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HNEAP Regulates Necroptosis of Cardiomyocytes by
Suppressing the m5C Methylation of Atf7 mRNA

Kai Wang, Fu-Hai Li, Lu-Yu Zhou, Xue-Mei Zhao, Xiang-Qian Gao, Cui-Yun Liu,
Xin-Min Li, Xin-Zhe Chen, Yan Zhao, Xue-Li Cheng, Rui-Quan Wang, Rui-Feng Li,
Yu-Hui Zhang, Fei Gao,* Jin-Wei Tian,* and Kun Wang*

PIWI-interacting RNAs (piRNAs) are highly expressed in various
cardiovascular diseases. However, their role in cardiomyocyte death caused
by ischemia/reperfusion (I/R) injury, especially necroptosis, remains elusive.
In this study, a heart necroptosis-associated piRNA (HNEAP) is found that
regulates cardiomyocyte necroptosis by targeting DNA methyltransferase 1
(DNMT1)-mediated 5-methylcytosine (m5C) methylation of the activating
transcription factor 7 (Atf7) mRNA transcript. HNEAP expression level is
significantly elevated in hypoxia/reoxygenation (H/R)-exposed
cardiomyocytes and I/R-injured mouse hearts. Loss of HNEAP inhibited
cardiomyocyte necroptosis and ameliorated cardiac function in mice.
Mechanistically, HNEAP directly interacts with DNMT1 and attenuates m5C
methylation of the Atf7 mRNA transcript, which increases Atf7 expression
level. ATF7 can further downregulate the transcription of Chmp2a, an inhibitor
of necroptosis, resulting in the reduction of Chmp2a level and the progression
of cardiomyocyte necroptosis. The findings reveal that piRNA-mediated m5C
methylation is involved in the regulation of cardiomyocyte necroptosis. Thus,
the HNEAP-DNMT1-ATF7-CHMP2A axis may be a potential target for
attenuating cardiac injury caused by necroptosis in ischemic heart disease.
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1. Introduction

Cardiovascular diseases (CVDs) are the ma-
jor causes for mortality and morbidity in
both developing and developed countries.[1]

The prevalence of CVDs continues to in-
crease with a trend of early onset in younger
individuals.[2] Myocardial reperfusion in-
jury is a common cardiac injury encoun-
tered in clinical settings. Restoration of
blood supply to the ischemic tissue leads to
further cardiomyocyte injury in the reper-
fusion area, such as a severe inflammatory
response, cell death, and oxidative stress
injury.[3,4]

For a long time, necrosis was considered
to be a passive mechanism of cell death
caused by physical or chemical damage
factors, hypoxia, malnutrition, and other
pathological factors. Programmed necro-
sis or necroptosis is a newly discovered
form of cell death.[5,6] Unlike apoptosis
and pyroptosis, necroptosis is similar to
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traditional necrosis, such as rupture of the plasma mem-
brane, which causes an inflammatory response.[7] The produc-
tion and accumulation of pro-inflammatory cytokines, destruc-
tion of biofilms, and release of intracellular damage-related
molecules are closely related to the occurrence and development
of necroptosis.[8]

Necroptosis is regulated by a sophisticated cellular signaling
network.[9] Under the induction of TNF𝛼, RIPK1 and RIPK3
can phosphorylate each other to form necrosomes.[10] RIPK1
and RIPK3 are phosphorylated to facilitate kinase activity, and
mixed lineage kinase domain-like protein (MLKL) is phospho-
rylated and activated, which further mediates cell necroptosis.[10]

Necroptosis is relevant in ischemic injury and neurodegenerative
diseases, and it has become the focus of cell death research in re-
cent years.[11,12]

As a hotspot in the field of CVD research, an increasing num-
ber of heart-specific ncRNAs have been shown to be involved in
the regulation of heart development and the occurrence and de-
velopment of various heart diseases.[13] PIWI-interacting RNAs
(piRNAs) constitute a new class of non-coding RNA discovered
in recent years; they are ≈24–32 nt in length. However, the spe-
cific functions of piRNAs in heart disease remain unclear. The
m5C modification is characterized by the addition of a methyl
group to the fifth carbon atom of cytosine. M5C mRNA is involved
in mRNA export, maintenance of stability, and translation.[14–16]

DNMT1,2 are crucial methylation regulators.[17,18] However, the
mechanism by which the m5C modification module is dysregu-
lated in heart diseases remains unclear.

In this study, we demonstrated that HNEAP is a key regu-
lator of cardiomyocyte necroptosis during myocardial reperfu-
sion damage. HNEAP intermediates cardiomyocyte necroptosis
by directly interacting with DNMT1 and reducing its RNA 5-
methylcytosine (m5C) methylation activity, which leads to the
upregulation of Atf7 expression and a decrease in the level of
ATF7-antagonistic necroptosis inhibitory factor CHMP2A. Our
study revealed that HNEAP-mediated RNA m5C modification
significantly contributes to cardiomyocyte necroptosis and my-
ocardial injury. Hence, HNEAP may be a potential target for
alleviating infarct size and improving cardiac function after is-
chemia/reperfusion (I/R) injury.

