain reaction;

engineered into the AAV9 vector; shZFAS1 ¼ short hairpin RNA ZFAS1; s

chloride; TUNEL ¼ terminal deoxynucleotide transferase–mediated dUTP
expression of ZFAS1 remarkably increased NICD pro-
tein levels. In neonatal mouse cardiac myocytes
(NMCM) exposed to HR damage, similar expression
modifications of Hey1 and Hes1 were consistently
found among constructs (Figures 4D and 4E).
The cardiac expression of Notch1, Hes1, and Hey1 was
prominently decreased in MIRI mice, and shZFAS1-V
normalized these anomalies (Figures 4F to 4H). The
Notch signaling pathway appears to be involved in the
regulation of MI and MIRI. We conducted additional
experiments to verify the regulation differences of the
Notch signaling pathway between MI and MIRI mice,
and the results showed that the expressions of Notch1,
Hes1, and Hey1 were dramatically reduced in both the
MI and the MIRI groups, and the decrease was more
severe in the MIRI group. These data indicate that the
Notch signaling pathway is a key target for MIRI
regulation (Supplemental Figure 4).

INHIBITION OF NOTCH SIGNALING PATHWAY PROMOTES

CARDIOMYOCYTE APOPTOSIS. To elucidate whether
ZFAS1 induces MIRI by targeting the Notch signaling
pathway, we explored with the use of the g-secretase
inhibitor DAPT,33 an inhibitor of the Notch signaling
pathway. DAPT could abolish the protective effect of
siZFAS1 in HR-treated cardiomyocytes, as determined
by Live/Dead Viability/Cytotoxicity assay and ROS
staining (Figures 5A to 5D). TUNEL staining also
showed that DAPT could reverse the protective effect
of siZFAS1 on HR-treated cardiomyocytes (Figures 5E
and 5F). It is further confirmed that the ZFAS1-Notch
signal axis plays a key role in MIRI.

Our previous study identified that SERCA2a was
an important target of ZFAS1 in regulating MI, so
does it have the same role in MIRI? The expression
of SERCA2a was significantly decreased in HR-
treated cardiomyocytes, and siZFAS1 normalized
these anomalies (Supplemental Figures 5A and 5B).
HR-treated cardiomyocytes experienced calcium
cardiac function. n¼ 5, ***P< 0.001 vs Sham. (C) qRT-PCR was used

CK8 assay to detect the effects of cell viability. n¼ 16. ***P< 0.001

n HR-treated cells. n ¼ 5. *P < 0.05 vs Ctl. (F) Experimental timeline.

< 0.001 vs Sham; ##P< 0.01 vs MIRI. (H) TTC detects the effect of

the effects of cell viability. n¼ 18, ###P< 0.001 vs siZFAS1. (J) To

***P < 0.001 vs Ctl; ###P < 0.001 vs HR. Magnification �200.

***P < 0.001 vs Ctl; ###P < 0.001 vs HR. Magnification �200.

P< 0.001 vs HR. Magnification�200. P values were determined by

group comparisons. Data are presented as mean � SEM.

nation-treated cells; MIRI ¼ myocardial ischemia-reperfusion injury;

ROS¼ reactive oxygen species; shNC-V¼ the negative control shRNA

iZFAS1, small interfering RNA ZFAS1; TTC ¼ triphenyltetrazolium

nick-end labeling; ZFAS1 ¼ zinc finger antisense 1.
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FIGURE 2 The Gene Expression Profile of ZFAS1-Overexpression Mice

(A) Schematic diagram of RNA sequencing and target gene identification. (B) The production of cardiac-specific ZFAS1 knock-in mice is depicted throughout this

diagram. (C) Volcano plot of the identified differentially expressed mRNAs. Red area: P < 0.05; fold change $2; blue area: P < 0.05, fold change #0.5.

