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Abstract 

Rationale: Myocardial ischemia/reperfusion (I/R) injury leads to irreversible cardiomyocyte death and 
aggravates myocardial infarction. Deubiquitinating enzymes (DUBs) are essential for maintaining substrate 
protein stability and functionality, playing significant roles in cardiac pathophysiology. In this study, we 
aimed to clarify the regulatory role of a DUB, Myb-like, SWIRM, and MPN domains 1 protein (MYSM1), 
in myocardial I/R injury and explore the molecular mechanism behind.  
Methods and Results: Firstly, it was found that the expression of MYSM1 positively correlates with 
myocardial I/R injury. Genetic knockdown of MYSM1 significantly conferred protection against I/R injury 
in hearts. Correspondingly, AAV9-mediated cardiomyocyte-specific knockdown of MYSM1 had a 
therapeutic effect on myocardial I/R injury. Through a comprehensive proteome-wide quantitative 
analysis, we identified signal transducer and activator of transcription 1 (STAT1) as the direct substrate of 
MYSM1. Mechanistically, MYSM1 mediated the K63-linked deubiquitination and stabilization of STAT1 at 
position K379 via its MPN metalloprotease domain. Additionally, MYSM1 initiates the expression of 
necroptosis-related genes by promoting the transcription factor function of STAT1.  
Conclusion: This study illustrated a MYSM1-STAT1 axis in regulating myocardial I/R injury and identified 
MYSM1 as a pharmacological target for myocardial I/R injury. 
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Introduction 
Myocardial ischemia/reperfusion (I/R) injury is 

a critical clinical scenario that arises during 
reperfusion therapy for acute myocardial infarction 
(AMI) [1, 2]. Despite extensive research, effective 
pharmacological interventions to mitigate myocardial 
I/R injury have remained elusive [3]. Increasing 
irreversible cardiomyocyte death and aggravating 
myocardial infarction are the most serious 
consequences of myocardial I/R injury [4]. Given the 

non-regenerative properties of cardiomyocyte [5], 
inhibiting cell death is crucial to alleviating 
myocardial I/R injury. Consequently, there is an 
urgent need to understand the mechanisms 
underlying myocardial cell death in I/R injury and to 
identify new potential therapeutic targets. 

Ubiquitination is an essential post-translational 
modification (PTM) that mediates the degradation of 
ubiquitinated proteins through the 
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ubiquitin-proteasome system [6]. As a reversible 
process, ubiquitination is regulated by both E3 
ubiquitin ligases and deubiquitinating enzymes 
(DUBs) [7]. DUBs are essential for maintaining protein 
stability and functionality, playing significant roles in 
numerous biological processes and influencing the 
progression of various diseases [7]. Recently, several 
DUBs, such as USP7 [8], OTUD5 [9], have been 
reported to regulate the progression of myocardial 
I/R injury. These studies suggested that members of 
DUBs family could serve as a molecular library for 
identifying new targets for myocardial I/R injury. 

JAB1/MPN/Mov34 metalloenzymes (JAMMs) is 
the only zinc metalloprotease family of DUBs, 
whereas the other DUB families are cysteine 
peptidases [10]. The unique catalytic mechanism of 
JAMMs inducing peptide bond cleavage through zinc 
atoms makes JAMMs a promising target for drug 
development [10]. Through comparing RNA-seq data 
and functional screening of JAMMs, we identified 
Myb-like, SWIRM, and MPN domains 1 protein 
(MYSM1) as a potential regulator of myocardial I/R 
injury. MYSM1 was originally discovered as a nuclear 
chromatin-binding protein and comprises three main 
domains: SANT, SWIRM, and MPN domain [11]. 
Among them, MPN metalloprotease domain mainly 
exerts deubiquitinase activity [11]. In biological 
function, MYSM1 emerges as an essential regulator 
for hematopoiesis and immunity by interacting with 
specific substrates [11-13]. 

The purpose of this study was to clarify the 
regulatory role and mechanism of MYSM1 in 
myocardial I/R injury. We demonstrated that the 
expression of MYSM1 positively correlates with 
myocardial I/R injury, and furthermore, MYSM1 
knockdown in cardiomyocytes significantly protects 
hearts from I/R injury. Through a comprehensive 
proteome-wide quantitative analysis, we identified 
signal transducer and activator of transcription 1 
(STAT1) as the direct substrate of MYSM1. 
Mechanistically, MYSM1 promotes the stability of 
STAT1 by cleaving polyubiquitin chains from the 
K379 residue of STAT1. In addition, MYSM1 initiates 
the expression of necroptosis-related genes by 
promoting the transcription factor function of STAT1. 
In conclusion, this study illustrated a MYSM1-STAT1 
axis in regulating myocardial I/R injury and 
identified MYSM1 as a pharmacological target for 
myocardial I/R injury. 

Materials and Methods 
Animal experiments 

The whole-body Mysm1-knockdown mice 
(Mysm1−/+, KD), Mysm1-knockout mice (Mysm1−/−, 

KO, Strain NO. T058305) with a C57BL/6J 
background, and littermate wild-type (WT) mice were 
obtained from Gempharmatech. Mysm1−/−mice 
exhibit partial embryonic lethality [11], growth 
retardation, as well as abnormalities in the hind limb 
and tail morphology [12], while Mysm1−/+ mice show 
no phenotypic abnormalities. The adeno-associated 
virus serotype 9 (AAV-9), carrying a cTNT promoter 
driving short hairpin RNA (shRNA) targeting Mysm1 
gene sequence 
(CAGTGATGAGAACAGAGCTATCATT) was 
constructed by Shanghai Genechem Co. The cTNT 
AAV9-shMYSM1 (total dose 2×1011 vg/mouse) or 
negative control RNA (shNC) was administered to 
mice via tail vein injection. For the shRNA control, a 
scrambled sequence (TTCTCCGAACGTGTCACGT) 
was utilized for the generation of AAV9-shNC. After 
4 weeks, the mice were subjected to myocardial I/R 
injury model.  