2. Results

2.1. Identification and Characterization of Myocardial
Necroptosis-Associated piRNAs

piRNAs participate in the pathophysiological processes of many
cardiovascular diseases, including myocardial hypertrophy and
myocardial injury.[19] Myocardial injury can lead to cardiomy-
ocyte apoptosis and necroptosis.[20,21] To systematically identify
and study the functions of piRNAs involved in cardiomyocyte
necroptosis, we first performed a piRNA microarray analysis in
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I/R-injured mouse hearts (Figure 1a; Table S1, Supporting In-
formation). We randomly selected 20 piRNAs (ten upregulated
and ten downregulated) that were differentially expressed in the
microarray results compared to those sham-operated hearts and
verified their expression levels by qRT-PCR. We found that com-
pared with the sham group, four piRNAs were significantly up-
regulated, and two were downregulated (Figure 1b,c). We also
measured the levels of these piRNAs in cardiomyocytes treated
with hypoxia/reoxygenation (H/R) (Figure S1a,b, Supporting In-
formation). Among these, the level of piRNA DQ691316 in car-
diomyocytes injured by H/R significantly increased. We next ex-
amined the levels of DQ691316 in various tissues and found that
it was more abundant in the heart (Figure 1d). Compared to car-
diac fibroblasts, DQ691316 was mainly expressed in cardiomy-
ocytes (Figure S1c, Supporting Information). Based on these
results, we hypothesized that DQ691316 may have a potential
regulatory function in reperfusion-induced cardiac injury and
chose DQ691316 for further research. We named this uniden-
tified piRNA heart-necroptosis-associated piRNA (HNEAP) and
identified that HNEAP consists of 2′-O-methylation at the 3′-
end[22] (Figure 1e). Subsequently, we observed that HNEAP was
distributed in the nucleus and cytoplasm (Figure 1f,g).

2.2. Inhibition of HNEAP Blocks H/R-Induced Cardiomyocyte
Necroptosis

To evaluate the function of HNEAP in cardiomyocyte necrop-
tosis, we used H/R-induced cardiomyocyte injury model. H/R
induced cardiomyocyte necroptosis (Figure S1d,e, Supporting
Information) and HNEAP expression (Figure S1f, Supporting
Information) at different time points. Enforced expression of
HNEAP (Figure 2a) caused cardiomyocyte necroptosis, as in-
dicated by an increased number of PI-positive cardiomyocytes
(Figure 2b,c) and increased LDH activity (Figure 2d). In contrast,
knockdown of HNEAP using an inhibitor (Figure 2e,f) attenu-
ated H/R-induced cardiomyocyte necroptosis (Figure 2g–i). Fur-
thermore, we examined the effect of HNEAP on cardiomyocyte
apoptosis and observed that HNEAP had no effect on apoptosis in
cardiomyocytes (Figure S2a,b, Supporting Information). Taken
together, these results suggest that HNEAP participate in the reg-
ulation of cardiomyocyte necroptosis.

2.3. Knockout of HNEAP Attenuates Cardiac Damage and
Necroptosis under I/R Injury

Cardiomyocyte necroptosis is an important factor in the patho-
physiology of various cardiac diseases, including I/R injury.[23,24]

To investigate whether HNEAP is functionally related to myocar-
dial injury, we generated HNEAP-knockout (HNEAP-KO) mouse
using CRISPR technology (Figure 3a). Genotyping (Figure 3b)
and qRT-PCR analysis (Figure 3c) confirmed the deletion of
HNEAP in KO mice. We did not observe significant morpho-
logical (Figure S2c,d, Supporting Information) or functional
phenotypic alterations (Figure S2e, Supporting Information) in
HNEAP-KO hearts compared with wild type mouse hearts under
basal conditions. To acquire a comprehensive understanding
of the function of HNEAP in I/R injury, mouse hearts were
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Figure 1. Identification of HNEAP in cardiomyocytes. a) The piRNA microarray data. b,c) Randomly detect the expression level of piRNAs up-regulated
(b) or down-regulated (c) in I/R injured mouse hearts by qPCR (n = 3 independent experiments). d) Determination of relative expression of DQ691316
in different tissues of adult mice by qPCR (n = 6 independent experiments). e) Detection of 2′-O-methylation at the 3′ end of HNEAP using RTL-P
approach. RT-PCR reaction was performed with an unanchored or anchored RT primer at different concentrations of dNTPs. f) Representative images of
fluorescence in situ hybridization with junction-specific probes of HNEAP demonstrate its subcellular localization. Green represents HNEAP and blue
represents nuclei. Bar = 25 μm. g) The levels of HNEAP in the cytoplasm or nuclear fractions of cardiomyocytes were determined by qPCR. U6 and
GAPDH were used as internal controls (n = 3 independent experiments). Data are presented as Mean ± SD. Two-way ANOVA test (b,c) or one-way
ANOVA test (d,e).

ischemia for 1 h followed by reperfusion for 3 h (Figure S2f, Sup-
porting Information). In contrast to sham-treated hearts, Evans
blue dye (EBD) can penetrate I/R-injured heart sections, marking
necroptotic cardiomyocytes red.[25] Cardiomyocyte necroptosis
was significantly reduced in the hearts of HNEAP-KO mice
during I/R injury (Figure 3d,e), and HNEAP-KO mice showed
improved ventricular function (Figure 3f) and reduced infarct
size (Figure 3g,h) compared to WT mice with I/R injury. We then
sought to determine the effect of HNEAP KO on cardiomyocyte
apoptosis, and the results showed that the knockout of HNEAP
had no inhibitory effect on I/R-induced apoptosis (Figure S2g,

Supporting Information). In summary, these data suggest that
HNEAP deficiency attenuates cardiomyocyte necroptosis and
alleviates cardiac dysfunction caused by I/R injury.

