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A B S T R A C T   

Ferroptosis is a nonapoptotic form of regulated cell death that has been reported to play a central role in cardiac 
ischemia‒reperfusion (I/R) injury. N-acetyltransferase 10 (NAT10) contributes to cardiomyocyte apoptosis by 
functioning as an RNA ac4c acetyltransferase, but its role in cardiomyocyte ferroptosis during I/R injury has not 
been determined. This study aimed to elucidate the role of NAT10 in cardiac ferroptosis as well as the underlying 
mechanism. The mRNA and protein levels of NAT10 were increased in mouse hearts after I/R and in car-
diomyocytes that were exposed to hypoxia/reoxygenation. P53 acted as an endogenous activator of NAT10 
during I/R in a transcription-dependent manner. Cardiac overexpression of NAT10 caused cardiomyocyte fer-
roptosis to exacerbate I/R injury, while cardiomyocyte-specific knockout of NAT10 or pharmacological inhibi-
tion of NAT10 with Remodelin had the opposite effects. The inhibition of cardiomyocyte ferroptosis by Fer-1 
exerted superior cardioprotective effects against the NAT10-induced exacerbation of post-I/R cardiac damage 
than the inhibition of apoptosis by emricasan. Mechanistically, NAT10 induced the ac4C modification of 
Mybbp1a, increasing its stability, which in turn activated p53 and subsequently repressed the transcription of the 
anti-ferroptotic gene SLC7A11. Moreover, knockdown of Mybbp1a partially abolished the detrimental effects of 
NAT10 overexpression on cardiomyocyte ferroptosis and cardiac I/R injury. Collectively, our study revealed that 
p53 and NAT10 interdependently cooperate to form a positive feedback loop that promotes cardiomyocyte 
ferroptosis to exacerbate cardiac I/R injury, suggesting that targeting the NAT10/Mybbp1a/p53 axis may be a 
novel approach for treating cardiac I/R.   

1. Introduction 

Acute myocardial infarction (AMI) is a leading cause of morbidity 
and mortality worldwide [1,2]. Timely reperfusion of coronary blood is 
the most effective therapeutic approach for limiting MI and preserving 

cardiac function in patients with AMI. However, reperfusion can often 
exacerbate cardiac damage; this phenomenon is referred to as ischemia‒ 
reperfusion (I/R) injury. Although considerable efforts have been made 
to explore the underlying molecular mechanism involved, feasible 
therapeutic targets for clinically attenuating cardiac I/R injury are still 
lacking. 
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Ferroptosis, which is different from apoptosis, necrosis and auto-
phagy, is a type of iron-dependent programmed cell death that is char-
acterized by the excessive lipid peroxidation due to redox imbalances. 
Ferroptosis has been well accepted as a key driver of cardiac impairment 
after MI [3–6]. A recent study demonstrated that apoptosis occurs dur-
ing the early phase of I/R (within 4 h), while ferroptosis is the major type 
of cell death that occurs during the late phase of I/R (especially 24 h to 7 
days) [3]; additionally, inhibition of ferroptosis results in superior pro-
tection against cardiac I/R injury compared with prevention of other 
types of cell death [3,7,8]. Solute carrier family 7 member 11 (SLC7A11) 
is a key suppresser of ferroptosis that is responsible for transporting 
extracellular cystine into the cell in exchange for glutamate. The intra-
cellular cystine is converted to glutathione, which is utilized by the 
antioxidant enzyme glutathione peroxidase 4 (GPX4) to decrease the 
accumulation of lipid peroxides, thereby inhibiting ferroptosis. P53 is a 
transcription factor that initiates several types of cell death, including 
ferroptosis [9,10]. The acetylation of p53 that occurs in response to 
cellular stress is indispensable for p53 stability and transcriptional ac-
tivity. Under oxidative stress, acetylation of p53 in its carboxyl-terminal 
region (CTD) facilitates cell ferroptosis via the transcriptional repression 
of SLC7A11 [9,11]. 

The nucleolar N-acetyltransferase 10 (NAT10) protein is a member of 
the GCN5-related N-acetyltransferase family of HATs, and it was initially 
shown to participate in many pathophysiological processes by cata-
lyzing specific substrates via its acetyltransferase activity [12]. In 
addition, NAT10 can function as an RNA acetyltransferase by mediating 
the acetylation of tRNAs, rRNAs and mRNAs. NAT10-catalyzed 
N4-acetylcytidine (ac4C) acetylation of mRNA has been shown to in-
crease mRNA stability and translational efficiency [13]. Recent studies 
have reported that NAT10 participates in cardiomyocyte apoptosis and 
cardiac remodeling in response to different stimuli [14,15]. However, 
the changes in and role of NAT10 in I/R-induced ferroptosis remain to be 
determined. 

MYB-binding protein 1A (Mybbp1a) was initially identified as a 
partner that interacts with proteins encoded by the proto-oncogene c- 
MYB [16]. It has been shown that Mybbp1a mediates diverse biological 
processes by interacting with many transcription factors [17–19]. 
Mybbp1a is predominantly localized in the nucleolus and translocates 
into the nucleoplasm when the nucleolar structure is disrupted upon 
DNA damage [20]. Mybbp1a then directly binds to lysine residues in the 
CTD of p53 and triggers p53 tetramerization. Moreover, Mybbp1a re-
cruits p300 to facilitate p53 acetylation, which leads to increased p53 
stability and transcriptional activity [21,22]. However, whether 
Mybbp1a participates in the pathogenesis of cardiac diseases has not 
been determined. 

In this study, we found that the I/R-induced upregulation of NAT10 
is regulated by p53 in a transcription-dependent manner. Using gain- 
and loss-of-function strategies, we identified the pro-ferroptotic effect of 
NAT10 as the main trigger of cardiac I/R injury. NAT10 enhanced the 
stabilization of Mybbp1a by causing the ac4C modification of its mRNA, 
thereby resulting in the activation of p53 and subsequently repressing 
the transcription of the anti-ferroptotic gene SLC7A11. These findings 
suggest that targeting the NAT10/Mybbp1a/p53 axis is a promising 
novel direction for treating cardiac I/R injury. 

2. Materials and methods 

2.1. Animals 

Neonatal C57BL/6 mice were obtained from the Laboratory Animal 
Center of the Second Hospital of Harbin Medical University. Approxi-
mately 10-week-old male C57BL/6 mice weighing 18–22 g were pro-
vided by Changsheng Bio-Technology (Liaoning, China). Mice were 
housed in a facility with a room temperature of 23 ± 2◦C and a humidity 
of 55 ± 5%. The air exchange rate is 10–15 times/hour with fresh air, 
and 12 h of alternating light is maintained every day. All animal pro-
cedures conformed to the Guide for the Care and Use of Laboratory 
Animals published by the U.S. National Institutes of Health and were 
approved by the Animal Ethical Committee of Harbin Medical Univer-
sity (NO. IRB3007822). 

2.2. Construction and generation of cardiomyocyte-specific NAT10 
knockout mice 

Cardiomyocyte-specific NAT10 knockout mice were generated by 
Cyagen Biosciences Inc (Guangzhou, China). Using the principle of Cre/ 
loxP recombination system, conditional knockout was performed to 
produce myocardial tissue-specific NAT10 knockout mice. NAT10f/f 

mice were constructed by inserting two loxP sites at both ends of the 
fourth exon of NAT10 gene. NAT10f/f mice were obtained by self- 
crossing. NAT10f/+/Myh6-Cre mice were obtained by crossing Myh6- 
Cre mice with NAT10f/f mice for one generation. The genotypes of 
NAT10 knockout mice were identified by PCR. Western blotting was 
used to identify the knockout efficiency of NAT10f/+/Myh6− Cre mice. 
Primers for targeted allele and Myh6-Cre transgene are in Supplemen-
tary Table 1. 

2.3. Mouse model of cardiac I/R injury 

I/R injury in mice was induced by 45-min ischemia, followed by 24-h 
reperfusion. In brief, mice were anesthetized with 2% avertin (0.1 mL/ 
10g body weight; Sigma-Aldrich Corporation, United States) by intra-
peritoneal injection. Then the mice underwent endotracheal intubation 
and the left anterior descending coronary artery (LAD) was ligated with 
7-0 nylon for 45 min. Mice were anesthetized after 24-h reperfusion for 
assessing heart function by echocardiographic measurement. Mice were 
euthanized and tissue samples from the ischemic area were harvested 
and stored at − 80◦C for further assays. 

2.4. Neonatal mouse cardiomyocytes (NMCMs) preparation and culture 

Neonatal mouse cardiomyocytes (NMCMs) were isolated from 1- to 
3-day-old mice. Briefly, after rinsed in the PBS, the isolated hearts of 
neonatal mice were cut into pieces and digested in trypsin-EDTA solu-
tion. (Trypsin 0.25%, EDTA 0.53 Mm, Beijing Solarbio Science & 
Technology Co., Ltd., China). The obtained cells were cultured in Dul-
becco’s modified Eagle medium (DMEM, Gibco, USA) supplemented 
with 10% fetal bovine serum (10%FBS, South America), 1% 10 KU/mL 
Penicillin G Sodium salt/10 mg/mL Streptomycin Sulfate (meilunbio, 
Liaoning, China). After adherent culture of the cell mixture in a 37◦C 
incubator with 5% CO2 for 90 min, the suspended cardiomyocytes were 

Abbreviation 

I/R Ischemia Reperfusion 
H/R hypoxia/reoxygenation 
NAT10 N-acetyltransferase 10 
ac4C N4-acetylcytidine 
NMCMs Primary neonatal mouse cardiomyocytes 
Fer-1 Ferrostatin-1 
Emr Emricasan 
LDH Lactate dehydrogenase activity 
CKMB Creatine Kinase Isownzyme-MB 
MB Methylene Blue 
LPO Lipid peroxidation 
MDA Malondialdehyde 
EF Ejection Fraction 
FS Fractional Shortening 
Mybbp1a MYB binding protein 1A  
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transferred to a six-well culture plate at a density of 1 × 106 cells per 
well. The next experiment was performed after continued adherent 
culture for 48 h. NMCMs incubated under hypoxic condition (37◦C with 
a humid atmosphere of 5% CO2 and 1% O2) for 12 h and followed by a 
24-h reoxygenation to establish in vitro H/R model. 