For the myocardial I/R injury model, the left 
anterior descending (LAD) coronary artery was 
ligated and the animals were anaesthetized using 2% 
isoflurane. After opening the thorax at the fourth 
intercostal space of the left midclavicular line, the 
LAD artery was ligated for 30 min using 7-0 silk 
sutures. The presence of myocardial blanching in the 
perfusion bed confirmed complete occlusion of the 
vessel. The ligature was then untied, and reperfusion 
was initiated for either 4 hours (acute I/R injury) or 2 
weeks (chronic I/R injury). After 2 weeks of 
reperfusion, cardiac function was assessed using 
transthoracic noninvasive echocardiography with a 
Vevo 3100 system equipped with an MS-550D 
ultrasound transducer (Fujifilm Visual Sonics). 
Isoflurane was used as an anesthetic during the 
echocardiography. All measurements derived from 
echocardiography were obtained by averaging the 
readings from three consecutive cardiac cycles. 
Subsequently, the mice were humanely euthanized 
under sodium pentobarbital anesthesia. Finally, blood 
and heart tissues were collected and stored for further 
analysis. Collected blood samples were transferred 
into EDTA-coated tubes and subsequently analyzed 
using an automated hematology analyzer (88 μL per 
sample, XN-1000, Sysmex). All animal care and 
experimental procedures strictly adhered to the Guide 
for the Care and Use of Laboratory Animals (US 
National Institutes of Health) and were approved by 
the ethics committee of the Second Affiliated Hospital 
of Jiaxing University (approval document no. 
JUMC2023-102). 

Cell culture, transfection and viability 
As previously described, neonatal rat primary 

cardiomyocytes (NRPCs) were isolated from the 
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ventricles of neonatal Sprague-Dawley rats [14]. The 
HL-1 and NIH/3T3 cells were obtained from the 
Shanghai Institute of Biochemistry and Cell Biology. 
HL-1 cells were cultured at 37°C under 5% CO2 in 
Claycomb medium (51800C, Sigma) supplemented 
with 10% fetal bovine serum (FBS), 1% 
penicillin/streptomycin, 1% L-glutamine and 
Norepinephrine. NIH/3T3 cells were cultured at 37°C 
under 5% CO2 in Dulbecco's modified eagle medium 
(DMEM, Solarbio) supplemented with 10% FBS and 
1% penicillin/streptomycin. For the 
hypoxia/reoxygenation (H/R) model, oxygen-serum 
deprivation injury was induced by placing cells in a 
controlled hypoxia incubator (5% CO2, 95% N2) 
without serum medium for 4 h. Subsequently, the 
medium was replaced with normal culture media, 
and the cells were reoxygenated under normoxic 
conditions (21% O2, 74% N2, and 5% CO2) for 6 h [15]. 

Overexpression of MYSM1, STAT1, and other 
proteins in HL-1 or NIH/3T3 cells was achieved using 
plasmids (Flag-MYSM1-WT/△MPN/△SWIRM/ 
△SANT, Flag-BRCC3, Flag-COPS5, Flag-PSMD14, 
Flag-MPND, Flag-STAMBP, Flag-STAMBPL1, 
Flag-COPS6, Flag-PSMD7, Flag-EIF3H, Flag-EIF3F, 
Flag-CEBPB, Myc-STAT1-WT/K379R, and HA-Ub/ 
K48/K63) provided by Genechem. Lipofectamine 
3000 reagent (L3000-150, Thermo Fisher Scientific) 
was used to transfect the overexpression plasmids (1 
μg plasmid/1 million cells) into the cells. MYSM1 
small interfering RNA was constructed (siMYSM1: 
GCCAGACAAUACUUCAGAATT, Gene Pharma Co. 
Ltd) to silence MYSM1 expression. The transfection 
agent Lipofectamine 2000 (11668-019, Thermo Fisher 
Scientific) was used to transfect siMYSM1 into 
NRPCs. The knockdown of MYSM1 and STAT1 in 
HL-1 cells was accomplished using lentiviral-based 
specific shRNA, constructed and purified by Hanbio 
Tech. The sequences of the shRNA were shown in 
Table S1. HL-1 cells were infected with the indicated 
lentiviruses, followed by selection with puromycin 
(10 μg/mL) for 2 weeks. Single stable cell lines were 
then generated. 

Interactomics and ubiquitinomics analysis 
Interactomics analysis: to investigate 

MYSM1-binding proteins in cells, HL-1 cells were 
transfected with Flag-MYSM1 or empty vehicle (EV) 
plasmids. Cells were harvested using lysis buffer and 
incubated with anti-Flag-beads (B26102, Bimake) in 4 
℃ overnight. After five washes, the precipitated 
protein mixtures were added to SDT lysate (4% SDS, 
100 mM DTT, 100 mM TrisHCl) for enzymatic 
hydrolysis and subsequently desalted using C18 Stage 
Tip. The samples were then subjected to liquid 
chromatography-tandem mass spectrometry 

(LC-MS/MS) analysis (Thermo Scientific). The MS 
data were analyzed using MaxQuant software version 
2.0.1.0. The calculation of the score value is embedded 
within MaxQuant. The data were searched against the 
UniProt reference proteome Mus musculus database 
(55,286 total entries). Trypsin was selected as the 
digestion enzyme, allowing for a maximum of two 
missed cleavages. The mass tolerance was set to 4.5 
ppm for precursor ions and 20 ppm for fragment ions. 
Carbamidomethylation of cysteines was specified as a 
fixed modification, while acetylation of protein 
N-termini and oxidation of methionine were set as 
variable modifications. The database search results 
were filtered and exported with a false discovery rate 
(FDR) of <1% at both the peptide-spectrum match and 
protein levels.  