2.4. HNEAP Binds to DNMT1 and Regulates Its
5-Methylcytosine Methylation Activity

We explored the molecular mechanisms by which HNEAP reg-
ulates necroptosis in cardiomyocytes. Epigenetic modification
of mRNA participates in many basic biological processes and
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Figure 2. Knockdown of HNEAP attenuates H/R-induced cardiomyocyte necroptosis. a–d) The isolated neonatal mice cardiomyocytes were transfected
with HNEAP agomir (HNEAP) or its negative control (NC) for 24 h. a) The expression level of HNEAP was analyzed by qPCR (n = 6 independent
experiments). b) Necroptosis was determined by the PI staining. DAPI indicates Nucleus. Bar = 25 μm. c) Quantitative analysis of the percentage of
necroptotic cells (n = 6 independent experiments). d) The activity of lactate dehydrogenase (LDH) in cardiomyocytes after transfection with HNEAP
or NC. (n = 6 independent experiments). e) The isolated neonatal mice cardiomyocytes were transfected with HNEAP antagomir (anta) or its negative
control (anta-NC) for 24 h. The expression level of HNEAP was analyzed by qPCR (n = 4 independent experiments). f–i) The isolated neonatal mice car-
diomyocytes were transfected with HNEAP antagomir (anta) or its negative control (anta-NC) for 24 h and then cells were treated with H/R as described
in the Experimental Section. f) qPCR analysis of the expression level of HNEAP (n = 5 independent experiments). g) Necroptosis was determined by the
PI staining. DAPI indicates Nucleus. Bar = 25 μm. h) Quantitative analysis of the percentage of necroptotic cells (n = 6 independent experiments). i) The
upper panel shows the activity of LDH in cardiomyocytes after transfection with anta or anta-NC and treated with H/R (n = 6 independent experiments).
The lower panel is representative western blot showing the expression of RIPK1 and RIPK3. Data are presented as Mean ± SD. All data were analyzed
using one-way ANOVA.

is of great significance.[26,27] Our previous studies have shown
that piRNAs regulate NAT10-dependent ac4C acetylation.[19] To
further investigate the functional correlation between piRNA
and mRNA epigenetic regulation, we performed RNA pull-down
assays using biotinylated HNEAP and detected epigenetically

related molecules that interacted with HNEAP in cardiomy-
ocytes (Figure S3a,b, Supporting Information). Proteins bound
to HNEAP were identified using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Among these proteins, we se-
lected DNA methyltransferase 1 (DNMT1), whose function in
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Figure 3. HNEAP deficiency ameliorates I/R-induced necroptosis and myocardial injury. a) Schematic diagram of HNEAP location. CRISPR-Cas9 gene
editing system was used to knock out the genomic sequence of HNEAP and generation of the knockout mouse. b) Genotyping of HNEAP-knockout
(KO) mice by PCR and agarose electrophoresis. c) The expression level of HNEAP in wild-type (WT) and HNEAP-KO mouse hearts were analyzed by
qPCR (n = 12 mice per group). d) WT and HNEAP-KO mouse hearts were stained with Evans blue dye (EBD) to determine cell necroptosis. DAPI stands
for nucleus. Immunostaining of wheat germ agglutinin (WGA) (green) labeled cardiomyocytes. EBD (red) marks necroptotic cardiomyocytes. Bar =
25 μm. e) Quantitative analysis of the percentage of necroptotic cardiomyocytes (n = 5 mice per group). f) Cardiac function (fractional shortening, FS%)
of WT or HNEAP-KO mouse hearts after I/R injury was measured by echocardiography (n = 5 mice per group). g) The representative photos of the
midventricular myocardial slices stained with EBD-TTC showed that the infarcted area of the heart in HNEAP-KO mice decreased after I/R. Bar = 2 mm.
h) Quantitative analysis of left ventricular infarct size. Area at risk (AAR), infarct area (INF) (n = 5 mice per group). Data are presented as Mean ± SD.
Two-sided Student’s t-test (c) or two-way ANOVA test (e,f,h).
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Figure 4. HNEAP binds to DNMT1 and regulates its 5-methylcytosine methylation activity. a) Identification of HNEAP binding protein (detected DNMT1)
using LC-MS/MS. b) In cardiomyocytes, RNA pull-down assay was carried out using biotinylated HNEAP (Bio-HNEAP) or negative control (Bio-NC)
and western blot analysis showing HNEAP binds with DNMT1 protein. c) RNA immunoprecipitation using DNMT1 specific antibody followed by qPCR
analysis showing HNEAP enriched in DNMT1 fraction (n = 5 independent experiments). d–h) m5C methylated RNA immunoprecipitation and sequenc-
ing (meRIP-seq) was performed in KO and WT mouse hearts. d) Numbers of m5C peaks were detected in KO (left circle) and WT (right circle) mouse
hearts. e) Percentage of mRNAs with different numbers of m5C peaks. f) Metagene profile showing the distribution of m5C peaks across the length of
transcripts composed of three rescaled non-overlapping segments 5′UTR, CDS, and 3′UTR in KO and WT mouse hearts. g) Scatter plot of differential
expression of mRNAs assessed from RNA-seq data. Red dots denote up-regulated genes and green dots denote down-regulated genes. h) Correlation
between the level of gene expression (overall transcript) and changes in m5C level in KO mouse hearts compared to WT. Data are presented as Mean ±
SD. Two-sided Student’s t-test (c).