Benjamin-Hochberg was used to report the false discovery rate for the volcano plot and fold-change analyses. (D) Heat map of the differentially expressed mRNAs

identified between TG and WT mice (red, up-regulated mRNAs; blue, down-regulated mRNAs). (E) The second level of differentially expressed genes identified with

the use of Gene Ontology. (F) Heat map of mRNA involved in response to stress, apoptosis, protein binding, and other pathways. (G) Venn diagram for screening

target genes. (H) Pathway enrichment analysis of differentially expressed genes (criterion: differentially expressed genes >2 and P # 0.05) according to the Kyoto

Encyclopedia of Genes and Genomes. TG ¼ cardiac-specific ZFAS1 knock-in (transgenic); WT ¼ wild-type; other abbreviations as in Figure 1.
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FIGURE 3 ZFAS1 Is a Negative Regulator of Notch1

(A) The mRNA level of Notch1 in TG mice. n ¼ 10. *P < 0.05 vs WT. (B) Correlation between ZFAS1 and Notch1 mRNA expression. n ¼ 19. (C) Down-regulation of NICD

expression in TG mice at protein levels. n ¼ 8. ***P < 0.001 vs WT. (D) Images of NICD (green) and a-actinin (red) immunofluorescence staining in NMCMs, Scale bar:

50 mm. n ¼ 6. (E) The mRNA expression level of Hey1 in TG mice. n ¼ 10. *P < 0.05 vs WT. (F) Down-regulation of Hey1 expression in TG mice at protein levels. n ¼ 4.

***P < 0.001 vs WT. (G) The level of Hes1 mRNA expression in TG mice. n ¼ 6. **P < 0.01 vs WT. (H) Hes1 expression is dysregulated at the protein level in TG mice.

n ¼ 7. **P < 0.01 vs WT. NICD ¼ Notch intracellular domain; NMCM ¼ neonatal mouse cardiac myocytes; other abbreviations as in Figures 1 and 2.
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overload, which was likewise alleviated by siZFAS1
(Supplemental Figure 5C). These data indicated that
the ZFAS1-SERCA2a axis participated in the regula-
tion of MIRI. To distinguish the main regulation
mechanism of ZFAS1 in MIRI, cyclopiazonic acid
(CPA), the SERCA2a inhibitor, and DAPT, the Notch
signaling pathway inhibitor, were used. After ZFAS1
knockdown, CPA dramatically affected the viability
of HR-treated cardiomyocytes. And administration of
DAPT more dramatically reduced the viability of
cardiomyocytes (Supplemental Figure 5D). More-
over, the SERCA2a inhibitor CPA significantly
inhibited the protective effect of siZFAS1 on Hyp-
oxia/reoxygenation-treated cardiomyocytes, whereas
DAPT administration did not further inhibit this ef-
fect (Supplemental Figure 5E). These data indicated
that the ZFAS1-Notch1 axis played a major role in
MIRI rather than MI.
ZFAS1 PROMOTES DNA METHYLATION OF NOTCH1.

A question we asked was how ZFAS1 regulates the
transcription of Notch1. ZFAS1 is localized within the
nucleus of cardiomyocytes.24 These facts prompted
us to conjecture that ZFAS1 might regulate Notch1
transcription through an epigenetic mechanism, such
as DNA methylation. We found a substantial CpG
island in the promoter region of Notch1, using the
UCSC Genome Browser and Methprimer to predict
the probable domain of Notch1 for DNA
methylation (Figure 6A). The methylation inhibitor
5-aza-20-deoxycytidine (5-aza) dramatically enhanced
the transcription level of Notch1 in cardiomyocytes
(Figure 6B). Next, In TG mice, bisulfite sequencing
revealed a large increase in methylation at the Notch1
promoter region (Figures 6C and 6D). So how does
ZFAS1 affect the methylation of Notch1 promoter re-
gion? GO analysis found that ZFAS1 has the potential
to affect the DNA-binding and protein-binding path-
ways (Figure 2F). LncRNAs can limit gene transcrip-
tion by binding to DNA and building RNA:DNA
triplexes, which recruit DNA methyltransferases
(DNMTs) and increase DNA methylation modification
in target areas.34,35 Using Freiburg RNA Tools,36 we
identified a binding site for ZFAS1 within the prox-
imal promoter region of Notch1 (Figure 6E). The direct
functional interaction between ZFAS1 and Notch1
promoter region was experimentally verified by

https://doi.org/10.1016/j.jacbts.2022.06.004
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FIGURE 4 ZFAS1 Promotes Cardiomyocyte Apoptosis During MIRI by Regulating Notch1 Signaling Pathway