Ubiquitinomics analysis: HL-1 cells were 
transfected with Flag-MYSM1 or EV plasmids. 
Following digestion, the peptides obtained for 
ubiquitin peptide enrichment were dissolved in 
NETN buffer and incubated with anti-diglycine 
remnant (K-ε-GG, 5562, CST) pan antibody beads 
with gentle shaking (4 °C, overnight). The 
precipitated peptide mixtures were then subjected to 
LC-MS/MS analysis. The MS data were analyzed 
using Proteome Discoverer 2.4. The data were 
searched against the UniProt Mus musculus database 
(88,473 total entries). Tryptic cleavage specificity was 
applied, with variable modifications including 
oxidation (M), acetylation (protein N-terminus), 
deamidation (NQ), and Glygly (K), and fixed 
carbamidomethyl cysteine modification. Peptides 
were required to have a minimum length of 6 amino 
acids, and each protein had to be identified by at least 
one unique peptide. For peptide and protein 
identification, the FDR was set to 1%. Site quantitation 
analysis was filtered to include only those 
phosphorylation sites with a localization probability 
of ≥0.75, as determined by the algorithm. Label-free 
quantification was performed using intensity-based 
methods, and the quantitative site ratios were 
weighted and normalized by the median ratio. The 
proteomics raw data have been uploaded to the 
ProteomeXchange dataset via the PRIDE repository 
(Accession: PXD058830). 

RT-qPCR 
Trizol reagent (15596018CN, Invitrogen) was 

used to isolate the total RNA from HL-1 cells and 
heart tissues. After purifying the RNA, the Prime 
Script RT Master Mix reagent (RR036A, Takara) was 
used to create the cDNA. Then, the cDNA was used 
for quantitative RT-PCR by using SYBR GreenTM 
Premix Ex TaqTM II (RR820A, Takara). The amount of 
each gene was determined and normalized to the 
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amount of β-actin. Primer sequences were detailed in 
Table S2.  

CUT&Tag assays  
HL-1 cells were transfected with Flag-MYSM1 

expressing plasmids (oeMYSM1) or EV plasmids 
before H/R treatment. The CUT&Tag assay was 
conducted following the manufacturer's protocol with 
the NovoNGS CUT&Tag 4.0 HighSensitivity Kit 
(Novoprotein). In brief, NovoNGS ConA Beads were 
washed with ConA Binding Buffer. 1x105 cells were 
prepared and immobilized on concanavalin A beads. 
Cells with beads were incubated overnight at 4 °C 
with STAT1 antibody (1:50). Subsequently, the goat 
anti-rabbit IgG secondary antibody (1:100, N269-01A, 
Novoprotein) was added into the sample at room 
temperature for 1.5 h. After removing the unbound 
secondary antibody, cells were incubated with 
NovoNGS ChiTag (pAG-Transposome) for 1 h at 
room temperature. The samples were washed with 
ChiTag Buffer and then subjected to tagmentation 
using Tagmentation Buffer. Reactions were stopped 
by the addition of 5 μL Stop Buffer and 1 μL 
Proteinase K to each sample and incubated at 55 °C 
for 10 min. DNA was isolated by NovoNGS DNA 
Clean Beads and dissolved in TE-RA-Buffer. For 
high-throughput sequencing and qPCR assays, DNA 
was amplified with N5 and N7 primers and purified 
with NovoNGS DNA Clean Beads (Primer sequences 
were listed in Table S3). 

Statistical analysis 
Data from both in vitro and in vivo experiments 

were expressed as mean ± standard error of the mean 
(SEM). An unpaired Student’s t-test was performed to 
compare two samples, while ANOVA followed by 
Bonferroni’s Tukey’s post hoc test was used to 
compare multiple samples (GraphPad Pro Prism 8.0). 
Statistical significance was defined as P < 0.05. 

An extended Materials and Methods section is 
available in the Supplementary Information. 

Results 
The expression of MYSM1 is up-regulated in 
myocardial I/R injury 

To determine the association of JAMMs family 
genes with myocardial I/R injury, we overexpressed 
JAMMs family in HL-1 cells (Figure S1A) and 
observed that MYSM1 overexpression resulted in 
decreased cell viability (Figure 1A) and increased 
LDH release (Figure 1B) under H/R treatment. These 
assays also showed that EIF3F reduced the cell 
viability and PSMD14 improved cell viability under 
H/R treatment (Figure 1A). Then, we analyzed the 

expression profiles of JAMMs family genes in human 
heart tissue using mRNA sequencing (GSE133054, 
Figure 1C). Within this dataset, the mRNA expression 
of MYSM1 was elevated in heart failure (HF) group 
compared to the control normal heart (NHF) group. 
Then By comparing the RNA-seq dataset and 
functional screening of JAMMs family, we considered 
MYSM1 as a potential regulator of myocardial I/R 
injury (Figure 1D). 