necroptosis regulation is unknown (Figure 4a). In vitro RNA pull-
down assay using biotinylated HNEAP, followed by immunoblot-
ting, confirmed that HNEAP bound to DNMT1 (Figure 4b). Af-
ter RIP, we conducted qPCR and observed that HNEAP was
enriched in the DNMT1 group (Figure 4c), suggesting that
HNEAP and DNMT1 interact with each other in vivo. In ad-

dition, we observed that the knockout or overexpression of
HNEAP did not significantly alter the levels of DNMT1 mRNA
and protein in cardiomyocytes (Figure S3c–f, Supporting Infor-
mation). These results suggested that HNEAP interacts with
DNMT1 and is involved in the regulation of 5-methylcytosine
methylation.
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2.5. m5C Methylation in HNEAP-KO Mouse Hearts

To examine the mechanism of HNEAP regulation of 5-
methylcytosine modification, we performed m5C methylated
RNA immunoprecipitation sequencing (meRIP-seq) in HNEAP-
KO and WT mouse hearts (Table S2, Supporting Information).
Among all the detected m5C mRNA transcripts (Figure 4d), more
than half contained one m5C peak (Figure 4e). In both WT and
HNEAP-KO mice, m5C peaks were predominantly found in cod-
ing sequences (CDSs) near start and stop codons (Figure 4f).
Next, we performed RNA-seq analysis in HNEAP KO and WT
mouse hearts to explore the relationship between m5C modifica-
tion and gene expression (Figure 4g), and plotted m5C peak data
against RNA-seq data of gene expression to correlate the gene ex-
pression level with the m5C modification level (Figure 4h; Table
S3, Supporting Information). We termed the upregulated peaks
hypermethylated m5C peaks, including hyper-down and hyper-
up genes. We termed the downregulated peaks hypomethylated
m5C peaks, including hypo-down and hypo-up genes.

2.6. HNEAP Inhibits DNMT1-Mediated m5C Modification and
Promotes Atf7 mRNA Expression

Next, we performed MeRIP-qPCR and qPCR for differen-
tially methylated and differentially expressed genes, respectively.
Among these, the level of m5C modification of Atf7 in HNEAP-
KO hearts was significantly increased, and its expression level
was dramatically reduced (Figure 5a–d; Figure S4a–c, Support-
ing Information). In contrast, m5C enrichment at Atf7 decreased
(Figure 5e), along with a significant increase in the levels of Atf7
mRNA and protein (Figure 5f,g) in HNEAP overexpressed car-
diomyocytes. Based on these data, we selected Atf7 as the candi-
date target of m5C for the regulate of cardiomyocyte necroptosis.
Next, we investigated how HNEAP upregulated Atf7 expression.
In HNEAP-KO mouse hearts, DNMT1 binding to Atf7 mRNA
was significantly increased compared to that in WT mouse hearts
(Figure 5h). In addition, forced expression of DNMT1 in car-
diomyocytes increased the m5C modification level of Atf7 mRNA
and decreased Atf7 mRNA and protein levels, and this effect
was inhibited when HNEAP was overexpressed (Figure 5i–k).
Taken together, these observations indicate that HNEAP medi-
ates m5C modification of Atf7 mRNA through DNMT1 and that
this methylation modification affects Atf7 mRNA expression.

2.7. Knockdown of Atf7 Attenuates Cardiomyocyte Necroptosis

ATF7 is a vertebrate member of the ATF2 transcription factor
subfamily that belongs to the ATF/CREB protein superfamily.
These proteins are characterized by the presence of B-Zip DNA-
binding domains.[28–30] ATF/CREB play an important role in en-
ergy metabolism and cell growth; however, their function in
cardiac tissues remains unclear.[31] To confirm the function of
ATF7 in the regulation of cardiomyocyte necroptosis, we knocked
down the ATF7 in cardiomyocytes (Figure S5a, Supporting In-
formation), and the results showed that knockdown of ATF7
alone had no effect on cardiomyocytes necroptosis (Figure S5b,c,
Supporting Information). However, Atf7 knockdown blocked

H/R-induced cardiomyocyte necroptosis (Figure 6a–d; Figure
S5d, Supporting Information). In vivo, Atf7 mRNA and pro-
tein levels remarkably increased after I/R surgery (Figure 6e).
Atf7 knockdown (Figure 6e) reduced cardiomyocyte necroptosis
(Figure 6f,g), ameliorated ventricular function (Figure 6h), and
reduced infarct size (Figure 6i,j). In additon, we found that ATF7
knockdown had no effect on H/R-induced cardiomyocyte apopto-
sis (Figure S5e,f, Supporting Information). We further explored
the effects of HNEAP on ATF7 expression. HNEAP knockdown
decreased ATF7 expression level (Figure S6a, Supporting Infor-
mation); it also inhibited H/R-induced ATF7 expression (Figure
S6b, Supporting Information) and necroptosis; these effects were
attenuated by DNMT1 silencing (Figure S6c–e, Supporting Infor-
mation). Taken together, these data indicate that Atf7 plays a crit-
ical role in the regulation of cardiomyocyte necroptosis, and Atf7
is a direct downstream target of HNEAP and DNMT1.