(A) Up-regulation of Notch1 expression at the mRNA level in HR-treated cardiomyocytes pretreated with siZFAS1. n ¼ 6. **P < 0.01 vs Ctl; ##P < 0.01 vs HR.

(B) Up-regulation of NICD expression at the protein level in HR-treated cardiomyocytes pretreated with siZFAS1. n ¼ 7. **P < 0.01 vs Ctl; ###P < 0.001 vs HR.

(C) Images of NICD (green) and a-actinin (red) immunofluorescence staining in NMCMs Scale bar: 50 mm. n ¼ 6. (D) HR-treated cardiomyocytes pretreated with siZFAS1

showed up-regulation of Hey1 expression at both mRNA (n ¼ 12) and protein (n ¼ 5) levels. *P < 0.05; **P < 0.01 vs Ctl; #P < 0.05 vs HR; ##P < 0.01 vs HR.

(E) In HR-treated cardiomyocytes pretreated with siZFAS1, Hes1 expression was elevated at both mRNA (n ¼ 8) and protein (n ¼ 3) levels. *P < 0.05; **P < 0.01 vs

Ctl; #P < 0.05 vs HR; ##P < 0.01 vs HR. (F) In MIRI mice pretreated with shZFAS1-V, expressions of Notch1 mRNA (n ¼ 6) and NICD protein (n ¼ 7) were up-regulated.

*P < 0.05 vs sham; #P < 0.05 vs MIRI. (G, H) In MIRI mice pretreated with shZFAS1-V, expressions of Hey1 (n ¼ 10) and Hes1 (n ¼ 8) were up-regulated at the mRNA

level. ***P < 0.001 vs Sham; ##P < 0.01 vs MIRI. P values were determined by means of t-tests and 1-way analyses of variance with Bonferroni multiple group

comparisons. Data are presented as mean � SEM. siNC ¼ scrambled negative control siRNA.
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FIGURE 5 Inhibition of Notch Signaling Pathway Promotes Cardiomyocyte Apoptosis

(A, B) The effects of the Notch signaling pathway inhibitor DAPT on cardiomyocyte cell viability. n ¼ 6. Magnification �200. (C, D) The effects of DAPT on the contents

of ROS. n ¼ 8. Magnification �200. (E) (F) TUNEL assay was used to investigate the effect of DAPT on apoptosis. n ¼ 6. Magnification �200. Data are presented as

mean � SEM. ***P < 0.01 vs Ctl; ###P < 0.001 vs HR; and &&&P < 0.001 vs siZFAS1; t-tests and 1-way analyses of variance with Bonferroni multiple group com-

parisons. DAPI ¼ 40,60-diamidino-2-phenylindole; DMSO ¼ dimethylsulfoxide; other abbreviations as in Figure 1.
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FIGURE 6 ZFAS1 Promotes DNA Methylation of Notch1

Continued on the next page
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FIGURE 6 Continu
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means of luciferase reporter assay (Figure 6F). Sub-
sequently, the direct physical interaction between
ZFAS1 and the Notch1 promoter region was also
verified by means of the ChIRP technique with ZFAS1
antisense as a negative control (Figure 6G). Further-
more, prediction with the use of RNA-Protein Inter-
action Prediction (RPISeq) database suggests that
ZFAS1 has the potential to bind methylase DMNT3b
(Supplemental Figure 6). The immunoprecipitation of
DNMT3b carried a significant quantity of ZFAS1, and a
CHIP experiment revealed that DNMT3b binding to
Notch1 promoter CpG islands was considerable
(Figure 6I). According to these findings, ZFAS1 binds
to the Notch1 promoter area and recruits DNMT3b to
enhance Notch1 DNA methylation.