Next, we verified the elevated mRNA levels of 
MYSM1 in H/R-induced HL-1 cells (Figure 1E) and 
myocardial I/R injury (Figure 1F). Similarly, the 
up-regulations of MYSM1 protein were observed in 
H/R-induced HL-1 cells (Figure 1G) and myocardial 
I/R injury (Figure 1H). Further, we investigated the 
transcriptional activation of MYSM1 by PROMO 
database (Table S4) and CHIP atlas database (Table 
S5). Through a comparison of PROMO and CHIP 
atlas, we identified CEBPB as the potential 
transcription factor of MYSM1 (Figure S1B). CEBPB, a 
transcription factor belonging to the CCAAT-binding 
family, is predominantly expressed in cardiac tissue 
and plays a crucial role in the pathogenesis of various 
cardiovascular diseases, by modulating the 
transcriptional activity of numerous downstream 
genes [16, 17]. We then examined the effects of CEBPB 
on MYSM1 expression. As shown in Figure S1C-D, 
both mRNA and protein levels of MYSM1 were 
elevated in HL-1 cells overexpressing CEBPB, 
suggesting that CEBPB may function as a cardiac 
transcription regulator promoting MYSM1's 
transcriptional activity. To investigate the cellular 
distribution of MYSM1 in hearts, double 
immunofluorescence staining was performed and 
revealed that MYSM1 was predominantly increased 
in α-actinin+ cardiomyocytes, but not in vimentin+ 
fibroblasts and F4/80+ infiltrated macrophages 
(Figure 1I). The up-regulation of MYSM1 mRNA level 
was also observed specifically in cardiomyocytes 
rather than non-cardiomyocytes (Figure 1J). 
Therefore, MYSM1 was identified as a potential 
regulator in myocardial I/R injury. 

MYSM1 knockdown mice protect against 
myocardial I/R injury in vivo 

To investigate the function of MYSM1 in 
myocardial I/R injury, we generated the 
Mysm1-deficiency mice (Figure S2A). Previous 
studies have reported that MYSM1 knockout mice 
exhibit partial embryonic lethality, complex 
hematopoietic immune phenotypes, growth 
retardation, reduced lifespan, and abnormalities in 
the tail morphology [18, 19]. Conversely, 
heterozygous Mysm1−/+ mice (Figure S2B-C) did not 
exhibit abnormal blood parameters (Figure S2D-G). 
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Hence, Mysm1−/+ mice were chosen for further 
investigation. We used an acute myocardial I/R 
model with 30 min of ischemia followed by 4 h of 
reperfusion (Figure 2A). Infarct size was assessed 
using EB/TTC staining. As shown in Figure 2B-D, 
Mysm1−/+ mice had reduced myocardial infarct area 
compared to WT mice following I/R injury. 
Additionally, Mysm1−/+ mice displayed a significant 
decrease in serum cardiac injury markers, including 
LDH, CK-MB, and cTnT, compared to WT mice after 
I/R injury (Figure 2E-G). As shown in Figure S2H-J, 

MYSM1 knockdown also ameliorated cardiac 
dysfunction in mice subjected to acute myocardial I/R 
injury.  

Subsequently, we used a chronic myocardial I/R 
model with 30 min of ischemia followed by 2 weeks of 
reperfusion (Figure 2A). Compared with the WT 
mice, noninvasive echocardiography revealed that 
MYSM1 knockdown improved cardiac function in 
I/R-treated mice, evidenced by increased ejection 
fraction (EF%) and fractional shortening (FS%) 
(Figure 2H-J and Table S6). H&E staining of heart 

 

 
Figure 1. The expression of MYSM1 is up-regulated in myocardial I/R injury. A-B. HL-1 cells were transfected with expressing plasmids of JAMMs family (e.g., 
oeMYSM1) or empty vehicle (EV) before H/R injury (4 h hypoxia, 6 h reoxygenation; n = 6; *, vs. Ctrl; #, vs. EV+H/R; # P < 0.05, ## P < 0.01, *** P < 0.001). (A) Cell viability of 
each group. (B) Bar graph showing LDH levels. C. The expression levels of JAMMs family genes in mRNA sequencing of human heart tissue (GSE133054, HF=heart failure, 
NHF=non-heart failure, n = 5). D. Comprehensive combined RNA-seq dataset and function screens of JAMMs family for identification of MYSM1 as a regulator in I/R injury. E-F. 
MYSM1 mRNA levels in H/R-induced HL-1 cells (E) or myocardial I/R injury (F) were detected by RT-qPCR (n = 8). G-H. The protein levels of MYSM1 in H/R-induced HL-1 cells 
(G) or myocardial I/R injury (H) were examined by western blotting analysis (n = 6). I. Representative images of immunofluorescence staining for MYSM1(red), α-actin (green), 
vimentin (green), or F4/80 (green) in heart sections from mice with I/R injury. Colocalization regions are shown in yellow in merged images. J. MYSM1 mRNA of cardiomyocytes 
(CMs), fibroblasts (Fbs), macrophages (Macs), and endothelial cells (ECs) were detected by RT-qPCR in H/R injury (n = 8). (ns = no significance, * P < 0.05, ** P < 0.01, *** P < 
0.001). 
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tissues demonstrated that MYSM1 knockdown 
prevented I/R-induced impairment of myocardial 
morphology (Figure 2K). Sirius Red staining of heart 
tissues indicated that MYSM1 knockdown attenuated 
excessive fibrosis in myocardial I/R injury (Figure 
2L-M). Furthermore, TUNEL staining showed a 
marked reduction in cell death in cardiac tissues of 
Mysm1−/+ mice subjected to I/R injury (Figure 2N-O). 
Mysm1−/+ mice also resulted in a reduction of 
myocardial infarct area (Figure S2K-L) and serum 
cardiac injury markers (Figure S2M-O) compared to 
WT mice following chronic I/R injury. These findings 
suggested that MYSM1 knockdown protects against 
myocardial I/R injury in vivo. 

Cardiomyocyte-specific knockdown of MYSM1 
protects against myocardial I/R injury 

To specifically block cardiomyocyte MYSM1 
expression in vivo, AAV-9 vector carrying a cTNT 
promoter driving MYSM1 short-hairpin RNA 

(shMYSM1) was prepared. The efficacy of shMYSM1 
in suppressing MYSM1 expression was confirmed in 
heart tissues (Figure S3A). Injection of AAV9-cTNT 
did not affect blood parameters in mice (Figure 
S3B-E). We employed a mouse model of acute cardiac 
I/R injury as described above (Figure 3A). EB/TTC 
staining was used to determine the infarct size. As 
depicted in Figure 3B-D, AAV9-shMYSM1 mice 
showed an inhibitory effect on the I/R-induced 
myocardial infarct area compared to AAV9-shNC 
mice. Additionally, the AAV9-shMYSM1 mice 
exhibited a significant decrease in serum cardiac 
injury markers, including LDH, CK-MB and cTnT, 
compared to the AAV9-shNC mice after I/R injury 
(Figure 3E-G). As shown in Figure S3F-H, 
cardiomyocyte-specific knockdown of MYSM1 also 
ameliorated cardiac dysfunction in mice subjected to 
acute myocardial I/R injury.  