2.8. Atf7 Modulates the Expression of CHMP2A in
Cardiomyocytes Necroptosis

To investigate the downstream effectors of Atf7, we evaluated
the expression levels of critical factors associated with necrop-
tosis, as reported in previous studies. Specifically, the expres-
sion level of the key necroptosis molecule, CHMP2A, increased
upon Atf7 silencing in cardiomyocytes (Figure 7a,b). Conversely,
Atf7 overexpression decreased the mRNA and protein levels of
Chmp2a (Figure 7c), indicating an inverse correlation between
Atf7 and Chmp2a. Next, we evaluated whether Atf7 directly tar-
gets Chmp2a. We constructed a Chmp2a promoter containing
an Atf7 binding site (Figure 7d) and tested the effect of Atf7 on
its activity using a luciferase reporter assay. Atf7 knockdown in-
creased luciferase activity of the Chmp2a construct (Figure 7e).
The H/R-induced decrease in the transcription of Chmp2a was
attenuated upon Atf7 knockdown in cardiomyocytes (Figure 7f).
These results suggest that Atf7 inhibits CHMP2A expression by
directly binding to its promoter region of Chmp2a.

Next, we investigated the effects of CHMP2A on cardiomy-
ocyte necroptosis. Chmp2a knockdown (Figure S7a, Support-
ing Information) promoted necroptosis (Figure S7b,c, Support-
ing Information). Furthermore, we investigated whether HNEAP
regulated cardiomyocyte necroptosis by targeting CHMP2A. The
results showed that Chmp2a mRNA and protein expression lev-
els significantly increased in HNEAP-KO mouse hearts com-
pared to those in WT hearts (Figure 7g). HNEAP reduced
Chmp2a expression level and induced necroptosis in cardiomy-
ocytes, and these effects were reversed by Atf7 knockdown
(Figure 7h–j, Figure S7d,e, Supporting Information). Next, we
examined whether HNEAP mediates cardiomyocyte necroptosis
through targeting Atf7 and Chmp2a. The results showed that
knockdown of HNEAP inhibited H/R-induced cardiomyocyte
necroptosis, and this effect was attenuated when Chmp2a was
knocked down (Figure S7f, Supporting Information). These data
suggest that Atf7 and CHMP2A are direct downstream molecules
of HNEAP that regulate cardiomyocyte necroptosis.

3. Discussion

Herein, we found that HNEAP is a necroptosis-associated piRNA
that accelerates cardiomyocyte necroptosis by regulating RNA
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Figure 5. HNEAP inhibits m5C modification and promotes expression of Atf7 by targeting DNMT1. a) m5C methylated RNA immunoprecipitation and
Quantitative real-time PCR (acRIP-qPCR) validation of m5C modification levels of genes selected from the results of meRIP-seq and mRNA-seq data in
HNEAP-KO and WT mouse hearts (n = 3 mice per group). b) Integrative Genomics Viewer (IGV) tracks displaying results of m5C-seq read distribution
in Atf7 mRNA of HNEAP-KO and WT mouse hearts. c) The mRNA levels of Atf7 were detected by qPCR assay (n = 6 mice per group). d) The protein
levels of Atf7 were detected by western blot assay. e) meRIP-qPCR analysis in isolated cardiomyocytes treated with or without HNEAP agomir or NC
shows the m5C modification level in Atf7 mRNA (n = 5 independent experiments). f) Expression levels of Atf7 mRNA in cardiomyocytes treated with
HNEAP agomir or NC (n = 5 independent experiments). g) Expression levels of Atf7 protein in cardiomyocytes treated with HNEAP agomir or NC. h)
RIP-qPCR analysis in WT or HNEAP-KO mouse hearts shows the level of Atf7 mRNA binding to DNMT1 (n = 5 mice per group). i) m5C enrichment
level in Atf7 mRNA was detected in cardiomyocytes infected with adenovirus harboring DNMT1 or NC and transfected with HNEAP agomir or NC (n
= 5 independent experiments). j) qPCR assay shows the mRNA level of Atf7 in cardiomyocytes infected with adenovirus harboring DNMT1 or NC and
transfected with HNEAP agomir or NC (n = 5 independent experiments). k) Western blot assay shows the protein level of Atf7 in cardiomyocytes infected
with adenovirus harboring DNMT1 or NC and transfected with HNEAP agomir or NC. Data are presented as Mean ± SD. Two-way ANOVA test (a,h),
two-sided Student’s t-test (c), one-way ANOVA test (e,f,i,j).
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Figure 6. Inhibition of ATF7 attenuates cardiomyocyte necroptosis in vitro and in vivo. a–d) Isolated neonatal mice cardiomyocytes were infected with
Atf7 shRNA (sh-Atf7) or its negative control (sh-NC) adenovirus for 24 h and then cells were treated with H/R. a) The upper panel shows the expression
of Atf7 mRNA (n = 3 independent experiments). The lower panel is representative western blot showing the expression of ATF7. b) Necroptosis was
determined by the PI staining. DAPI indicates Nucleus. Bar = 25 μm. c) Quantitative analysis of the percentage of necroptotic cells (n = 5 independent
experiments). d) The activity of LDH in cardiomyocytes after transfection with sh-Atf7 or sh-NC and treated with H/R (n = 3 independent experiments).
e–j) sh-Atf7 or sh-NC were injected into mice and I/R-induced heart injury was performed 5 days after the injection. e) The mRNA (upper panel) and
protein (lower panel) levels of Atf7 were detected by qPCR assay and western blot assay (n = 6 mice per group). f) Mouse hearts were stained with EBD
to determine cell necroptosis. Bar = 25 μm. g) Quantitative analysis of the percentage of necroptotic cardiomyocytes (n = 5 mice per group). h) Cardiac
function (FS%) of mouse hearts after I/R was measured by echocardiography (n = 5 mice per group). i) The representative photos of the midventricular
myocardial slices stained with EBD-TTC. Bar = 2 mm. j) Quantitative analysis of left ventricular infarct size. (n = 5 mice per group). Data are presented
as Mean ± SD. All data were analyzed using one-way ANOVA.