2.5. Infection of adeno-associated virus 

The construction of adeno-associated serotype 9 (AAV9) virus vector 
using the interference sequence of NAT10 gene (AAV9-shNAT10) and 
Mybbp1a gene (AAV9-shMybbp1a) were designed and synthesized by 
Hanbio Biotechnology Co., Ltd (Shanghai, China). The construction of 
adeno-associated virus vector overexpressing NAT10 gene (AAV9- 
NAT10) was designed and synthesized by Genechem (Shanghai, China). 
The adeno-associated virus vector carrying NAT10, shNAT10, 
shMybbp1a and empty vector (1.5 × 1011 Vg/mL) were injected into the 
tail vein of mice (Diluted with 0.9% saline, 0.2 mL/animal). Cardiac I/R 
model was established three weeks later. 

2.6. Echocardiographic measurements 

Left ventricular (LV) function was assessed by a Vevo2100 echo-
cardiographic system (VisualSonics, Toronto, ON, Canada) at a probe 
frequency of 10 MHz with M-mode recording. Mice were anesthetized 
with avertin and depilated with depilating cream on the chest. The limbs 
of mice were attached to heating pads to maintain body temperature at 
37 ◦C. Medical ultrasound gel (Tianjin Yajie Medical Material Co. Ltd., 
Tianjin, China) was used as a coupling agent between the ultrasound 
scan-head and the skin. Left ventricular parameters such as left ven-
tricular end-diastolic volume (LVEDV), left ventricular end-systolic 
volume (LVESV), left ventricular end-diastolic diameter (LVID; d) and 
left ventricular systolic diameter (LVID; s) were measured by M-mode 
recording. The data are presented as the average of measurements of 
three consecutive beats. Ejection fraction (EF) was calculated as EF =
(LVEDV-LVESV)/LVEDV × 100% and fractional shortening (FS) was 
calculated as FS=(LVID; d-LVID; s)/LVID; d × 100%, respectively. 

2.7. Evans blue/Triphenyl tetrazolium choride (TTC) double staining 

At the end of the reperfusion phase, Evans blue/TTC double staining 
was performed to area at risk (AAR) and infarct area (IF). Specifically, 
the mice were anesthetized and the chest cavity was re-opened. The 
original location was ligated to re-close the LAD, 0.5 mL 2% Evans blue 
(Solarbio, China) was injected into the left ventricular cavity. The heart 
was quickly removed and washed in pre-cooled PBS. After freezing at 
− 80 ◦C for 5 min, the ligature was cut into 4 pieces on average from the 
apex of the heart. After that, the slices were placed in 2% TTC (2,3, 5-tri-
phenyltetrazonium chloride; Solarbio, China) solution and incubated at 
37 ◦C for 5 min to observe infarct and viable myocardia. The slices were 
fixed in 4% paraformaldehyde for 30 min and then photographed. The 
non-ischemic area (blue staining), area at risk (AAR without Evans blue 
staining) including viable myocardium (red staining) and the infarct 
area (IF, light white staining) of each group of mice were determined by 
computer plane measurement, and the continuous sections of mice in 
each group were analyzed by Image Pro Plus software. 

2.8. Lactate dehydrogenase (LDH) detection assay 

Lactate dehydrogenase (LDH) was measured in serum from mice 
treated with different treatments using a lactate dehydrogenase assay kit 
(Nanjing Jiancheng, Jiangsu, China) according to the manufacturer’s 
instructions and quantified with absorbance at 450 nm on a microplate 
reader (Bio Tek, Richmond, VA, USA). 

2.9. Creatine Kinase MB Isoenzyme (CKMB) detection 

The mice serum Creatine Kinase MB Isoenzyme (CKMB) was detected 
by using the mouse CKMB Elisa Kit (Elabscience, Wuhan, China) and 
quantified with absorbance at 450 nm on a microplate reader (Bio Tek, 
Richmond, VA, USA). Standard curves were fitted with Origin. 

2.10. Adult mouse cardiomyocytes isolation 

The heart was quickly removed and the aorta was cannulated on a 
constant-flow Langendorff instrument. Tyrode’s (0.02 mg/mL) and 
bovine serum albumin (BSA; 1 mg/mL) to digest the heart. Tyrode’s 
solution (mM) contained: NaCl 123, KCl 5.4, HEPES 10, NaH2PO4 0.33, 
MgCl2 1.0 and glucose 10; The pH was adjusted to 7.4 with NaOH. After 
tissue softening, the left ventricle was excised, lightly minced into small 
pieces, and then equilibrated in Tyrode solution of 200 μM CaCl2 and 1% 
BSA. The cell suspension was filtered through a 100-mesh filter, and the 
cells in the filtrate were cardiomyocytes. Under the microscope, it is a 
long rod or rectangle, with clear stripes and sharp angles. There are cells 
in the visual field that can spontaneously contract. 

2.11. Synthesis and transfection of overexpression plasmids and siRNAs 

The siRNA of NAT10, Mybbp1a, p53 and a negative control was 
designed by Ribobio (Guangzhou, China). P53 plasmids were con-
structed by Genechem (Shanghai, China). Opti-MEM (Gibco, USA) was 
used to dilute X-treme GENE siRNA Transfection Reagent (Roche, 
Mannheim, Germany) and si-RNA, respectively. After 5 min, the two 
were mixed, and the mixture was added to serum-free cell culture me-
dium 20 min later. Lipofectamine 2000 reagent (Invitrogen, Carlsbad, 
CA, USA) was used to transfect plasmids into cells in the same way. The 
sequences of siRNAs for mouse are in Supplementary Table 2. 

2.12. Adenovirus construction 

NAT10-carrying adenovirus for overexpression (Adv-NAT10) and 
empty vector-carrying adenovirus (Adv-Null) were constructed by 
Shanghai Hanbio Biotechnology Co., Ltd (Shanghai, China). Car-
diomyocytes were infected with NAT10 adenovirus at a titer of 1 × 107 

PFU/mL for 4 h, and 1 mL culture medium was added for another 2 h. 
Cells were collected for subsequent experiments after 48 h. 

2.13. Inhibitor treatment 

The clarified DMSO reserve liquid of 100 μL 25.0 mg/mL was added 
to 400 μL PEG300 and mixed evenly. 50 μL Tween-80 was added to the 
system and mixed evenly. Then continue to add 450 μL normal saline 
volume to 1 mL. According to the above system, 8 mL solvent was 
prepared and 2 mg Ferrostatin-1 (Fer-1, MedChemexpress, USA) powder 
was dissolved into it. Mice were given intraperitoneal injection of Fer-1 
at 1 mg/kg/day the day before and after I/R surgery. According to the 
above system, 8 mL solvent was prepared and 5 mg Emricasan (Emr, 
MedChemexpress, USA) powder was dissolved into it. Mice were given 
intraperitoneal injection of Emr at 2.5 mg/kg/day the day before and 
after I/R surgery. An equal amount of solvent was injected intraperito-
neally as a control. 

Remodelin (selleck, USA) was dissolved in 0.5% sodium carbox-
ymethyl cellulose (CMC-Na) solution. Mice were given 100 μL 0.5% 
CMC-Na solution or isometric Remodelin solution 100 mg/kg by gavage 
alone for 7 days, followed by I/R treatment. DMSO was added to the 
Remodelin powder to prepare a reserve solution with a concentration of 
50 mM. Store at − 80◦C away from light. In the in vitro experiment, 
Remodelin reserve solution was added to the cell culture solution, 
making it a working solution with a final concentration of 40 μM, and 
the response of cardiomyocytes to the Remodelin was tested 24 h later. 
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2.14. RNA ac4C dot blot 

The total RNA was isolated and immediately placed on ice. The total 
RNA dots were spotted onto a nylon membrane for purplish linkage. The 
membranes were washed in deionized water for 5 min and stained with 
methylene blue. Take a picture after a clear blue dot appears. Block with 
5% milk for 1 h and incubate with ac4C antibody (ab253039 1:1000, 
abcam, Cambridge, United Kingdom) overnight at 4◦C. The membranes 
were then washed three times for 5 min in 1*PBS/0.05% v/v Tween-20 
(Sigma) and incubated with either horseradish-peroxidase-conjugated 
anti-rabbit IgG (1:5000, Beijing ZSGB-Bio). The luminescence signal 
was acquired and processed with a ChemiDoc MP (Bio-Rad). 

2.15. Quantitative real-time PCR 

Total RNA was extracted from collected cells or tissues by using 
TRIzol reagent (Invitrogen, Carlsbad, CA, United States). NANO-
Drop2000c (Thermo Scientific, Carlsbad, USA) was utilized to verify the 
quality of RNA samples. Total RNA (500 ng) was reverse transcribed into 
cDNA using ReverTra Ace qPCR RT Kit (Toyobo Co., LTD, Japan). The 
ABI 7500 fast Real-Time PCR system (Applied Biosystems, Foster City, 
USA) was used to measure the expression levels of mRNAs by using 
SYBR Green (Toyobo Co., LTD, Japan). PCR amplification was per-
formed as follows: 95◦C for 10 min and 40 cycles at 95◦C for 15 s, 60◦C 
for 30 s, and 72◦C for 30 s. β-actin and GAPDH were used as an internal 
control. The relative quantitative expression was determined using the 
2− ΔΔCT method. All primers used in this study were in Supplementary 
Table 3. 

2.16. Western blot 

Total protein was isolated from cardiomyocytes and myocardium 
using RIPA lysis buffer (Beyotime, Shanghai, China). The total protein 
concentration was detected by a BCA Protein Assay Kit (Beyotime, 
Shanghai, China). Protein lysates were separated on 12% (vol/vol) SDS 
polyacrylamide gels and then transferred to nitrocellulose membranes 
(Millipore, Bedford, MA, USA) for subsequent studies. The membrane 
was blocked with 5% skim milk for 2 h and incubated with primary 
antibody at 4◦C overnight. The secondary anti-rabbit or anti-mouse (LI- 
COR,Lincoln, USA) polyclonal antibody was used to conjugate the 
membrane at room temperature in dark for 60 min. An Odyssey infrared 
imaging system (LI-COR, Lincoln, NE, United States) was used to 
quantify the band intensity and measure the gray value and the relative 
level of protein was analyzed with Image Studio software. The primary 
antibodies were used in this study were in Supplementary Table 4. 