LOSS OF FUNCTION OF ZFAS1 MUTATION IN THE

MYOCARDIUM. Then, using nucleotide replacement,
we engineered a mutation in the ZFAS1 sequence to
disrupt its Notch1 binding site (mut-ZFAS1)
(Figure 7A) and investigated the impact of mut-ZFAS1
on Notch1 function. As anticipated, ZFAS1
overexpression in NMCMs transfected with ZFAS1-
carrying plasmid considerably decreased the tran-
script levels of Notch1, Hey1, and Hes1 (Figures 7B, 7D,
and 7F), and mut-ZFAS1 failed to elicit any effects.
Similar patterns of expression alterations were seen
of NICD and Hey1 (Figures 7C and 7E) protein levels.
However, NMCMs transfected with mut-ZFAS1–car-
rying plasmid lost this function. Furthermore, as
shown in Figures 7G to 7L, the capacity of mut-ZFAS1
to modify cell viability, cell apoptosis, and ROS levels
was likewise lost. The results indicate that the bind-
ing of ZFAS1 to the Notch1 promoter region is a critical
step in its impact on MIRI.

NMN IS A POTENTIAL THERAPEUTIC STRATEGY TO

AMELIORATE MIRI. With the mechanism of DNA
methylation in MIRI clarified, is there a drug that can
interfere with the DNA methylation process of Notch1
to improve MIRI? We know that DNMT3b plays an
important role in bridging ZFAS1 to DNA methylation
of Notch1. Therefore, we searched for a known drug
ed

’s genomic architecture is depicted in a diagram. (B) The expression level of N

Schematic diagram of the bisulfite sequencing. (D) Bisulfite PCR analysis of

een ZFAS1 and Notch1 is depicted in this diagram. (F) The effect of ZFAS1 on

ter incorporating the Notch promoter. n ¼ 3. **P < 0.01 vs Ctl. (G) The interac

y. n ¼ 3. **P < 0.01 vs AS-ZFAS1. (H) RIP analysis of specific associations of D

I) ChIP analysis of associations of DNMT3b, DNMT3a, and DNMT1 with Notch

alyses of variance with Bonferroni multiple group comparisons. Data are pre

hain reaction; other abbreviations as in Figures 1 and 2.
that can target DNMT3b. Molecular docking revealed
that the amino acid residues G272 and K315 of DNMT3b
can form hydrogen bond interactions with NMN, and
amino acid residues H311, D273, G274, W270, F271,
Q269, and M249 can form hydrophobic interactions
with NMN (Figure 8A). Meanwhile, we discovered
that NMN treatment strongly shifted the DNMT3b
melting curve compared with dimethylsulfoxide in
cells (Figures 8B and 8C). Surprisingly, NMN promotes
the expression of Notch1 under HR conditions
(Figures 8D and 8E). In addition, NMN improved the
viability of cardiomyocytes under HR conditions
(Figures 8F and 8G) and mitigated the apoptosis of
cardiomyocytes induced by HR (Figure 8H). Further-
more, NMN reduces the infarct size of MIRI hearts and
improves impaired heart function (Figures 8L to 8N).
The above results indicated that NMN can relieve
MIRI, likely by inhibiting the DNA methylation of the
Notch1 promoter.

As a downstream effector of NMN, Sirt1 has been
identified as a key regulator for MIRI.29 So additional
experiments were done to determine whether Sirt1 is
involved in the NMN-Notch1 regulation pathway in
MIRI (Supplemental Figure 7). The Sirt1 inhibitor
selisistat had no effect on Notch1 expression in HR-
treated cardiomyocytes after NMN injection. More-
over, Sirt1 agonist SRT-2104 showed no effects on
Notch1 in the normal cardiomyocytes. Therefore, we
think that Sirt1 is not involved in the NMN-Notch1
regulation pathway in MIRI.