 

 
Figure 2. MYSM1 knockdown mice protect against myocardial I/R injury in vivo. A. The workflow of the Mysm1−/+mice subjected to acute I/R injury (30 min of 
ischemia and 4 h of reperfusion) or chronic I/R injury (30 min of ischemia and 2 weeks of reperfusion). B-D. The Myocardial infarction size determined by Evans blue 
(EB)/triphenyl tetrazolium chloride (TTC) double-staining and quantitative data for area at risk (AAR, C) and infarct size (INF, D, n = 7). E-G. The levels of serum lactic 
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dehydrogenase (LDH, E), creatine kinase-MB (CK-MB, F), and cardiac troponin T (cTnT, G) following acute myocardial I/R injury (n = 7). H. Mice M-mode echocardiography 
images from each group. I-J. Relative levels of ejection fraction (EF%, I) and fractional shortening (FS%, J) in mice (n = 7). K. Images of longitudinal heart tissue sections stained 
with H&E. L, M. Images of Sirius red staining for fibrosis tissue and bar graph showing the quantification of interstitial fibrosis (%) (n = 7). N, O. Apoptotic DNA fragmentation 
was assessed by TUNEL staining (brown: TUNEL-positive nuclei), accompanied by a bar graph illustrating the quantification (n = 7). (ns = no significance, * P < 0.05, ** P < 0.01, 
*** P < 0.001). 

 
Figure 3. Cardiomyocyte-specific knockdown of MYSM1 protects against myocardial I/R injury. A. AAV9s (shMYSM1, or shNC) were injected to mice by the tail 
vein (total dose 2×1011 vg). After 4 weeks, the mice were subjected to myocardial I/R injury model. B-D. Myocardial infarction size determined by EB/TTC double-staining and 
quantitative data for AAR (C) and INF (D) (n = 7). E-G. The levels of serum LDH (E), CK-MB (F), and cTnT (G) following acute myocardial I/R (n = 7). H. Mice M-mode 
echocardiography images from each group. I, J. Relative levels of EF% (I) and FS% (J) in mice (n = 7). K. Images of longitudinal heart tissue sections stained with H&E. L, M. Images 
of Sirius red staining for fibrosis tissue and bar graph showing the quantification of interstitial fibrosis (%) (n = 7). N, O. Apoptotic DNA fragmentation was assessed by TUNEL 
staining (brown: TUNEL-positive nuclei), accompanied by a bar graph illustrating the quantification (n = 7). (ns = no significance, * P < 0.05, ** P < 0.01, *** P < 0.001). 

 
In the mouse chronic cardiac I/R model (Figure 

3A), noninvasive echocardiography showed that the 
AAV9-shMYSM1 mice ameliorated I/R-induced 
cardiac dysfunction compared with the AAV9-shNC 
mice, manifested by increased EF% and FS% (Figure 
3H-J and Table S7). H&E staining of heart tissues 
demonstrated that the AAV9-shMYSM1 mice 
mitigated I/R-induced impairment of myocardial 
morphology (Figure 3K). Sirius Red staining of heart 
tissues indicated that AAV9-shMYSM1 mice 
ameliorated excessive fibrosis induced by I/R injury. 
(Figure 3L-M). In addition, TUNEL staining revealed 
that cardiac tissues of AAV9-shMYSM1 mice had 

significantly reduced cell death after I/R injury 
(Figure 3N-O). As shown in Figure S3I-M, 
cardiomyocyte-specific knockdown of MYSM1 also 
resulted in a reduction of myocardial infarct area and 
serum cardiac injury markers following chronic I/R 
injury. These results substantiated the protective 
effects of cardiomyocyte-specific MYSM1 knockdown 
against myocardial I/R injury. 

MYSM1 promotes H/R-induced cardiomyocyte 
injury in vitro  

Our previous data suggested that MYSM1 
knockdown protected against myocardial I/R injury, 
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with MYSM1 expression mainly upregulated in 
I/R-stimulated cardiomyocytes. To further explore 
the role of MYSM1 in vitro, the MYSM1-knockdown 
(MYSM1-KD) HL-1 cells were constructed via shRNA 
(shMYSM1, Figure S4A). Notably, MYSM1 
knockdown significantly enhanced cell viability 

(Figure 4A) and inhibited the activity of LDH in the 
cellular supernatant (Figure 4B) under H/R injury. 
Additionally, MYSM1 knockdown reduced the 
quantity of Propidium Iodide (PI)-positive nuclei 
during H/R injury (Figure 4C-D). 