2.17. Transmission electron microscopy (TEM) 

The cells were collected and fixed by 2.5% glutaraldehyde. After 
being washed in 0.1 M sodium cacodylate buffer, cells were postfixed 
with 1% buffered osmium. The cells were dehydrated through the 
graded alcohol and embedded in resin. After dehydration through 
graded alcohol and embedding in resin, cells were incubated in a 60 ◦C 
oven for 3 days. Ultrathin sections were prepared and stained with 
uranyl acetate-lead citrate double staining, subsequently examined by a 
transmission electron microscope. 

2.18. Immunohistochemistry (IHC) staining 

Mice were euthanized and the hearts were perfused with saline 
through the left ventricle. Cardiac tissue was washed with PBS, fixed 
with 4% (w/v) paraformaldehyde for 24 h, and paraffin embedded. The 
paraffin sections were cut continuously with a thickness of 5 μm. The 
paraffin sections were roasted at 60◦C for 2 h and then dewaxed. The 
degummed sections were incubated with 10 mM citrate buffer for an-
tigen extraction. After endogenous peroxidase was blocked with 3% 

hydrogen peroxide at room temperature for 10 min, heart sections were 
incubated with a primary antibody against 4-HNE (bs6313R, Bioss, 
China) at 4◦C overnight. Goat anti-Rabbit IgG/HRP (PV6001, Golden-
Bridge, China) was then incubated at room temperature for 20 min as a 
secondary antibody. Then, 3, 3-diaminobenzidine (DAB) staining, he-
matoxylin reverse staining, neutral rubber seal. Images were captured 
under a fluorescence microscope (Olympus). 

2.19. Lipid-peroxidation detection 

Tissue blocks of equal size were added to 0.9% normal saline at 1:9 
(g/L) and ground into tissue homogenate by ice bath. After 30 min of 
standing, the supernatant was centrifuged and used for lipid- 
peroxidation (Nanjing Jiancheng, Jiangsu, China) assessment accord-
ing to the manufacturer’s instructions and quantified with absorbance at 
586 nm on a microplate reader (Bio Tek, Richmond, VA, USA). 

Lipid-ROS level in cells was measured using the Image-iT® Lipid 
Peroxidation Kit (C10445, ThermoFisher Scientific, USA) according to 
the manufacturer’s protocols. Cardiomyocytes were inoculated in 24- 
well plates and incubated with 5 μm C11 BODIPY at 37◦C for 20 min. 
The image was obtained by fluorescence microscope (Olympus). 
Oxidized cell membranes show green fluorescence and non-oxidized cell 
membranes show red fluorescence. 

2.20. Acetylated RNA immunoprecipitation (Ac-RIP) 

Acetylated RNA immunoprecipitation (Ac-RIP) was performed using 
a Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, 
Darmstadt, Germany). RNA was collected by adding RIP lysis buffer 
according to the manufacturer’s instructions and incubated with anti- 
ac4C antibody (ab253039, 1:50, abcam, Cambridge, United Kingdom) 
and anti-IgG antibody (ab172730, 1:50, abcam, Cambridge, United 
Kingdom). After washing, RNA was precipitated with protein G mag-
netic beads. Ac4C modified RNA was extracted for quantitative analysis. 
PCR and agarose gel electrophoresis were performed to quantify the 
expression of RNAs. 

2.21. Ac4C RIP-seq 

RNA acetylation sequencing services are provided by CloudSeq Inc. 
(Shanghai, China). The ac4C-IP reaction was performed using GenSeq’s 
RNA acetylation kit. The procedure was described as follows: Total RNA 
was extracted from the hearts of Sham and I/R mice, and the RNA was 
randomly fragmented into about 200 nt fragments. Protein A/G mag-
netic beads and ac4C antibody were rotated and incubated at room 
temperature for 1 h to bind the antibody to the magnetic beads. Then the 
RNA fragments and the antibody bound with magnetic beads were 
rotated at 4◦C and incubated for 4 h to bind the RNA to the antibody. The 
combined complex is washed several times, and the RNA is further 
eluted from the complex. RNA sequencing libraries were constructed 
using the GenSeq® Low Input Whole RNA Library Prep Kit (GenSeq, 
Inc.). The constructed library was quality-controlled with Agilent 2100 
bioanalyzer and then high-throughput sequenced on Illumina’s NovaSeq 
sequencer. After Illumina NovaSeq 6000 sequencing, image analysis, 
base identification and quality control, Raw reads (Raw Data) were 
generated. First use Q30 for quality control. Then, cutadapt software 
(v1.9.3) was used to de-connect, remove low-quality reads, and obtain 
high-quality clean reads. The de-coupling reads were aligned to the 
reference genome using Hisat2 software (v2.0.4). MACS software was 
then used to identify the acetylation genes in each sample. diffReps 
software was used to identify differentially acetylated genes. The peaks 
located on the exon of mRNA were screened using a proprietary pro-
cedure and annotated accordingly. The genes encoding differential 
acetylation were analyzed by GO and Pathway. 
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2.22. RNA-seq 

The high throughput RNA sequencing service is provided by 
CloudSeq Inc. (Shanghai, China). The procedure is described as follows: 
According to the supplier’s instructions, ribosomal RNA (rRNA) will be 
removed using the GenSeq® rRNA Removal Kit (GenSeq, Inc.) kit. After 
the removal of rRNA, sequencing libraries were constructed using the 
GenSeq® Low Input RNA Library Prep Kit (GenSeq, Inc.) kit according to 
the vendor’s instructions. The constructed sequencing library was 
quality-controlled and quantified by the BioAnalyzer 2100 system 
(Agilent Technologies, USA), and then double-ended 150bp sequencing 
was performed by Illumina NovaSeq 6000 instrument. The original data 
were sequenced by Illumina NovaSeq 6000 sequencer. Firstly, the Q30 
value is used for raw data quality control. cutadapt software (v1.9.3) 
was used to remove connections, remove low-quality reads, and obtain 
high-quality clean reads. Clean reads were compared to the mouse 
reference genome (mm10) using hisat2 software, then raw count 
numbers were obtained using HTSeq software (v0.9.1), normalized 
using edgeR and multiple changes and p-value between the two groups 
of samples were calculated. Screening for differentially expressed genes. 
GO function and KEGG pathway were analyzed using differentially 
expressed mRNA. 

2.23. Chromatin immunoprecipitation (ChIP) 

ChIP analysis was performed using a chromatin immunoprecipita-
tion kit (Thermo scientific, Germany) according to the manufacturer’s 
protocol. Briefly, primary cardiomyocytes were inoculated with 5 × 107 

cells in a culture dish with a diameter of 10 cm, overexpressed p53 
plasmid was transfected, and empty plasmid was used as control. Cells 
were crosslinked with 1% formaldehyde at room temperature (10 min) 
after 48 h, quenched with cold 0.125 M 12 glycine for 5 min. Then the 
culture dish was washed with cold PBS twice for 5 min each time. 
Cardiomyocytes were collected using a pre-cooled cell lysis buffer, 
which was ultrasound-treated to produce chromatin fragments with an 
average length of about 500–800 bp. Overnight incubation was per-
formed with anti-p53 antibody or anti-mouse IgG antibody in rotation at 
4◦C. 20 μL of evenly mixed ChIP-grade Protein A/G Plus agar-agar beads 
were added into the immune complex, incubated at 4◦C for 1 h, eluted 
with IP washing solution 2–3 times, and purified DNA was collected for 
subsequent PCR detection. 

2.24. Co-immunoprecipitation (Co-IP) 

Tissues were lysed with IP lysis buffer (Beyotime, Shanghai, China), 
and protease inhibitor (Sigma-Aldrich Corporation, United Stats) was 
added. The cells were incubated on ice for 5 min, vortexed 30 s for 3 time 
and stood on ice. Then samples were centrifuged at 4◦C 12000 r/min for 
15 min and removed the supernatant. After the pre-clearing step with 
Protein G Magnetic Beads (MedChemExpress, United Stats), cell lysate 
(0.5 mg) was subjected to IP with the indicated antibodies (anti-P300 
antibody, Abcam, ab275378, 1:50 dilution, IgG, Abcam, ab172730, 2 
μg) overnight at 4 ◦C. Protein G-beads enriched antibodies were added 
to the mixture and rotated at 4 ◦C overnight. Then, immune complexes 
were washed three times in cold lysis buffer. The input and IP samples 
were resolved by SDS-PAGE and detected by immunoblot analysis with 
the indicated primary antibodies: anti-GAPDH antibody, anti-p53 anti-
body and anti-P300. (Supplementary Table 4). 

2.25. Luciferase 

Dual-Luciferase Reporter Assay System (Promega) was used to 
perform luciferase activity assay according to the manufacturer’s in-
structions. Constructed NAT10-promoter-luc-Vector or NAT10- 
promoter-luc and transcription factor p53 plasmids were transfected 
into cells using Lipofectamine 2000 (Invitrogen). Meanwhile, renilla 

plasmid was transfected as internal reference. At 48 h after infection, 
luciferase activity was measured. The fluorescein activity was read by 
Tecan Infinite 200 (Tecan, männedorf , Switzerland). 

2.26. Cell viability assay 

Neonatal cardiomyocytes were seeded in 96-well plates at 8 × 104 

cells per well. After each treatment according to the experimental re-
quirements, the culture medium was changed into 100 μL DMEM and 10 
μL CCK8 solution (Meilunbio, Dalian, China) per well, and then incu-
bated at 37◦C in the dark for 1.5–2 h. The result quantified with 
absorbance at 450 nm on a microplate reader (Bio Tek, Richmond, VA, 
USA). 

2.27. RNA degradation assay 

Cardiomyocytes seeded in 6-well plates were treated according to the 
experimental requirements. Actinomycin D (5 μg/ml) was added at 0 h, 
4 h, and 8 h before total RNA extraction to extract RNA and detect the 
expression by PCR. 

2.28. Statistical analysis 

Each experiment was repeated at least three times. The data are 
expressed as the mean ± SEM calculated by GraphPad Prism 6.0 
(GraphPad Software Inc., San Diego, CA) For multiple comparisons, one- 
way analysis of variance (ANOVA) followed by Tukey post hoc test was 
performed. The unpaired two-sided Student’s t-test was used for the 
comparison between two groups. When p < 0.05, the results were 
considered statistically significant. 