DISCUSSION

INVOLVEMENT OF ZFAS1 IN MIRI. ZFAS1 is closely
associated with cardiovascular diseases. ZFAS1 was
shown to be a possible biomarker for MI based on
current evidence.23 Our research group discovered
that as a SERCA2a inhibitor, ZFAS1 can cause intra-
cellular Ca2þ excess and contractile failure.24

Furthermore, ZFAS1 produced intracellular Ca2þ

excess, resulting in cardiomyocyte death, according
to our findings.25 Wu et al37 also demonstrated that
otch1 in NMCMs treated with 5-aza-20-deoxycytidine (50aza). n ¼ 5.

the Notch1 promoter methylation level in WT and TG mice. (E) The

Notch1 promoter activity in HEK293T cells with the use of a

tion of Notch1 with ZFAS1 in cardiomyocytes was examined with the

NMT3b, DNMT3a, and DNMT1 with ZFAS1. n ¼ 3. *P < 0.05 vs IgG;

1. n ¼ 3. *P < 0.05 vs IgG. P values were determined by means of

sented as mean � SEM. DNMT ¼ DNA methyltransferase;

https://doi.org/10.1016/j.jacbts.2022.06.004
https://doi.org/10.1016/j.jacbts.2022.06.004


FIGURE 7 The Function of mut-ZFAS1 in the Myocardium
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ZFAS1 promotes the functional availability of miR-150
by acting as a competing endogenous RNA to promote
apoptosis. In the present investigation, we discov-
ered that ZFAS1 was elevated during MIRI and that it
played a role in myocardial injury by increasing
oxidative stress and apoptosis.

MECHANISMS UNDERLYING NOTCH1 REGULATION

OF MIRI. In cardiovascular diseases, Notch signaling
is crucial. Notch gene re-expression after the
myocardial injury is an adaptive response secondary
to myocardial injury.38 Olmesartan can improve ven-
tricular remodeling in chronic pressure overload mice
by activating the Dll4-Notch1 signaling pathway. Also,
Notch signaling protects against MIRI in part caused
by antioxidative and antinitrative actions mediated
by PTEN/Akt.14 Our present work conducted gene
expression profiling experiments on ZFAS1 knock-in
mice and determined that ZFAS1 can target Notch1
and regulate the Notch signaling pathway. Further
verification also confirmed that ZFAS1 can inhibit the
Notch signaling pathway by regulating Notch1. The
inhibitory effect of MIRI on the Notch signaling
pathway can be restored by knocking down ZFAS1;
however DAPT, a Notch signaling pathway inhibitor,
can reverse this effect even more. According to our
findings, ZFAS1 functions as an upstream factor in the
Notch signaling pathway and is essential in MIRI.

THE REGULATORY MECHANISMS OF ZFAS1 ON

NOTCH1. Based on our previous work, we know that
ZFAS1 is distributed in the nucleus and cytoplasm,24

and previous research mainly explored its role in
the cytoplasm. The methylation of genomic loci
controlled by nuclear lncRNA is a newly recognized
defining attribute of lncRNAs, according to a vast
amount of experimental evidence.39 Our present
study confirmed that Notch1 is hypermethylated in
the heart tissue of ZFAS1 TG mice. By binding to DNA
and generating RNA:DNA triplexes that can recruit
DNMTs and promote DNA methylation of particular
areas, lncRNAs can suppress gene transcription.40,41