5-methylcytosine (m5C) modification. HNEAP inhibited Atf7
mRNA methylation by recruiting DNMT1. This results in the
activation of Atf7 mRNA transcription and increased expression
level of the transcription factor Atf7, which, in turn, inhibits the
transcription of CHMP2A, an anti-necroptotic factor (Figure S8,
Supporting Information). In conclusion, our results indicate that

HNEAP is a critical pro-necroptotic factor in the epigenetic mod-
ification of Atf7 mRNA.

Previous studies have identified abundant differentially ex-
pressed piRNAs in injured hearts and cardiac tissues with patho-
logical hypertrophy. Currently, only a few piRNAs have been
functionally characterized, and the functions of most piRNAs in
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Figure 7. Atf7 regulates CHMP2A expression during cardiomyocyte necroptosis. a) Cardiomyocytes were infected with shRNA specifically silencing of
Atf7 (sh-ATF7) or its negative control (sh-NC) and expression levels of key genes involved in cardiomyocyte necroptosis were determined by qPCR (n
= 5 independent experiments). b) Cardiomyocytes were infected with sh-Atf7 or sh-NC and Chmp2a mRNA was assessed by qPCR (upper) (n = 4
independent experiments). The expression levels of Chmp2a protein assessed by western blot (lower). c) Cardiomyocytes were infected with adenoviral
vector harboring Atf7 (Ad-Atf7) or its negative control (Ad-NC) and Chmp2a mRNA was assessed by qPCR (upper) (n = 6 independent experiments).
The expression levels of Chmp2a protein assessed by western blot (lower). d) Motif analysis of the Atf7 bound regions. e,f) Luciferase activity was carried
out (n = 4–5 independent experiments). g) The mRNA levels of Chmp2a were detected by qPCR (upper) (n = 6 mice per group). The protein levels of
Chmp2a were detected by western blot (lower). h–j) Cardiomyocytes were infected with sh-Atf7 or sh-NC and transfected with HNEAP for 24 h. h) The
mRNA levels of Chmp2a were detected by qPCR assay (n = 4 independent experiments). i) The protein levels of Chmp2a were detected by western
blot assay. j) Quantitative analysis of the percentage of necroptotic cells (n = 5 independent experiments). Data are presented as Mean ± SD. Two-way
ANOVA test (a), one-way ANOVA test (b,c,e,f,h,j), two-sided Student’s t-test (g).
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physiological and pathological processes in the heart remain un-
clear. Our results showed that the expression level of HNEAP
in heart tissue and cardiomyocytes was higher than that in
other tissues and cardiac fibroblasts, demonstrating that HNEAP
has heart-specific functions. Epigenetics is the study of herita-
ble modifications involved in gene expression and regulation.[32]

DNA methylation plays a critical role in the regulation of
gene activity. DNMTs can catalyze the addition of methylation
markers to genomic DNA, which is indispensable for methy-
lation maintenance.[33] There are three common types of DN-
MTs, namely DNMT1, DNMT3A, and DNMT3B. Among them,
DNMT1 is the main maintenance methylase, while DNMT3A
and DNMT3B are responsible for de novo methylation.[34,35]

However, DNMT1 is also involved in de novo methylation.[36]