3. Results 

3.1. p53 transcriptionally activates NAT10 during I/R 

Although a recent study reported that NAT10 is involved in car-
diomyocyte apoptosis in vitro [14], whether NAT10 is altered during 
cardiac I/R remains unknown. To this end, we established a mouse 
model of I/R in vivo and a cellular model of H/R stimulation-induced 
oxidative stress in vitro. Western blotting and qPCR revealed that the 
mRNA and protein levels of NAT10 were significantly elevated in both 
I/R-exposed hearts and H/R-exposed cardiomyocytes (Fig. 1A–B, Sup-
plementary Figs. 1A–1B); these effects were accompanied by a marked 
increase in the ac4C levels of total RNA, as determined by a dot blotting 
assay (Supplementary Fig. 1C). Consistent with these findings, NAT10 
protein levels were increased in adult mouse cardiomyocytes isolated 
from the infarct border zone of I/R-exposed hearts (Supplementary 
Figs. 1D–1E). It has been reported that the upregulation of NAT10 in 
response to DNA damage is abolished in p53-deficienet cells, suggesting 
that p53 may act as a regulator of NAT10 26. We next mapped the 
promoter region of NAT10 and found that NAT10 has a potential p53 
binding motif according to the JASPAR database. These findings 
prompted us to investigate whether p53 is an upstream activator of 
NAT10 in mouse hearts post-I/R. To test this hypothesis, luciferase re-
porter plasmids containing the NAT10 promoter sequence and an empty 
plasmid serving as a negative control were constructed and transfected 
into HEK293 cells. A luciferase reporter assay showed that p53 activated 
the NAT10 promoter, as demonstrated by increased luciferase activity 
(Fig. 1C). Furthermore, chromatin immunoprecipitation (ChIP) assays 
revealed that the NAT10 promoter region was obviously enriched in the 
p53-precipitated cardiomyocyte fraction after p53 was overexpressed 
(Fig. 1D), suggesting that p53 directly bound to the NAT10 promoter 
region. To confirm this result, we examined NAT10 expression in car-
diomyocytes after overexpressing or silencing p53. The results showed 
that p53 siRNA treatment reduced p53 expression in both 
normoxia-exposed and H/R-exposed cardiomyocytes, and this 
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downregulation led to a marked decrease in the mRNA and protein 
levels of NAT10 after H/R (Fig. 1E, Supplementary Figs. 1F–1I). In 
contrast, compared with those in p53-NC-transfected cardiomyocytes, 
the overexpression of p53 in cardiomyocytes by transfection with the 
p53 overexpression plasmid markedly elevated the mRNA and protein 
levels of NAT10 (Fig. 1F–G, Supplementary Figs. 1J–1K). Then, p53 was 
knocked down in vivo via the administration of adeno-associated virus 9 
(AAV9) carrying p53 shRNA (AAV9-shp53) by tail vein injection. 
Consistent with the in vitro results, knockdown of p53 in vivo signifi-
cantly decreased the I/R-induced upregulation of NAT10 at the mRNA 
and protein levels (Fig. 1H, Supplementary Fig. 1L-1N). Taken together, 
these results demonstrate that p53 can induce NAT10 transcription 
during I/R injury. 

3.2. NAT10 exacerbated H/R-induced ferroptosis in cardiomyocytes 

To examine the function of NAT10 in cardiomyocyte ferroptosis, we 
performed gain-of-function and loss-of-function experiments in vitro. 
Neonatal mouse cardiomyocytes were isolated and subjected to hypoxia- 
reoxygenation (H/R). Transfection of the cardiomyocytes with an 
adenovirus harboring the NAT10 gene led to increased NAT10 mRNA 
and protein levels in the presence or absence of H/R exposure (Sup-
plementary Figs. 2A–2B). Overexpression of NAT10 reduced cell 
viability in the presence or absence of H/R exposure (Fig. 2A). NAT10 
overexpression caused a marked increase in lipid-ROS level and a 
decrease in GPX4 protein level (Fig. 2B–D). In contrast, siRNA-mediated 
knockdown of NAT10 markedly abrogated the H/R-induced upregula-
tion of NAT10 expression (Supplementary Fig. 2C), and this down-
regulation led to increased cell viability (Fig. 2E). In addition, 

knockdown of NAT10 attenuated the increase in lipid-ROS levels and 
decrease in GPX4 protein levels that were induced by H/R in car-
diomyocytes (Fig. 2F–H). These results suggest that NAT10 contributes 
to cardiomyocyte ferroptosis. 

3.3. Deficiency of NAT10 protects against I/R-induced cardiac ferroptosis 

To study the potential role of NAT10 in cardiac ferroptosis during I/R 
injury, we established cardiomyocyte-specific NAT10-knockout mice 
(NAT10f/+/Myh6− Cre, designated NAT10CKO hereafter) by crossing 
NAT10f/+ (designated NAT10f/+ hereafter) mice with Myh6-Cre mice. 
Western blotting results confirmed the marked downregulation of 
NAT10 protein expression in the heart tissues and isolated adult car-
diomyocytes from NAT10CKO mice compared to those in NAT10f/+

littermate controls (Supplementary Figs. 3A–3B). However, the 
NAT10 protein expression in non-cardiomyocytes was unchanged 
(Supplementary Fig. 3B). NAT10CKO and NAT10f/+ mice were subse-
quently subjected to cardiac I/R surgery. I/R induced cardiac injury, as 
indicated by the increases in the plasma levels of lactate dehydrogenase 
(LDH) and creatine kinase isoenzyme-MB (CKMB) in NAT10f/+ mice 
after I/R; however, these effects were significantly attenuated in 
NAT10CKO mice (Fig. 3A–B). The results of Evans blue and triphe-
nyltetrazolium chloride staining showed that post-I/R infarct size was 
reduced in NAT10CKO mice compared to NAT10f/+ mice (Fig. 3C). 
Moreover, echocardiographic analysis of NAT10f/+ mice revealed pro-
nounced decreases in the I/R-induced cardiac ejection fraction (EF%) 
and fractional shortening (FS%), and these changes were largely 
reversed in NAT10CKO mice (Fig. 3D). In addition, the I/R-induced 
decrease in the ferroptosis-related marker GPX4 was strikingly higher 

Fig. 1. p53 transcriptional activates NAT10 during I/R surgery. 
(A) The NAT10 mRNA level in ischemia–reperfusion (45 min for ischemia and 24 h for reperfusion, I/R) and Sham-operated hearts were analyzed by qRT-PCR. Sham 
n = 7, I/R n = 5. ***p < 0.001 vs Sham. (B) The protein level of NAT10 in I/R and Sham-operated hearts were analyzed by Western blotting. Sham n = 6, I/R n = 7. 
***p < 0.001 vs Sham. (C) Detection of p53 plasmid activating NAT10 promoter(pro-NAT10) in HEK293 cells by luciferase report. n = 6. *p < 0.05 vs pro-NAT10- 
NC. (D) ChIP analysis of p53 binding to the promoter of NAT10. Cardiomyocytes were treated with p53 and null plasmid at indicated time. ChIP was performed with 
p53 or IgG antibody. oe-Null n = 4. *p < 0.05 vs IgG. oe-p53 n = 4. ##p < 0.01 vs oe-Null. (E) Cardiomyocytes were infected with siRNA. The protein level of NAT10 
in infection cardiomyocytes with H/R was analyzed by Western blotting. Ctrl + siNC n = 3, Ctrl + sip53 n = 3, H/R + siNC n = 3, H/R + sip53 n = 3. ***p < 0.001 vs 
Ctrl + siNC, ##p < 0.01 vs H/R + siNC. (F) The NAT10 mRNA level in cardiomyocytes with p53 plasmid was analyzed by qRT-PCR. n = 3. **p < 0.01 vs oe-Null. (G) 
Cardiomyocytes were infected with p53 plasmid. The protein level of NAT10 in infection cardiomyocytes were analyzed by Western blotting. oe-Null n = 3, oe-p53 n 
= 4. **p < 0.01 vs oe-Null. (H) The NAT10 protein detected by Western blot. I/R + AAV9-shNC n = 3, I/R + AAV9-shp53 n = 3. *p < 0.05 vs I/R + AAV9-shNC. Data 
are represented as mean ± SEM. 
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in NAT10CKO mice than in NAT10f/+ mice (Fig. 3E). Similar to the 
findings of previous studies [7,23,24], transmission electron microscopy 
revealed morphological features of ferroptosis in cardiomyocytes from 
I/R mice, as indicated by the presence of distorted mitochondria, 
increased mitochondrial membrane density and reduced mitochondrial 
size. However, these effects were alleviated by NAT10 knockdown 
(Fig. 3F–G). Moreover, NAT10 deficiency significantly reduced the 
levels of the lipid peroxidation (Fig. 3F, bottom; Fig. 3H) in I/R-exposed 
hearts. To further confirm the therapeutic potential of manipulating 
NAT10 expression, we generated an AAV9-shNAT10 construct to knock 
down NAT10 in mouse hearts. As expected, knockdown of NAT10 
markedly ameliorated cardiac function and inhibited cardiomyocyte 
ferroptosis in I/R-exposed hearts compared with those in 
AAV9-shNC-treated mice (Supplementary Figs. 3C–3H). These results 
demonstrate that NAT10 deficiency attenuates cardiac I/R injury by 
inhibiting cardiac ferroptosis. 

3.4. NAT10 induces cardiac ferroptosis to exacerbate cardiac I/R injury 

To further investigate the role of NAT10 in cardiomyocyte ferrop-
tosis in vivo, we induced cardiomyocyte-specific overexpression of 
NAT10 via the delivery of an AAV9 vector encoding NAT10 (AAV9- 
NAT10) by tail vein injection. Successful NAT10 overexpression in both 
sham and I/R-exposed mouse hearts were verified by Western blotting 
(Supplementary Fig. 4A). In contrast to the findings in NAT10CKO mice, 
overexpression of NAT10 alone was sufficient to increase the plasma 
levels of LDH and CKMB in the absence of I/R, and NAT10 over-
expression promoted the release of these enzymes post-I/R (Fig. 4A–B). 
The I/R-induced increase in cardiac infarct size was further augmented 
by NAT10 overexpression (Fig. 4C). The I/R-induced detrimental ef-
fects, as indicated by cardiac functional impairments, were further 
exacerbated by NAT10 overexpression (Fig. 4D–E). Transmission elec-
tron microscopy analysis revealed that overexpression of NAT10 was 

sufficient to cause mitochondrial disruption at baseline, as indicated by 
increased mitochondrial membrane density and decreased mitochon-
drial size (Fig. 4F–G). NAT10 overexpression exacerbated the mito-
chondrial impairment that was observed after I/R (Fig. 4F–G). 
Moreover, overexpression of NAT10 elevated the GPX4 protein levels 
and lipid peroxidation levels in mouse hearts (Fig. 4H–I). To further 
confirm the dominant role of NAT10 in triggering cardiac ferroptosis 
upon I/R, we treated mice with Fer-1 (an inhibitor of ferroptosis) or 
emricasan (an inhibitor of apoptosis) by intraperitoneal injection prior 
to I/R induction. As expected, treatment with Fer-1 or emricasan 
significantly inhibited the CKMB and LDH release, reduced the 
myocardial infarct size, and alleviated the cardiac dysfunction that were 
induced by NAT10 in I/R-exposed hearts (Fig. 4J–M). More importantly, 
treatment with Fer-1 exerted far superior cardioprotective effects than 
treatment with emricasan according to the abovementioned parameters. 
Consistent with in vivo results, Fer-1 treatment attenuated car-
diomyocytes ferroptosis and rescued the loss of cell viability in cultured 
cardiomyocytes induced by NAT10 overexpression (Supplementary 
Figs. 4B–4E). These results suggest that ferroptosis induced by NAT10 
plays a much more important role during I/R injury. 