Intriguingly, our observations found by means of
ChiRP assay that ZFAS1 can bind to the Notch1 pro-
moter, and by means of ChIP and RIP assays, we
ed

nce of mut-ZFAS1 after mutating ZFAS1 and Notch1 binding site. (B, C) Notc

ed cardiomyocytes. (D, E) Hey1 mRNA (n ¼ 9) and protein (n ¼ 6) levels in Z

yocytes transfected with ZFAS1 and mut-ZFAS1. n ¼ 10. (G, H) The effects o

and mut-ZFAS1 on cardiomyocytes were detected by means of TUNEL stain

fected with ZFAS1 and mut-ZFAS1. n ¼ 13. Magnification �200. Data are prese

s of variance with Bonferroni multiple group comparisons. Abbreviations as
determined that ZFAS1 recruited DNMT3b in contrast
to DNMT1 and DNMT3a. We specifically mutated the
region where ZFAS1 binds to Notch1 and found that
its recruitment of DNMT3b mainly relies on its bind-
ing to the Notch1 promoter region. Despite this, our
findings suggest that the interaction between lncRNA
and DNA promoters can recruit DNMTs and
contribute to DNA methylation and subsequent mo-
lecular processes.

THE REGULATORY MECHANISM OF NMN IN MIRI. It
has been reported that NMN can cooperate with
melatonin to protect MIRI,31 and it can protect MIRI
by regulating mitochondrial ROS and redox.29 We
found that NMN can significantly attenuate the
apoptosis of HR-induced cardiomyocytes and
improve the cardiac function of MIRI mice. Unlike in
previous studies, we think that this effect is related to
the molecular conformation of NMN and DNMT3b and
the regulation of the methylation process.

COMPARISON WITH PUBLISHED STUDIES ON

ZFAS1. Researchers have gradually recognized the
regulatory role of ZFAS1 in heart disease. For MI,
because of the absence of oxygen, cellular meta-
bolism shifts to anaerobic respiration, producing
lactate and causing a drop in intracellular pH, which
activates the Naþ-Ca2þ exchanger and causes intra-
cellular Ca2þ overload. Thus, impairment of intracel-
lular Ca2þ homeostasis is a key process in causing the
dysfunction of MI. Our previous research confirmed
that unusually high expression of ZFAS1 can lead to
intracellular Ca2þ overload and, as a result, myocar-
dial dysfunction in MI. MIRI, a completely different
disease from MI, occurred caused by the production
of a burst of detrimental oxidative stress and the
accumulation of ROS, which mediates myocardial
injury and cardiomyocyte death contributing to
intracellular Ca2þ overload and damaged cell mem-
brane. Thus, oxidative stress or ROS generation is the
important initiating mechanism of MIRI, the occur-
rence of which is the key to distinguishing MI from
MIRI. And our data demonstrated that ZFAS1 has a
regulatory effect on MIRI and indicated that ZFAS1
exerts an effect on ROS levels, excluding the
h1 mRNA (n ¼ 5) and NICD protein (n ¼ 7) levels in ZFAS1- and

FAS1- and mut-ZFAS1–transfected cardiomyocytes. (F) Hes1 mRNA

f ZFAS1 and mut-ZFAS1 on cardiomyocyte cell viability. n ¼ 7. (I, J)

ing. n ¼ 7. Magnification �200. (K, L) The contents of ROS of

nted as mean � SEM. *P < 0.05; **P < 0.01; ***P < 0.001; t-tests

in Figures 1 and 3.



FIGURE 8 NMN Is a Potential Therapeutic Strategy to Ameliorate MIRI

(A) Schematic diagram of the binding site of NMN and DNMT3b by molecular docking. (B) CETSA was used to detect the binding of NMN to

DNMT3b. (C) Statistical results of CETSA: the protein level of DNMT3b at different temperatures after treatment with NMN and DMSO. n ¼ 3.