 

 
Figure 4. The loss-of-function and gain-of-function of MYSM1 were evaluated in H/R-treated cardiomyocyte. A-D. MYSM1 knockdown (KD) HL-1 cells were 
constructed via shRNA (shMYSM1) before H/R injury (4 h of hypoxia and 6 h of reoxygenation). (A) Cell viability was assessed using the CCK8 assay (n = 6). (B) Bar graph 
showing the levels of LDH (n = 6). (C, D) The effect of MYSM1 knockdown on H/R-induced apoptosis in HL-1 determined by PI staining. Representative images for PI staining 
are shown (D), with quantitative columns for PI-positive cells (C, n = 6). E-H. MYSM1 was overexpressed by transfecting HL-1 cells with Flag-MYSM1 (oeMYSM1) before H/R 
injury. (E) Cell viability was assessed using the CCK8 assay (n = 6). (F) Bar graph showing the levels of LDH (n = 6). (G-H) The effect of oeMYSM1 on H/R-induced apoptosis 
in HL-1 determined by PI staining. Representative images for PI staining are shown (H), with quantitative columns for PI-positive cells (G, n = 6). I-L. MYSM1 was knocked down 
by siRNA transfection (siMYSM1) in NRPCs before H/R injury. (I) Cell viability was assessed using the CCK8 assay (n = 6). (J) Bar graph showing the levels of LDH (n = 6). (K-L) 
The effect of siMYSM1 on H/R-induced apoptosis in NRPCs was determined by PI staining. Representative images for PI staining are shown (L), with quantitative columns for 
PI-positive cells (K, n = 6). (* P < 0.05, ** P < 0.01, *** P < 0.001). 
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In a manner analogous to the assessment of 
loss-of-function, the gain-of-function of MYSM1 was 
evaluated by transfecting HL-1 cells with oeMYSM1 
(Figure S4B). Our study indicated that upregulation 
of MYSM1 led to decreased cellular viability (Figure 
4E) and elevated LDH release during H/R injury 
(Figure 4F). We further found that upregulation of 
MYSM1 increased the quantity of PI-positive nuclei 
following H/R injury (Figure 4G-H). 

As previously described, NRPCs were isolated 
from the left ventricles of neonatal SD rats [14], and 
MYSM1 was silenced by siRNA transfection 
(siMYSM1, Figure S4C). As shown in Figure 4I-J, 
MYSM1 silencing markedly increased cell viability 
(Figure 4I) and suppressed the LDH release (Figure 
4J) during H/R injury. Furthermore, MYSM1 
silencing decreased PI-positive nuclei in H/R injury 
(Figure 4K-L). These results validated that MYSM1 
contributes to H/R-induced cardiomyocyte injury in 
vitro. 

STAT1 was identified as the crucial substrate 
protein of MYSM1 

MYSM1, as a DUB, primarily exerts its biological 
functions through specific substrate proteins. To 
further explore potential substrates of MYSM1, we 
conducted a comprehensive analysis integrating 
interactomics and ubiquitinomics assays in 
H/R-stimulated cardiomyocytes. Firstly, we analyzed 
the binding proteins of MYSM1 by Co-IP with 
LC-MS/MS (interactomics analysis) in HL-1 cells 
overexpressing MYSM1 (Figure 5A upper and Figure 
5B). The results revealed 55 proteins physically 
interacting with MYSM1 (Figure 5C). Then, we 
enriched ubiquitinated peptides using K-ε-GG and 
performed LC-MS/MS analysis to identify the 
deubiquitination substrates of MYSM1 (Figure 5A 
below). A total of 256 modified proteins showed 
significantly reduced ubiquitination levels in cells 
overexpressing Flag-MYSM1 (Figure 5A below). 
Finally, by comparing interacting proteins and 
modified proteins with downregulated ubiquitinated 
sites, we proposed that STAT1 may be a potential 
deubiquitination substrate of MYSM1 (Figure 5A and 
Figure 5D). Moreover, ubiquitinomics analysis 
revealed that several lysine residues of STAT1 were 
downregulated by the deubiquitination effect of 
MYSM1 (Figure 5E). STAT1 has been reported to 
promote myocardial I/R injury [20, 21]. Therefore, we 
speculated that MYSM1 may utilize STAT1 as a 
crucial substrate in the regulation of myocardial I/R 
injury. 

Then we examined the direct interaction 
between MYSM1 and STAT1. The binding of 
endogenous MYSM1 and STAT1 was observed in 

myocardial I/R injury (Figure 5F) and H/R-induced 
HL-1 cells (Figure 5G). We also performed a Co-IP 
assay in NIH/3T3 co-transfecting with Flag-MYSM1 
and Myc-STAT1. The results demonstrated that 
exogenous Flag-MYSM1 and Myc-STAT1 were also 
efficiently co-immunoprecipitated (Figure 5H). 
Immunofluorescence and colocalization analysis 
further confirmed a significant proportional 
colocalization of MYSM1 and STAT1 in H/R-induced 
HL-1 cells (Figure 5I). These findings confirmed a 
direct interaction between MYSM1 and STAT1, 
suggesting that STAT1 may be a crucial substrate 
protein of MYSM1. 

MYSM1 deubiquitinates STAT1 and maintains 
the stability of STAT1 

Initially, we investigated whether MYSM1 
regulates STAT1 stability. We transfected NIH/3T3 
cells with oeMYSM1 and found that the protein levels 
of both STAT1 and p-STAT1 (Tyr701) were increased 
following overexpression of MYSM1 (Figure 6A and 
Figure S5A). This increase was not due to altered 
transcription of STAT1 (Figure 6B). Next, we treated 
NIH/3T3 cells with the protein synthesis inhibitor 
cycloheximide (CHX) and measured the degradation 
of STAT1. As presented in Figure 6C-D, the 
degradation rate of STAT1 was reduced in 
Flag-MYSM1 overexpressing NIH/3T3 cells under 
CHX treatment. MYSM1 was found to enhance the 
protein stability of STAT1, which correspondingly 
resulted in an increased phosphorylation level of 
STAT1. However, it is worth exploring whether 
MYSM1 modulates STAT1 phosphorylation via 
receptor tyrosine kinases or phosphatases. Currently, 
JAK1 and SHP2 are acknowledged as the upstream 
receptor tyrosine kinase and phosphatase of STAT1, 
respectively [22, 23]. Thus, we examined whether 
MYSM1 binds to and maintains the protein stability of 
JAK1 and SHP2. The Co-IP results showed that 
MYSM1 did not bind to either JAK1 or SHP2 protein 
(Figure S5B-C). Additionally, overexpression of 
MYSM1 did not affect the protein levels of JAK1, 
p-JAK1 and SHP2 (Figure S5D-E). These results 
indicate that MYSM1 primarily enhances STAT1 
phosphorylation by increasing the stability of the 
STAT1 protein, rather than through its receptor 
tyrosine kinases or phosphatases. 