3.5. NAT10 enhances the stabilization of Mybbp1a via ac4C modification 

To explore the molecular mechanism by which NAT10 exacerbates 
cardiomyocyte ferroptosis during I/R, we performed an ac4C acetylated 
RNA immunoprecipitation sequencing (acRIP-seq) assay to map the 
transcriptomic ac4C profile of RNA isolated from 3 pairs of Sham and I/ 
R-exposed hearts. A total of 14805 ac4C peaks enriched in 5665 genes 
were identified in Sham-operated hearts, while 14921 ac4C peaks 
enriched in 6243 genes were identified in I/R-exposed hearts. I/R- 
exposed and Sham mouse hearts shared 11289 common ac4C peaks 
enriched in 4770 genes, which accounted for 75.66% of the total acet-
ylated peaks in I/R-exposed hearts and 76.25% in Sham hearts 

Fig. 2. NAT10 aggravates H/R-induced cardiomyocytes damage 
(A) Cell viability was detected with CCK8 assay kit. Ctrl + Adv-Null n = 6, Ctrl + Adv-NAT10 n = 6, H/R + Adv-Null n = 5, H/R + Adv-NAT10 n = 7. *p < 0.05 vs 
Ctrl + Adv-Null, ###p < 0.001 vs Ctrl + Adv-Null, &p < 0.05 vs H/R + Adv-Null. (B) GPX4 protein level. Adv-Null n = 4, Adv-NAT10 n = 4. *p < 0.05 vs Adv-Null. 
(C–D) Analysis of lipid-ROS using C11 BODIPY 581/591 fluorescence staining (Bar:20 μm), Red, non-oxidized form of C11 BODIPY; Green, oxidized form of C11 
BODIPY. Adv-Null n = 3, Adv-NAT10 n = 3 (3 fields per sample). ***p < 0.001 vs Adv-Null. (E) Cell viability was detected with CCK8 assay kit. Ctrl + siNC n = 6, 
Ctrl + siNAT10 n = 6, H/R + siNC n = 6, H/R + siNAT10 n = 6. ***p < 0.001 vs Ctrl + siNC, ###p < 0.001 vs H/R + siNC. (F) GPX4 protein level. Ctrl + siNC n = 3, 
H/R + siNC n = 3, H/R + siNAT10 n = 3. ***p < 0.001 vs Ctrl + siNC, #p < 0.05 vs H/R + siNC. (G–H) Analysis of lipid-ROS using C11 BODIPY 581/591 
fluorescence staining (Bar:20 μm), Red, non-oxidized form of C11 BODIPY; Green, oxidized form of C11 BODIPY. Ctrl + siNC n = 3, H/R + siNC n = 3, H/R +
siNAT10 n = 3 (3 fields per sample). ***p < 0.001 vs Ctrl + siNC, ##p < 0.01 vs H/R + siNC. Data are represented as mean ± SEM. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Supplementary Fig. 5A). The ac4C peaks in the sham and I/R-exposed 
hearts were mainly distributed in coding regions and 3′-UTRs as well 
as in start and stop codons (Supplementary Fig. 5B). Consistent with the 
findings of a previous study [25], the ac4C motif “A(U)GCA(U)GC” was 
most commonly enriched in the ac4C peaks (Supplementary Fig. 5C). In 
addition, after analyzing the RNA-seq data, we correlated the levels of 
the ac4C peaks with gene expression. Consistent with the finding that 
ac4C modification enhances mRNA stability [13], our results showed 
that 2342 ac4C peaks from 1481 hyper-upregulated genes were 
increased (termed hyperacetylated ac4C peaks), while 1326 ac4C peaks 
from 1109 hyper-downregulated genes were decreased (termed hypo-
acetylated ac4C peaks) in I/R-exposed hearts relative to sham-operated 
control hearts (FC > 2, P < 0.00001) (Fig. 5A). Gene Ontology (GO) 
enrichment analysis of genes associated with biological processes and 
molecular functions revealed that genes with hyperacetylated ac4C in 
I/R-exposed hearts were related mainly to the regulation of biological 
processes, cellular processes, and protein binding (Supplementary 
Fig. 5D). To screen the potential targets of NAT10, we first performed 
qPCR assays on the differentially methylated genes that were implicated 

in cell death in mouse hearts. Among these 12 genes, Mybbp1a, Ddx21 
and Pabpc1 were significantly upregulated in I/R-exposed hearts but 
downregulated after NAT10 was knocked down (Fig. 5B–C). To further 
verify the acRIP-seq results, we performed an acRIP-qPCR assay on the 
ac4C-acetylated genes in cardiomyocytes (Fig. 5D, Supplementary 
Figs. 5E–5F). As shown in Fig. 5D, Mybpp1a was significantly enriched 
in the anti-NAT10-immunoprecipitated fraction relative to the anti-IgG 
fraction, and this enrichment was further enhanced by NAT10 over-
expression (Fig. 5D). Visualization of the acRIP-seq and mRNA-seq re-
sults also revealed a greater abundance of ac4C modification peaks in 
the CD region and 3′-UTR of Mybbp1a mRNA in I/R-exposed hearts than 
in Sham-operated hearts, and this finding was accompanied by a marked 
increase in Mybbp1a mRNA expression (Supplementary Fig. 5G). Since 
NAT10 increases the mRNA and protein levels of Mybb1pa, we carried 
out an RNA decay experiment in cardiomyocytes by treating them with 
actinomycin D. The results showed that the actinomycin D-induced 
degradation of Mybb1pa mRNA was prevented by the overexpression of 
NAT10 (Fig. 5E–F). Furthermore, we found that the Mybpp1a protein 
level was markedly elevated in I/R-exposed hearts and that this change 

Fig. 3. Deficiency of NAT10 protects against I/R-induced cardiac injury. 
(A) Plasma LDH was analyzed by a LDH assay kit. Sham + NAT10f/+ n = 5, Sham + NAT10CKO n = 4, I/R + NAT10f/+ n = 5, I/R + NAT10CKO n = 5. **p < 0.01 vs 
Sham + NAT10f/+, #p < 0.05 vs I/R + NAT10f/+. (B) Plasma CKMB level was analyzed by Elisa assay. Sham + NAT10f/+ n = 6, Sham + NAT10CKO n = 5, I/R +
NAT10f/+ n = 6, I/R + NAT10CKO n = 4. ***p < 0.001 vs Sham + NAT10f/+, ###p < 0.001 vs I/R + NAT10f/+. (C) Infarct size of I/R hearts by Evans blue/TTC 
double staining (scale bar: 2 mm). IF: Infarct Area; AAR: Area at risk; LV: Left ventricle. I/R + NAT10f/+ n = 5, I/R + NAT10CKO n = 4. ***p < 0.001 vs I/R +
NAT10f/+. (D) Representative images of echocardiographs and statistics of ejection fraction (EF), fractional shortening (FS). Sham + NAT10f/+ n = 6, Sham +
NAT10CKO n = 6, I/R + NAT10f/+ n = 8, I/R + NAT10CKO n = 8. ***p < 0.001 vs Sham + NAT10f/+, #p < 0.05 vs I/R + NAT10f/+. (E) GPX4 protein level. Sham +
NAT10f/+ n = 5, Sham + NAT10CKO n = 5, I/R + NAT10f/+ n = 5, I/R + NAT10CKO n = 5. ***p < 0.001 vs Sham + NAT10f/+, ###p < 0.001 vs I/R + NAT10f/+. (F) 
Transmission electron microscope representation of mouse heart tissue (top, Bar: 1 μm) and Immunohistochemical staining of 4-HNE in the heart tissues of mice 24 h 
after ischemia reperfusion injury (bottom, n = 3 per group, 4–5 fields per sample. Bar:50 μm). (G) Flameng scores assessed the degree of mitochondrial damage in 
mice heart tissue. Sham + NAT10f/+ n = 5, I/R + NAT10f/+ n = 6, I/R + NAT10CKO n = 5. ***p < 0.001 vs Sham + NAT10f/+, ##p < 0.01 vs I/R + NAT10f/+. (H) 
Tissue Lipid peroxidation level was analyzed by Lipid-peroxidation assay kit. Sham + NAT10f/+ n = 3, Sham + NAT10CKO n = 3, I/R + NAT10f/+ n = 3, I/R +
NAT10CKO n = 4. **p < 0.01 vs Sham + NAT10f/+, ##p < 0.01 vs I/R + NAT10f/+. Data are represented as mean ± SEM. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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was abrogated by NAT10 deficiency (Fig. 5G). In contrast, over-
expression of NAT10 increased Mybbp1a protein expression in the 
presence or absence of I/R treatment (Fig. 5H). Consistent with these 
findings, knockdown of NAT10 reversed the H/R-induced increase in 
Mybbp1a protein expression in cardiomyocytes in vitro (Supplementary 
Fig. 5H). Furthermore, overexpression of NAT10 increased the Mybbp1a 
protein level in the presence or absence of H/R treatment (Supple-
mentary Fig. 5I). These results suggest that Mybbp1a may act as a 
downstream target of NAT10 during cardiac I/R injury. 