*P < 0.05 vs DMSO. (D) NMN promotes the mRNA expression of Notch1 in HR-treated cardiomyocytes. n ¼ 8. *P < 0.05 vs Ctl; #P < 0.05 vs

HR. (E) NMN promotes the protein expression of NICD in HR-treated cardiomyocytes. n ¼ 5. *P < 0.05 vs Ctl; #P < 0.05 vs HR. (F) NMN

increased the cell viability of HR-treated cells according to CCK8 assay. n ¼ 10. ***P < 0.001 vs Ctl; #P < 0.05 vs HR. (G, I, J) The effects of

NMN on HR-treated cardiomyocytes cell viability. n ¼ 6, ***P < 0.001 vs Ctl, ###P < 0.001 vs MIRI, Magnification � 200. (H, K) The effects

of NMN on HR-treated cardiomyocytes were detected with the use of TUNEL staining. n ¼ 5. ***P < 0.001 vs Ctl; ###P < 0.001 vs MIRI.,

Magnification �200. (L) Experimental timeline. (M) Repair of cardiac function by NMN in MIRI mice. n ¼ 10. ***P < 0.001 vs Sham;

###P < 0.001 vs MIRI. (N) The effect of NMN on the infarct size of MIRI mice according to TTC. Data are presented as mean � SEM.

*P < 0.05; **P < 0.01; ***P < 0.001; t-tests and one-way analyses of variance with Bonferroni multiple group comparisons.

ip ¼ intraperitoneal; NMN ¼ nicotinamide mononucleotide; other abbreviations as in Figures 1, 5, and 6.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

present study identified the ZFAS1-Notch1 axis as a

molecular integrator and therapeutic target of oxida-

tive stress–induced cardiac dysfunction in MIRI.

Indeed, genetic inhibition of ZFAS1 or activation of

Notch1 significantly attenuated the typical hallmarks

of maladaptive remodeling and directly improved

cardiac function in a relevant preclinical animal model.

NMN can activate Notch1 through epigenetic regula-

tion and improve cardiac function after MIRI.

TRANSLATIONAL OUTLOOK: ZFAS1 could be

considered as a novel therapeutic target for main-

taining cardiac function in MIRI. NMN or other forms

of ZFAS1 inhibitor could be developed into a novel

therapeutic agent for ameliorating cardiac dysfunction

after MIRI.
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regulation of calcium overload. Moreover, although
our data demonstrated that the ZFAS1-SERCA2a axis
participated in the regulation of MIRI, we clarified
that targeting the Notch signaling pathway is the
main regulation mechanism of ZFAS1 in MIRI.
Furthermore, ZFAS1 is reported to inhibit in lipo-
polysaccharide (LPS)–treated cardiomyocytes, and
overexpression of ZFAS1 prevents LPS-induced
apoptosis.42 However, both our previous studies and
the findings by Huang et al43 and Wu et al37 have
verified that knockdown of ZFAS1 could protect the
cardiomyocytes from apoptosis. Here, we propose
that LPS-induced cellular damage differs mechanis-
tically from that of MIRI. The beneficial effects of
inhibition of ZFAS1 and activation of Notch signaling
on cardiomyocyte apoptosis are well established.

STUDY LIMITATIONS. We are aware that the pre-
application of AAV9-shZFAS1 may be a limitation of
this study. This 3-week advance delivery of AAV9-
shZFAS1 has limitations for clinical treatment of
MIRI, and the protective impact of knockdown on
ZFAS1 on MIRI was established only at the mecha-
nistic level in our investigation, but it opens up the
possibility of rectifying the functional impairment of
the heart induced by ischemia-reoxygenation. In a
follow-up study, we would consider establishing
nanoparticles or exosome-encapsulated shZFAS1 or
mut-ZFAS1 to provide the possibility for clinical
treatment of heart diseases.

CONCLUSIONS

As a basis of these observations, we suggest the
following paradigm for ZFAS1 to regulate apoptosis in
cardiac ischemia-reperfusion injury: MIRI / ZFAS1
[ / Notch1 DNA methylation [ / Notch signaling
pathway Y / cell apoptosis [ / heart function Y. As
shown in the Visual Abstract, up-regulated ZFAS1 fa-
cilitates DNMT-Notch1 interaction and promotes DNA
methylation–mediated Notch1 down-regulation, ac-
cording to our findings, which explains how
up-regulated ZFAS1 underpins the genesis of MIRI. By
interfering with this epigenetic process, NMN could
be used to treat MIRI as a potential therapeutic
therapy.
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