In general, decreased level of DNA methylation leads to ge-
nomic instability, whereas aberrant site-specific methylation of
gene promoters leads to specific gene silencing.[37] Many DNA-
binding chromatin-modifying enzymes can also bind to RNA,
and this binding is thought to play a role in the recruitment and
regulation of enzyme activity.[35] However, the detailed mecha-
nisms underlying RNA-mediated regulation require further ex-
ploration. DNMT1 can directly associate with multiple RNAs,
and different RNAs have distinct effects on the activity and lo-
calization of DNMT1. The long non-coding RNA (lncRNA) Da-
cor1 interacts with DNMT1, leading to abnormal global DNA
methylation.[38] In addition, some miRNAs interact directly with
DNMT1. The binding of miR-155-5p to DNMT1 can inhibit its
activity of DNMT1 enzyme, leading to hypomethylation in some
regions; this abnormal methylation state can cause changes in
gene expression levels.[39] Here, we demonstrated that HNEAP
directly binds to the RNA methyltransferase DNMT1 but does not
affect its expression level. However, the specific binding mode
of HNEAP remains unclear. Whether HNEAP directly binds to
the catalytic domain of DNMT1 or alters its activity requires fur-
ther investigation. Other factors may be involved in the binding
of HNEAP to DNMT1. Based on previous findings that piRNAs
depend on PIWI proteins to regulate gene expression, we spec-
ulated that HNEAP and PIWI proteins, including PIWIL4 and
PIWIL2, may form a complex with DNMT1 and affect its RNA
methylation function. In future studies, we will further explore
whether PIWIL4 or PIWIL2 can interact with HNEAP to form
a complex that participates in the regulation of cardiomyocyte
necroptosis. Furthermore, interactions between piRNAs and DN-
MTs may not be limited to specific methyltransferases. It remains
unknown whether HNEAP interacts with other DNMTs, such as
DNMT3A or DNMT3B.

In the present study, we identified Atf7 mRNA as a down-
stream m5C methylation target in the HNEAP–DNMT1 complex.
We observed that the overexpression of HNEAP reduced the m5C
methylation of Atf7 mRNA and increased its mRNA and protein
levels. Therefore, we hypothesized that m5C methylation modi-
fies Atf7 mRNA to reduce the expression level of Atf7 by regu-
lating its stability. Atf7 belongs to the ATF/cAMP response ele-
ment binding (CREB) protein superfamily and contains a B-Zip
DNA binding domain. ATF/CREB plays an important role in en-
ergy metabolism and cell growth[31] and participates in regulat-
ing the development of the heart and somatic cells.[40] Our results
showed that Atf7 knockdown reduced cardiomyocyte necroptosis
induced by pathological stimuli, suggesting that ATF7 functions

as a pro-necroptotic transcription factor during heart disease de-
velopment.

The present study demonstrated that ATF7 can reverse-
regulate CHMP2A transcription during H/R-induced cardiomy-
ocyte necroptosis and I/R-induced myocardial injury. CHMP2A
belongs to the chromatin-modifying protein/charged multivesic-
ular body protein (CHMP) family.[41] These proteins are compo-
nents of the endosomal sorting complex required for transport-
III (ESCRT-III), a complex involved in the degradation of sur-
face receptor proteins and formation of endocytic multivesicular
bodies (MVBs).[42,43] Some CHMPs have both nuclear and cyto-
plasmic/vesicular distribution. CHMP1A is necessary for MVB
formation and cell cycle regulation.[44] Silencing of CHMP2A
can lead to spontaneous necrosis.[45] Consistent with these stud-
ies, our results suggest that CHMP2A is involved in the regula-
tion of cardiomyocyte necroptosis. Additionally, we demonstrated
that CHMP2A, a transcriptional target of ATF7, participates in
the regulation of cardiac injury. Therefore, our study highlights
the critical role of mRNA m5C modification in the regulation
of cardiomyocyte necroptosis and provides novel understanding
of the mechanisms of piRNA-mediated post-transcriptional gene
regulation. Our results showed that, in addition to mRNA m6A
methylation and ac4C acetylation, mRNA m5C methylation mod-
ification also participates in the pathological process of cardiac
disease. Furthermore, the marked improvement in cardiac func-
tion and significant reduction in infarct size in HNEAP-deficient
mouse hearts suggest that targeting HNEAP may be an effective
therapeutic strategy for alleviating ischemic injury in the heart.

4. Experimental Section
An expanded Experimental Section is supplied in the supplementary

data file.
Cell Isolation and Culture: The hearts of newborn mice (1–2 days of

age) were washed with cold PBS 3–4 times. Then the ventricular regions
were separated and chopped in HEPES-buffered saline. The tissue was dis-
persed in the digestive solution containing pancreatin (Sigma, St. Louis,
Missouri, USA) and collagenaseII (Worthington, Lakewood, USA) at 37 °C,
and was treated by a series of repeated digestion. The collected cells were
resuspended in Dulbecco’s modified Eagle’s medium/F-12 (DMEM/F-12)
(Servicebio, G4610, Wuhan, China) containing 5% Fetal bovine serum (Ex-
Cell, Shanghai, China) and 1% Penicillin-Streptomycin Liquid (Solarbio,
Beijing, China). After 1.5 h pre-plated at 37 °C differential adherent isola-
tion and bromodeoxyuridine (BrdU) (Sigma, St. Louis, Missouri, USA) to
the purification of cardiomyocytes. Then cardiomyocytes were treated with
hypoxia-reoxygenation (H/R) for the indicated periods. In brief, the car-
diomyocytes were pretreated in DMEM/F-12 (without Glucose) (Meilun-
bio, MA0598, Dalian, China) medium for 12 h and then placed in a hypoxic
environment at 37 °C. After completion, DMEM/F12 medium containing
5% serum was replaced, and the cells were reoxygenated in an incubator
with 5% CO2 and 95% O2 at 37°C for 6 h. Then collected cells for subse-
quent experiments.