It has been shown that MYB binding protein 1A (Mybbp1a) activates 
p53 by promoting its acetylation, thereby inducing cell death in 
response to cellular stress [26]. These findings prompted us to investi-
gate whether Mybbp1a is involved in H/R stimulation-induced ferrop-
tosis. To this end, we transfected Mybbp1a siRNAs into cardiomyocytes 
to knock down Mybbp1a expression. Western blotting analysis showed 
that siRNA#2 exerted the strongest effect on silencing Mybbp1a 
compared to the other constructs (Supplementary Fig. 6A); therefore, 
this sequence was used for the following study. To further confirm 

whether Mybbp1a knockdown can mitigate I/R-induced cardiac injury 
in vivo, we generated a AAV9-shMybbp1a construct to silence Mybbp1a 
expression in mouse hearts. As shown in Supplementary Fig. 6B, the 
administration of AAV9-shMybbp1a resulted in a significant reduction 
in Mybbp1a protein levels in both Sham and I/R-exposed hearts. 
Compared with AAV9-shNC, Mybbp1a knockdown markedly reduced 
the infarct size and plasma LDH and CKMB levels of I/R-exposed 
(Fig. 5I–K). In addition, knockdown of Mybbp1a markedly amelio-
rated I/R-induced cardiac dysfunction (Fig. 5L). Notably, I/R-induced 
cardiac ferroptosis was attenuated by Mybbp1a knockdown, as indi-
cated by increased GPX4 levels and decreased lipid peroxidation levels 
(Fig. 5M–O). Consistent with the in vivo results, we demonstrated that 
knockdown of Mybbp1a alleviated H/R-induced cardiomyocyte fer-
roptosis, as indicated by marked increases in GPX4 protein expression 
and the strong decrease in lipid-ROS production (Supplementary 
Figs. 6C–6D). These results suggest that the inhibition of Mybbp1a 
protects against I/R-induced cardiac injury by attenuating car-
diomyocyte ferroptosis. 

Fig. 4. NAT10 exacerbates cardiac I/R injury 
(A) Plasma LDH was analyzed by a LDH assay kit. Sham + AAV9-Null n = 6, Sham + AAV9-NAT10 n = 5, I/R + AAV9-Null n = 7, I/R + AAV9-NAT10 n = 8. *p <
0.05 vs Sham + AAV9-Null, ###p < 0.001 vs Sham + AAV9-Null, &&p < 0.01 vs I/R + AAV9-Null. (B) Plasma CKMB level was analyzed by Elisa assay. Sham +
AAV9-Null n = 7, Sham + AAV9-NAT10 n = 7, I/R + AAV9-Null n = 7, I/R + AAV9-NAT10 n = 7. **p < 0.01 vs Sham + AAV9-Null, ###p < 0.001 vs Sham + AAV9- 
Null, &&&P < 0.001 vs I/R + AAV9-Null. (C) Infarct size of I/R hearts by Evans blue/TTC double staining (scale bar: 2 mm). IF: Infarct Area; AAR: Area at risk; LV: 
Left ventricle. I/R + AAV9-Null n = 5, I/R + AAV9-NAT10 n = 4. **p < 0.01 vs I/R + AAV9-Null. (D–E) Representative images of echocardiographs and statistics of 
ejection fraction (EF), fractional shortening (FS). Sham + AAV9-Null n = 6, Sham + AAV9-NAT10 n = 8, I/R + AAV9-Null n = 8, I/R + AAV9-NAT10 n = 7. *p <
0.05 vs Sham + AAV9-Null, ###p < 0.001 vs Sham + AAV9-Null, &&p < 0.01 vs I/R + AAV9-Null. (F) Transmission electron microscope representation of mouse 
heart tissue (top, Bar: 1 μm) and Immunohistochemical staining of 4-HNE in the heart tissues of mice 24 h after ischemia reperfusion injury (bottom, n = 3 per 
group, 4–5 fields per sample. Bar:50 μm). (G) Flameng scores assessed the degree of mitochondrial damage in mice heart tissue. Sham + AAV9-Null n = 5, Sham +
AAV9-NAT10 n = 7. I/R + AAV9-Null n = 7, I/R + AAV9-NAT10 n = 7. ***p < 0.001 vs Sham + AAV9-Null. ###p < 0.001 vs Sham + AAV9-Null, &&p < 0.01 vs I/R 
+ AAV9-Null. (H) Tissue Lipid peroxidation level was analyzed by Lipid-peroxidation assay kit. AAV9-Null n = 3, AAV9-NAT10 n = 3. *p < 0.05 vs AAV9-Null. (I) 
GPX4 protein level. AAV9-Null n = 4, AAV9-NAT10 n = 4. ***p < 0.001 vs AAV9-Null. (J) Plasma CKMB level was analyzed by creatine kinase isoenzyme MB assay 
kit. I/R + AAV9-NAT10+Vehicle n = 5, I/R + AAV9-NAT10+Fer-1 n = 5, I/R + AAV9-NAT10 + Emr n = 5, ***p < 0.001 vs I/R + AAV9-NAT10+Vehicle, *p < 0.05 
vs I/R + AAV9-NAT10+Vehicle. (K) Plasma LDH activity was analyzed by lactate dehydrogenase assay kit. I/R + AAV9-NAT10+Vehicle n = 5, I/R + AAV9- 
NAT10+Fer-1 n = 6, I/R + AAV9-NAT10 + Emr n = 7, ***p < 0.001 vs I/R + AAV9-NAT10+Vehicle, *p < 0.05 vs I/R + AAV9-NAT10+Vehicle. (L) Infarct size of I/ 
R hearts by TTC staining (scale bar: 2 mm). I/R + AAV9-NAT10+Vehicle n = 6, I/R + AAV9-NAT10+Fer-1 n = 5, I/R + AAV9-NAT10 + Emr n = 5, ***p < 0.001 vs 
I/R + AAV9-NAT10+Vehicle, **p < 0.01 vs I/R + AAV9-NAT10+Vehicle. **p < 0.01 vs I/R + AAV9-NAT10 + Emr. (M) Representative images of echocardiographs 
and statistics of ejection fraction (EF), fractional shortening (FS). I/R + AAV9-NAT10+Vehicle n = 5, I/R + AAV9-NAT10+Fer-1 n = 5, I/R + AAV9-NAT10 + Emr n 
= 6, ***p < 0.001 vs I/R + AAV9-NAT10+Vehicle *p < 0.05 vs I/R + AAV9-NAT10+Vehicle. Data are represented as mean ± SEM. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. NAT10 stabilizes Mybbp1a by inducing its ac4C modification. 
(A) Correlation of changes in mRNAs levels and ac4C levels in the hearts of mice treated with I/R compared with Sham. (B) The level of ac4C target mRNAs in I/R. 
Sham n = 4–5, I/R n = 5–6. *p < 0.05 vs Sham. (C) The level of ac4C target mRNAs in AAV9-shNAT10 treated hearts after I/R. I/R + shNC n = 6–7, I/R + shNAT10 
n = 6. *p < 0.05 vs I/R + shNC. (D) The ac4C modification level of Mybbp1a mRNA was detected by acRIP-qPCR. n = 3 ***p < 0.001 vs IgG, ###p < 0.001 vs Adv- 
Null. (E) Degradation of Mybbp1a mRNA in actinomycin-D (Act.D 5 μg/mL) treated cardiomyocytes. Adv-Null-0h n = 5, Adv-Null-4h n = 3, Adv-Null-8h n = 3, Adv- 
NAT10-0 h n = 6, Adv-NAT10-4 h n = 3, Adv-NAT10-8 h n = 3. *p < 0.05 vs Adv-NAT10-8 h. (F) Mybbp1a mRNA level in cardiomyocytes treated with Adv-NAT10. 
Adv-Null n = 5, Adv-NAT10 n = 6. *p < 0.05 vs Adv-Null. (G–H) Mybbp1a protein level in I/R hearts. (G) Sham + NAT10f/+ n = 4 Sham + NAT10CKO n = 4, I/R +
NAT10f/+ n = 4, I/R + NAT10CKO n = 4 **p < 0.01 vs Sham + NAT10f/+, #p < 0.05 vs I/R + NAT10f/+. (H) Sham + AAV9-Null n = 7, Sham + AAV9-NAT10 n = 7, I/ 
R + AAV9-Null n = 6, I/R + AAV9-NAT10 n = 6. *p < 0.05 vs Sham + AAV9-Null, ##p < 0.01 vs Sham + AAV9-Null, &&p < 0.01 vs I/R + AAV9-Null. (I) Plasma 
LDH was analyzed by a LDH assay kit. Sham + AAV9-shNC n = 5, Sham + AAV9-shMybbp1a n = 5, I/R + AAV9-shNC n = 8, I/R + AAV9-shMybbp1a n = 8. ***p <
0.001 vs Sham + AAV9-shNC, ###p < 0.001 vs I/R + AAV9-shNC. (J) Plasma CKMB level was analyzed by Elisa assay. Sham + AAV9-shNC n = 8, Sham + AAV9- 
shMybbp1a n = 8, I/R + AAV9-shNC n = 8, I/R + AAV9-shMybbp1a n = 8. ***p < 0.001 vs Sham + AAV9-shNC, ##p < 0.01 vs I/R + AAV9-shNC. (K) Infarct size of 
I/R hearts by Evans blue/TTC double staining (scale bar: 2 mm). IF: Infarct Area; AAR: Area at risk; LV: Left ventricle. I/R + AAV9-shNC n = 5, I/R + AAV9- 
shMybbp1a n = 6. ***p < 0.001 vs I/R + AAV9-shNC. (L) Representative images of echocardiographs and statistics of ejection fraction (EF), fractional shortening 
(FS). Sham + AAV9-shNC n = 7, Sham + AAV9-shMybbp1a n = 7, I/R + AAV9-shNC n = 10, I/R + AAV9-shMybbp1a n = 12. ***p < 0.001 vs Sham + AAV9-shNC, 
#p < 0.05 vs I/R + AAV9-shNC. (M) Tissue Lipid peroxidation level was analyzed by Lipid-peroxidation assay kit. Sham + AAV9-shNC n = 3, Sham + AAV9- 
shMybbp1a n = 3, I/R + AAV9-shNC n = 6, I/R + AAV9-shMybbp1a n = 6. *p < 0.05 vs Sham + AAV9-shNC, ##p < 0.01 vs I/R + AAV9-shNC. (N) Immuno-
histochemical staining of 4-HNE in the heart tissues of mice 24 h after myocardial reperfusion injury (n = 3 per group, 4–5 fields per sample. Bar:50 μm). (O) GPX4 
protein level. Sham + AAV9-shNC n = 4, Sham + AAV9-shMybbp1a n = 4, I/R + AAV9-shNC n = 4, I/R + AAV9-shMybbp1a n = 4. **p < 0.01 vs Sham + AAV9- 
shNC, #p < 0.05 vs I/R + AAV9-shNC. Data are represented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.6. NAT10 exacerbates cardiac I/R injury by regulating the Mybbp1a/ 
p53 axis 