We then explored the regulation of MYSM1 on 
STAT1 ubiquitination. NIH/3T3 cells were 
co-transfected with Myc-STAT1, Flag-MYSM1 and 
HA-Ub or its mutants (HA-K48/K63). As shown in 
Figure 6E, oeMYSM1 promoted the deubiquitination 
of STAT1. It has been reported that MYSM1 removes 
K63-linked ubiquitination and maintains the protein 
stability of its substrates [24]. Consistently, MYSM1 
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reduced K63-linked ubiquitination of STAT1 but not 
K48-linked ubiquitination (Figure 6E).  

Structurally, MYSM1 consists of the MPN, SANT 
and SWIM domains [11]. To determine the domain 
required for MYSM1-STAT1 interaction, we 
co-transfected NIH/3T3 cells with Myc-STAT1, 
Flag-MYSM1 (MYSM1-WT) or its mutants lacking 
SANT domain (△SANT), SWIRM domain 
(△SWIRM), or MPN domain (△MPN) (Figure 6F). As 
depicted in Figure 6G, STAT1 interacted with 
MYSM1-WT, MYSM1-△SANT, and MYSM1-△MPN, 

but failed to bind to MYSM1-△SWIRM, indicating 
that MYSM1 binds to STAT1 through the SWIRM 
domain. The MPN metalloprotease domain 
contributes to the catalytic domain of MYSM1 [11]. As 
expected, MYSM1-△MPN failed to remove ubiquitin 
molecules from STAT1 (Figure 6H). Similarly, the 
ability of MYSM1-△MPN to maintain the stability of 
STAT1 protein was also decreased (Figure 6I-J). These 
data indicated that MYSM1 interacts with STAT1 
through the SWIRM domain and deubiquitinates 
STAT1 through the MPN domain. 

 

 
Figure 5. Identification of STAT1 as a potential substrate of MYSM1. A. Schematic of a comprehensive combined interactomics and ubiquitinomics analysis for MYSM1 
substrate screening. HL-1 cells were transfected with Flag-MYSM1 or EV plasmid and cultured for 24 h. For interactomics analysis, cells were harvested using lysis buffer and 
added with anti-Flag-beads at 4℃ overnight. Then samples were subjected to LC-MS/MS analysis. For ubiquitinomics analysis, the peptides digested from protein were subjected 
to ubiquitin peptide enrichment and then analyzed by LC-MS/MS. B. Representative western blotting results of Co-IP samples. HL-1 cells were transfected with Flag-MYSM1 or 
EV plasmid before H/R injury. The results showed transfection of the Flag-MYSM1 plasmid induced an increase in MYSM1 levels in IP products. C. Two-dimensional plot revealing 
the score of proteins on the y-axis and the molecular mass of proteins on the x-axis. D. The binding peptide sequences and score between MYSM1 and STAT1 analyzed from 
interactomics analysis. E. Ubiquitinomics analysis revealed that downregulated ubiquitination lysine residues of the potential substrate (STAT1). F. Co-IP of STAT1 in myocardial 
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I/R injury. Endogenous MYSM1 was immunoprecipitated by anti-STAT1 antibody. G. Co-IP of STAT1 in H/R-induced HL-1 cells. Endogenous MYSM1 was immunoprecipitated 
by anti-STAT1 antibody. H. Co-IP of Flag-MYSM1 in NIH/3T3 cells overexpressed with Flag-MYSM1 and Myc-STAT1. Exogenous Flag-MYSM1 was immunoprecipitated by 
anti-Flag antibody. Western blot detected the protein levels of Flag-MYSM1 and STAT1. I. Colocalization of Flag-MYSM1 (green) and STAT1 (red) in H/R-induced HL-1 cells. 
Yellow in merged images denotes regions of colocalization. 

 
According to our ubiquitinomics, the K379 

residue of STAT1, located in the DNA binding 
domain (DBD) of STAT1 (Figure 6K), was the most 
significantly reduced deubiquitination residue of 
STAT1 after MYSM1 overexpression (Figure 5E). 
Thus, we constructed a K379R mutant (mutation of 
lysine to arginine at Lys-379) of STAT1. The 
ubiquitination level of STAT1-K379R was 
significantly lower than that of WT STAT1 (Figure 
6L). It's worth noting that the polyubiquitination of 
STAT1-K379R was not further reduced by oeMYSM1. 
Taken together, these results suggested that MYSM1 
promotes STAT1 stability by cleaving the 
polyubiquitin chains on K379 residue of STAT1 
(Figure 6M). 

MYSM1 initiates the expression of 
necroptosis-related genes via promoting the 
transcription factor function of STAT1 

STAT1 functions as a transcription factor by 
undergoing phosphorylation, translocating to the 
nucleus, and binding to specific promoter regions of 
target genes [25]. Above all, we investigated the 
impact of MYSM1 on the nuclear translocation of 
STAT1. As shown in Figure 7A-B, upregulation of 
MYSM1 (oeMYSM1) led to a significant increase in 
H/R-mediated P-STAT1 nuclear translocation in 
HL-1 cells. On the contrary, MYSM1 knockdown 
(MYSM1-KD) resulted in a decrease in the nuclear 
level of P-STAT1 (Figure 7A and Figure 7C). As 
illustrated in Figure S6A, MYSM1 knockdown 
(Mysm1-/+) also led to a reduction in the nuclear levels 
of P-STAT1 in vivo. 