Animal Experiments and Generation of HNEAP-Knockout (HNEAP-
KO) Mice: HNEAP-knockout mice were generated by using clustered
regularly interspaced short palindromic repeats associated protein 9
(CRISPR/Cas9) gene-editing system (Cyagen Biosciences Inc. Guangzhou,
China). HNEAP+/− mice were interbred to generate KO mice (HNEAP−/−),
which were used for further studies. Mice were genotyped by PCR with for-
ward primer: 5′-CCAGAACATCTGACAGATTTTAAGTCAAG-3′ and reverse
primer: 5′-TTATCTGGAGACAGGGAGTGTTTG-3′. The PCR products were
further PCR screened to verify that the HNEAP was correctly deleted. All
experiments were performed on HNEAP−/− mice and their WT littermates.
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All mice were kept in a temperature-controlled animal facility under a
normal light/dark cycle with free access to food and water for the whole ex-
periment. All procedures with animals were approved by the Ethics Com-
mittee of Animal Experiments of the Qingdao University and performed
in accordance with the guidelines from Directive 2010/63/EU of the Euro-
pean Parliament. Mice were anaesthetised with isoflurane in oxygen (4%
induction, 1–1.5% maintenance). At the end of the study, all animals were
euthanized in a CO2 chamber.

Myocardial Ischemia-Reperfusion (I/R) Injury: Adult male mice were
aged 8–10 weeks were selected for the experiment. After anesthesia, con-
nect the trachea to assist breathing, the left chest was carefully opened
to expose the heart, and ligate the left anterior descending (LAD) coro-
nary artery in the temporal region. Ischemic treatment was performed for
60 min. After ischemia treatment for 60 min, open the tight ferrule and
reperfusion for 3 h to complete the operation. For sham-operated mice,
the same procedure was carried out except for occlusion of the LAD. Dur-
ing the whole procedure, the mice were placed on a 37 °C heating pad in
a supine position.

For Atf7 knockdown or overexpression in vivo, the Atf7 knockdown or
overexpression vector was constructed by adenovirus (Hanbio, Shanghai,
China). Mice were given tail vein injection 5 days before Sham or I/R op-
eration (5 × 1011vg/mouse).

Echocardiography Measurement: After the whole operation, echocar-
diographic measurements were performed on mice using the Vevo2100
imaging system (Visual Sonic) to evaluate cardiac function. Fractional
shortening (FS) was calculated by this system.

RNA Isolation and qRT-PCR: Total RNA was isolated from cardiomy-
ocytes and tissue samples with RNA isolater Total RNA Extraction Reagent
(Vazyme, R401-01, Nanjing, China), and reverse transcripted with Evo M-
MLV RT Kit with gDNA Clean for qPCR II (Accurate Biotechnology (Hu-
nan), AG11711, Changsha, China) according to the instructions. Then
a MonAmpTM ChemoHS qPCR Mix (Monad, MQ00401, China) in a
Quantstudio5 qPCR instrument (Thermo Fisher, Singapore) was used for
qRT-PCR. The results were normalized against U6 or GAPDH. For qRT-
PCR analysis, the primer sequences for specific genes are provided in Table
S4 (Supporting Informtion).

Protein Isolation and Western Blot: Total proteins were isolated from
cardiomyocytes and tissue samples with RIPA lysate (Solarbio, R0020, Bei-
jing, China) containing protease inhibitor (Meilunbio, MA0001, Dalian,
China) at low temperature. The total protein was separated on SDS-PAGE
and transferred to PVDF membranes. After blocking with 5% BSA for
2 h at room temperature, the antibody was used for incubation. Finally,
western blot analysis was performed using ECL chemiluminescence. An-
tibodies used for Western blots included anti-5-methylcytosine (Abcam,
ab10805, USA), RIPK1 (ABclonal, A7414, 1:1000 dilution), RIPK3 (Affin-
ity biosciences, DF10141, 1:1000 dilution), anti-ATF7 (Zen-Bioscience,
381411, 1:500 dilution), anti-DNMT1 (ABclonal, A16833, 1:800 dilution),
anti-CHMP2A (Proteintech, 10477-1-AP, 1:800 dilution), anti-cTnT (Bioss,
bs-10648R, 1:800 dilution), anti-GAPDH (Zen-Bioscience, 200306–7E4,
1:5000 dilution), goat anti-Rabbit IgG (H+L) HRP (Affinity biosciences,
S0001, 1:10 000 dilution), goat anti-Mouse IgG (H+L) HRP (Affinity bio-
sciences, S0002, 1:10 000 dilution) for WB.

Statistical Analysis: All data were expressed as the mean ± SD. Graph-
Pad Prism (GraphPad Software Inc., San Diego, CA) was used for statis-
tical analysis. Student’s t-test was used for comparison between the two
groups, and unpaired two-sided test was used for all tests. One-way anal-
ysis of variance (ANOVA) with Tukey’s multiple comparisons test or two-
way ANOVA with Bonferroni’s multiple comparisons test was used for
multi-group comparisons. The experiments were repeated at least three
times independently, and similar results were obtained. When p < 0.05, it
was considered to be statistically significant.
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