Given the protective effects of Mybbp1a knockdown on cardiac I/R 
injury and the NAT10-mediated stabilization of Mybbp1a, we 

hypothesized that Mybbp1a may mediate the detrimental role of NAT10 
in cardiac ferroptosis and I/R injury. To test this hypothesis, we knocked 
down Mybbp1a via tail vein injection of AAV9-shMybbp1a into NAT10- 
overxpressing mouse hearts. As expected, knockdown of Mybbp1a 
reduced the release of LDH and CKMB in I/R-exposed NAT10- 

Fig. 6. Mybbp1a mediates NAT10 induced exacerbation on cardiac I/R injury. 
(A) Plasma LDH was analyzed by a LDH assay kit. I/R + AAV9-NAT10 + AAV9-shNC n = 7, I/R + AAV9-NAT10 + AAV9-shMybbp1a n = 9. ***p < 0.001 vs I/R +
AAV9-NAT10 + AAV9-shNC. (B) Plasma CKMB level was analyzed byElisa assay. I/R + AAV9-NAT10 + AAV9-shNC n = 7, I/R + AAV9-NAT10 + AAV9-shMybbp1a 
n = 7. *p < 0.05 vs I/R + AAV9-NAT10 + AAV9-shNC. (C–D) Representative images of echocardiographs and statistics of ejection fraction (EF) and fractional 
shortening (FS). I/R + AAV9-NAT10 + AAV9-shNC n = 5, I/R + AAV9-NAT10 + AAV9-shMybbp1a n = 9. *p < 0.05 vs I/R + AAV9-NAT10 + AAV9-shNC. (E) 
Immunohistochemical staining of 4-HNE in the heart tissues of mice 24 h after myocardial reperfusion injury (n = 3 per group, 4–5 fields per sample. Bar:50 μm). (F) 
Tissue Lipid peroxidation level was analyzed by Lipid-peroxidation assay kit. I/R + AAV9-NAT10 + AAV9-shNC n = 3, I/R + AAV9-NAT10 + AAV9-shMybbp1a n =
4. *p < 0.05 vs I/R + AAV9-NAT10 + AAV9-shNC. (G) GPX4 protein level. I/R + AAV9-NAT10 + AAV9-shNC n = 3, I/R + AAV9-NAT10 + AAV9-shMybbp1a n = 3. 
**p < 0.01 vs I/R + AAV9-NAT10 + AAV9-shNC. (H–I) Protein lysates obtained from Ischemic tissue in mice were immunoprecipitated with anti-P300 antibody or 
control IgG and then separated by 10% SDS-PAGE. Transferred membrane was immunoblotted with either anti-P300 or p53 antibody. (J) ChIP analysis of p53 
binding to the promoter of SLC7A11. Cardiomyocytes were treated with NAT10 adenovirus and siMybbp1a and subjected to H/R at indicated time. ChIP was 
performed with p53 or IgG antibody. n = 3. *p < 0.05 vs IgG, #p < 0.05 vs H/R + Null + siNC, &&p < 0.01 vs H/R + NAT10+siNC. Data are represented as mean 
± SEM. 
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overexpressing hearts (Fig. 6A–B). Moreover, compared with that in the 
AAV9-shNC-treated group, Mybbp1a knockdown markedly ameliorated 
the cardiac function of I/R-exposed NAT10-overexpressing hearts 
(Fig. 6C–D). Moreover, the detrimental effects of NAT10 on cardiac 
ferroptosis after I/R were abolished by Mybbp1a knockdown, as indi-
cated by increased GPX4 protein levels and decreased lipid peroxidation 
levels (Fig. 6E–G). Consistent with the in vivo results, knockdown of 
Mybbp1a abrogated the NAT10-induced decreases in viability and GPX4 
protein levels and the increase lipid-ROS in H/R-exposed car-
diomyocytes (Supplementary Figs. 7A–7C). 

It has been reported that Mybbp1a induces cell death by enhancing 
p53 acetylation and transcriptional activation via P300 recruitment 
upon cellular stress [26]. We therefore hypothesized that 
NAT10-induced p53 activation occurred due to 
Mybbp1a/P300-mediated p53 acetylation. We then performed a coim-
munoprecipitation assay to test this hypothesis. As shown in Fig. 6H, I/R 
increased the interaction between P300 and p53, and this interaction 

was markedly abrogated in AAV9-shNAT10 mice. In addition, NAT10 
overexpression enhanced the binding of P300 to p53, and this interac-
tion was inhibited by Mybbp1a knockdown (Fig. 6I). Silencing Mybbp1a 
significantly decreased the I/R- and H/R-induced upregulation of p53 
and ac-k379-p53 protein expression (Supplementary Figs. 7D–7F). In 
addition, the NAT10-induced increases in p53 and ac-k379-p53 protein 
expression were reversed by Mybbp1a knockdown after I/R in vivo and 
in vitro (Supplementary Figs. 7G–7K). It has been shown that acetylated 
p53 inhibits cystine uptake and sensitizes cells to ferroptosis through the 
transcriptional inhibition of SLC7A11 expression [9]. Therefore, we 
performed a ChIP experiment to determine the effects of the NAT10/-
Mybbp1 axis on the interaction of p53 with the SLC7A11 gene promoter 
region. As expected, overexpression of NAT10 promoted the binding of 
p53 to the SLC7A11 promoter in H/R-exposed cardiomyocytes, while 
silencing Mybbp1a reversed this effect (Fig. 6J). Furthermore, knock-
down of NAT10 increased SLC7A11 expression in I/R-exposed hearts 
and H/R-exposed cardiomyocytes, whereas overexpression of NAT10 

Fig. 7. Remodelin alleviated cardiac I/R injury. 
(A) Infarct size of I/R hearts by Evans blue/TTC double staining (scale bar: 2 mm). IF: Infarct Area; AAR: Area at risk; LV: Left ventricle. I/R + Vehicle n = 5, I/R +
Remodelin n = 4. **p < 0.01 vs I/R + Vehicle. (B) Plasma LDH was analyzed by a LDH assay kit. Sham + Vehicle n = 7, I/R + Vehicle n = 7, I/R + Remodelin n = 8. 
*p < 0.05 vs Sham + Vehicle, ##p < 0.01 vs I/R + Vehicle. (C) Plasma CKMB level was analyzed by Elisa assay. Sham + Vehicle n = 3, I/R + Vehicle n = 5, I/R +
Remodelin n = 5. **p < 0.01 vs Sham + Vehicle, #p < 0.05 vs I/R + Vehicle. (D) Representative images of echocardiographs and statistics of ejection fraction (EF), 
fractional shortening (FS). Sham + Vehicle n = 8, I/R + Vehicle n = 11, I/R + Remodelin n = 6. ***p < 0.001 vs Sham + Vehicle, ##p < 0.01 vs I/R + Vehicle. (E) 
P53 protein level. Sham + Vehicle n = 5, I/R + Vehicle n = 5, I/R + Remodelin n = 4. ***p < 0.001 vs Sham + Vehicle, #p < 0.05 vs I/R + Vehicle. (F) Ac-k379-p53 
protein level. Sham + Vehicle n = 3, I/R + Vehicle n = 3, I/R + Remodelin n = 3. **p < 0.01 vs Sham + Vehicle, #p < 0.05 vs I/R + Vehicle. (G) Immunohis-
tochemical staining of 4-HNE in the heart tissues of mice 24 h after myocardial reperfusion injury (n = 3 per group, 4–5 fields per sample. Bar:50 μm). (H) Tissue 
Lipid peroxidation level was analyzed by Lipid-peroxidation assay kit. Sham + Vehicle n = 3, I/R + Vehicle n = 5, I/R + Remodelin n = 3. *p < 0.05 vs Sham +
Vehicle, ##p < 0.01 vs I/R + Vehicle. (I) GPX4 protein level. Sham + Vehicle n = 3, I/R + Vehicle n = 3, I/R + Remodelin n = 3. **p < 0.01 vs Sham + Vehicle, #p <
0.05 vs I/R + Vehicle. Data are represented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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had the opposite effect (Supplementary Figs. 8A–8D). In addition, 
knockdown of Mybbp1a suppressed the NAT10-or I/R-induced increase 
in SLC7A11 protein expression in vivo and in vitro (Supplementary 
Figs. 8E–8H). These results demonstrate that the detrimental effects of 
NAT10 on cardiac I/R injury were mediated by the Mybbp1a/p53 axis. 

3.7. Remodelin alleviated cardiac I/R injury 

These results suggest that NAT10 is a potential target for treating I/R. 
To further verify this hypothesis, we pretreated mice with Remodelin, 
which is a small molecule inhibitor of NAT10, to investigate whether it 
can ameliorate cardiac I/R injury. As expected, oral administration of 
Remodelin markedly reduced both I/R-induced increases in NAT10 
mRNA and protein expression (Supplementary Figs. 9A–9B). However, 
Remodeling failed to alter the mRNA and protein levels of NAT10 in 
cardiomyocytes under physiological condition (Supplementary 
Figs. 9C–9D). Additionally, H/R-induced increase in NAT10 mRNA and 
protein expression in NMCMs was reversed by Remodelin (Supplemen-
tary Figs. 9C–9D). H/R-induced increase in Mybbp1a protein expression 
in NMCMs was reversed by Remodelin (Supplementary Fig. 9E). 
Notably, compared with vehicle-treated mice, Remodelin-treated mice 
had a reduced myocardial infarct size after I/R (Fig. 7A). I/R-induced 
LDH and CKMB release from I/R-exposed hearts was markedly sup-
pressed by Remodelin (Fig. 7B–C). Echocardiography analysis revealed 
that I/R-induced cardiac dysfunction was greatly ameliorated after 
Remodelin treatment compared with vehicle treatment (Fig. 7D). At the 
molecular level, compared with the vehicle, Remodelin repressed the I/ 
R-induced upregulation of p53 and Ac-k379-p53 protein expression 
(Fig. 7E–F). Furthermore, Remodelin treatment suppressed I/R-induced 
cardiac ferroptosis, as demonstrated by decreases in the accumulation of 
cardiac lipid peroxidation and the increase in GPX4 and SLC7A11 pro-
tein expression (Fig. 7G–I; Supplementary Fig. 8I). These results 
demonstrate that Remodelin alleviates cardiac ferroptosis and I/R 
injury. 

4. Discussion 

Our study provided a number of new findings. (1) NAT10 mRNA and 
protein levels were significantly elevated in cardiomyocytes from I/R- 
exposed hearts; (2) P53 acted as a transcriptional activator to upregu-
late NAT10 expression in I/R-exposed hearts; (3) NAT10 deficiency 
alleviated while NAT10 overexpression exacerbated cardiomyocyte 
ferroptosis; (4) NAT10 caused the ac4C modification of Mybbp1a to 
increase its stability, thereby activating p53 via P300-mediated acety-
lation, which in turn induced the expression of the anti-ferroptotic gene 
SLC7A11; and (5) pharmacological inhibition of NAT10 via the inhibitor 
Remodelin protected against cardiac I/R injury. Taken together, these 
findings indicate that NAT10 forms a positive feedback loop with 
Mybbp1a/p53 to exacerbate cardiac I/R injury (Fig. 8). 

During the course of this study, an article was published that re-
ported the role of NAT10 in the heart [14]. These authors demonstrated 
that a PIWI-interacting RNA, termed HAAPIR, interacts with NAT10 to 
enhance its ac4C acetylation activity on the transcript of a proapoptotic 
protein, thus promoting cardiomyocyte apoptosis. However, whether 
NAT10 expression levels are altered in infarcted mouse myocardial tis-
sues and H/R-exposed cardiomyocytes is still unknown. In comparison, 
we showed that the mRNA and protein levels of NAT10 were markedly 
upregulated in both mouse hearts exposed to I/R and a cellular model of 
H/R-induced oxidative stress, and these changes were accompanied by 
increased RNA ac4C levels. NAT10 is a nucleolar protein that trans-
locates into the nucleoplasm upon exposure to different cellular stresses 
[27]. Liu et al. showed that the DNA damage-induced increase in NAT10 
expression is absent in p53-deficient cells, suggested that the change in 
NAT10 expression depends on p53 [27]. It is well known that p53 
functions as a transcription factor to activate and repress the tran-
scription of many genes, including genes involved in ferroptosis, 
apoptosis, cell cycle arrest, and senescence, by binding to DNA pro-
moters in a sequence-specific manner [28–32]. P53 activates its physi-
ological antagonist MDM2 to form a negative feedback loop with MDM2 
[33,34]. This evidence prompted us to consider the possibility that p53 
may affect NAT10 expression in a transcription-dependent manner 
under I/R conditions. Consistent with these findings, our data demon-
strated that overexpression of p53 increased while knockdown of p53 
significantly decreased the mRNA and protein levels of NAT10 in 
I/R-exposed hearts and in H/R-exposed cardiomyocytes. Further studies 
showed that p53 acts as an upstream regulator to activate NAT10 
transcription by binding specific DNA sequences during I/R injury. 

A recent study demonstrated that cardiomyocyte apoptosis occurs 
mainly in the early phase, while ferroptosis occurs in the late phase, of I/ 
R injury [3]. Inhibition of ferroptosis confers cardioprotective effects 
against cardiac I/R injury, especially in the late phase (after 4 h) after 
I/R. Although NAT10 has been shown to promote cardiomyocyte 
apoptosis upon oxidative stress [14], the role of NAT10 during cardiac 
I/R injury in vivo has yet to be determined. Our study identified NAT10 
acts as a crucial regulator of cardiac I/R injury by regulating p53 sta-
bility and activity via gain- and loss-of-function strategies. More 
importantly, we found that NAT10 overexpression is sufficient to cause 
cardiomyocyte ferroptosis, which results in a slight decrease in cardiac 
function. Especially when the reperfusion time reaches 24 h or even 
longer, I/R-induced myocardial cell death mainly occurs via ferroptosis 
[3]. Our experimental results further confirmed that, when NAT10 was 
overexpressed, a ferroptosis inhibitor had superior cardioprotective ef-
fects compared with an apoptosis inhibitor. This finding suggested that 
NAT10 participates in I/R injury primarily by regulating ferroptosis. 
These results provide novel insights into the function of NAT10 in 
regulating multiple forms of cardiomyocyte death during I/R injury. 

NAT10 and Mybbp1a are nucleolar proteins that translocate into the 
nucleoplasm upon cellular damage and contribute to nucleolar stress 
responses by regulating p53 [20,27]. For the first time, our study 
elucidated the regulatory role of NAT10 in Mybbp1a activation in car-
diomyocytes exposed to I/R. We found that NAT10 markedly increased 

Fig. 8. Schematic illutration on the proposed mechanism of NAT10 on cardiac 
I/R injury. During cardiac I/R injury, the elevated expression of NAT10 en-
hances the stability of Mybbp1a through ac4C mdification, which in turn ac-
tivateds p53 via P300-mediated acetylation, thereby repressing the 
transcription of the anti-ferroptotic gene SLC7A11. Meanwhile, p53 acts as a 
transcriptional activator to upregulate the expression of NAT10 after cardiac I/ 
R. Based on these findings, a novel positive feedback regulatory circuit is 
proposed: I/R or H/R → NAT10 ↑→ Mybbp1a↑ → p53↑ → SLC7A11 
↓/ NAT10↑ → Cardiomyocytes ferroptosis → I/R or H/R injury↑ (Created with 
Biorender.com). 
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the ac4C modification of Mybbp1a mRNA, which led to pronounced 
increases in Mybbp1a stability; thus, these findings provide a novel link 
in NAT10-Mybbp1a-p53 axis in terms of signal transduction from the 
nucleolus to the nucleoplasm in the context of I/R. In addition, in 
comparison with the study by Wang [14] et al., we identified Mybbp1a 
as a key target of NAT10-mediated ac4C modification that is involved in 
cardiomyocyte ferroptosis. 

The acetylation of p53 at lysine residues in its CTD in response to 
DNA damage increases its stability by preventing the ubiquitination of 
the same lysine residues [35]. This acetylation of p53 is also crucial for 
its sequence-specific DNA binding activity and transcriptional activity 
[36].Mybbp1a has been shown to promote p53 tetramerization and 
recruit P300/CBP to enhance the acetylation of p53 in its CTD, thereby 
increasing the DNA-binding activity of p53 and promoting the tran-
scription of target genes [22]. Knockdown of Mybbp1a suppressed the 
DNA damage agent-induced increase in p53 K382 acetylation and cell 
death in human cells [21].The acetylation of P53 in CTD is indispensable 
for promoting cells ferroptosis. Upon oxidative stress, the activated p53 
has been shown to bind to the promoter region of the anti-ferroptotic 
SLC7A11 gene to repress its transcription, thereby sensitizing cells to 
ferroptosis by increasing accumulation of lipid peroxides [9]. The 
decreased level of p53 K382 acetylation or mutations in p53 lysine 
residues of CTD reduces the ability of p53 to repress SLC7A11 [11]. 
Consistent with these observations, we found that NAT10 over-
expression promoted the interaction of P300 with p53, which was 
abrogated by silencing of Mybbp1a. Moreover, the level of p53 acety-
lation at K382 (corresponding to K379 in mice) was markedly increased 
in I/R-exposed hearts and H/R-exposed cardiomyocytes, and these ef-
fects were prevented by knockdown of NAT10 or Mybbp1a, which was 
accompanied by decreased expression of p53, Ac-p53-k379 and 
SLC7A11. Our study demonstrated that the upregulated NAT10 pro-
moted cardiomyocytes ferroptosis by impairing the redox balances to 
increase lipid ROS levels and accumulation of lipid peroxidation via 
activating Mybbp1a/p53/SLC7A11 axis. 

NAT10 is considered to be a lysine acetyltransferases (KAT) and 
functions as the writer of ac4C by transferring an acetyl group to pro-
teins and RNAs via its substrate acetyl-CoA [37,38]. Remodelin was first 
identified as a small molecule inhibitor of the acetyltransferase activity 
of NAT10 and to improve the nuclear architecture of laminopathic cells 
[39]; however, the potential mechanism underlying the inhibitory effect 
of Remodelin on NAT10 is unclear. A biophysical study by Shrimp et al. 
showed that Remodelin fails to affect the NAT10-mediated RNA acety-
lation of cytidine [40]. In sharp contrast, a recent study predicted the 
structure of NAT10 and the potential sites at which Remodelin binds to 
NAT10 using molecular docking. This study indicated that Remodelin 
binds to NAT10 at the binding pocket of acetyl-CoA, thereby inhibiting 
the acetyltransferase activity of NAT10 and preventing the acetylation 
of both proteins and RNAs [41]. This is strongly supported by some 
studies showing that Remodelin inhibits ac4C RNA levels and NAT10 
expression in human immunodeficiency virus and cancer [42–44]. 
Contrary to this consensus, a few studies have reported that NAT10 
expression cannot be altered by Remodelin [45,46]. Our study showed 
that Remodelin markedly reduced the acetyltransferase activity of 
NAT10, which is necessary for catalyzing RNA acetylation, as indicated 
by reduced levels of ac4C in total RNA and reduced levels of ac4C in 
Mybbp1a mRNA in I/R-exposed hearts and H/R-exposed car-
diomyocytes. In addition, we also found that Remodelin can reduce the 
mRNA and protein expression levels of NAT10 in I/R-exposed hearts and 
H/R-exposed cardiomyocytes, while this inhibitory effect on NAT10 
expression was disappeared in the context of normoxia. The possible 
explanation for this is that Remodelin inhibits the enzymatic activity of 
NAT10, which in turn repressed the activation of positive feedback loop 
of NAT10/Mybbp1a/p53 axis in the mouse heart upon I/R, thereby 
suppressing the transcription of NAT10. 

In conclusion, this study revealed that NAT10 is a central regulator of 
cardiomyocytes ferroptosis after cardiac I/R. We demonstrate that 

NAT10 increases the Mybbp1a stability via mediating ac4C modifica-
tion, leading to transcriptional inhibition of SLC7A11 by inducing P300- 
mediated P53 acetylation and activation. Meanwhile, p53 transcrip-
tionally upregulate the expression of NAT10, thereby forming a positive 
feedback loop with NAT10/Mybbp1a/SLC7A11 to exacerbate cardiac I/ 
R injury. These findings suggest that targeting the p53/NAT10/ 
Mybbp1a axis constitutes a new direction for treating cardiac I/R injury. 
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