Subsequently, we examined the genomic 
occupancy of STAT1 by CUT&Tag assay (Figure 7D). 
STAT1 plays a significant role in programmed cell 
deaths (PCDs) [26, 27]. STAT1-dependent regulation 
of PCD is largely dependent on a transcriptional 
mechanism, such as the binding of STAT1 to promoter 
regions of target genes [28]. Therefore, we screened 
for PCDs-related genes regulated by STAT1 using 
CUT&Tag sequencing. As shown in Table S8, STAT1 
peaks were enriched in the promoter regions of 
several PCDs-related genes, including Mlkl, Ripk3, 
Ripk1, Fas, Zbp1, and Casp3. Besides, we found that 
oeMYSM1 only promoted the mRNA expression of 
necroptosis-related genes (Mlkl/Ripk3) rather than 
other PCD-related genes (Ripk1/Fas/Zbp1/Casp3) in 
H/R-induced HL-1 cells (Figure S6B-G), indicating 
that MYSM1-STAT1 axis up-regulated the 

transcription and expression of necroptosis-related 
genes. Mysm1-/+ also attenuated the I/R-mediated 
upregulation of Mlkl and Ripk3 mRNAs in the 
myocardial infarcted area (Figure S6H-I). Through 
CUT&TAG-qPCR assay, we validated STAT1 binding 
to the promoter regions of Mlkl, Ripk3, and Irf1 (a 
positive control gene for STAT1), with enhanced 
binding facilitated by oeMYSM1 (Figure 7E-G). 
Additionally, we cloned the promoter regions of Mlkl 
and Ripk3 and performed the luciferase promoter 
assay. As shown in Figure 7H-I, STAT1 enhanced the 
luciferase activity driven by the Mlkl and Ripk3 
promoters, indicating that STAT1 binds to the 
promoter regions of Mlkl and Ripk3 and activates their 
transcription. 

Next, we transfected with oeMYSM1 or EV 
plasmid in STAT1-knockdown or NC HL-1 cells 
before H/R treatment. As anticipated, oeMYSM1 
markedly up-regulated the mRNA expression of Mlkl 
and Ripk3 in H/R-induced HL-1 cells (Figure 7J-K). 
Notably, STAT1 knockdown (STAT1-KD, Figure S6J) 
reversed MYSM1-mediated up-regulation of Mlkl and 
Ripk3 mRNAs (Figure 7J-K), confirming that MYSM1 
transcriptionally increased the expression of 
necroptosis-related genes via STAT1. Likewise, 
oeMYSM1 exacerbated H/R-induced protein 
expression of RIPK3, MLKL, and p-MLKL, whereas 
this altered profile was abolished by STAT1-KD 
(Figure 7L-M). In summary, these results showed that 
MYSM1 initiates the expression of necroptosis-related 
genes by promoting the transcription factor function 
of STAT1. 

Discussion 
In this study, we demonstrated a positive 

correlation between MYSM1 expression and 
myocardial I/R injury. Genetic knockdown of 
MYSM1 significantly conferred protection against I/R 
injury in hearts. Correspondingly, AAV9-mediated 
cardiomyocyte-specific knockdown of MYSM1 had a 
therapeutic effect on myocardial I/R injury. Using a 
comprehensive proteome-wide quantitative analysis, 
we identified STAT1 as a crucial substrate of MYSM1 
in cardiomyocytes. Mechanistically, MYSM1 
mediated the K63-linked deubiquitination and 
stabilization of STAT1 at position K379 via its MPN 
metalloprotease domain. Subsequently, MYSM1 
initiated the expression of necroptosis-related genes 
by promoting the transcriptional activity of STAT1. 
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Figure 6. MYSM1 deubiquitinates STAT1 and maintains the stability of STAT1. A. NIH/3T3 cells were transfected with Flag-MYSM1 (1 or 2 μg) then analyzed by 
western blot for MYSM1, STAT1, p-STAT1 (Tyr701), and GAPDH (loading control). B. Representative RT-qPCR for Mysm1 and Stat1 in NIH/3T3 cells transfected with 
Flag-MYSM1 or EV plasmid (ns = no significance, *** P < 0.001, n = 7). C, D. NIH/3T3 cells were transfected with Flag-MYSM1 and EV plasmid, treated with CHX (25 μg/mL). 
(C) Western blot analysis for MYSM1, STAT1, and GAPDH (loading control). (D) Densitometric quantification of STAT1 (ns = no significance vs. Vector-0; *, vs. Vector-6; #, vs. 
Vector-9; ** P < 0.01, ## P < 0.01, n = 6). E. NIH/3T3 cells were co-transfected with Flag-MYSM1, Myc-STAT1, HA-Ub, HA-K48, and HA-K63, and treated with 10 μM MG132 
for 4 h before collection. Cell lysates were treated with anti-Myc antibody. Ubiquitinated STAT1 was detected by western blot. F. Schematic of MYSM1 and its deletion mutants, 
including MYSM1(∆SANT), MYSM1(∆SWIRM), and MYSM1(∆MPN). G. NIH/3T3 cells were co-transfected with Myc-STAT1, Flag-MYSM1-WT or ∆MPN, ∆SWIRM and ∆SANT 
mutants, and treated with 10 μM MG132 for 4 h before collection. Cell lysates were treated with anti-Flag antibody to identify the binding region of MYSM1 regulating 
deubiquitination of STAT1. H. NIH/3T3 cells were co-transfected with Myc-STAT1, HA-Ub, Flag-MYSM1-WT or MPN mutants, and treated with 10 μM MG132 for 4 h before 
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collection. Cell lysates were treated with anti-Myc antibody to identify the active region of MYSM1 regulating deubiquitination of STAT1. I, J. NIH/3T3 cells were transfected with 
Flag-MYSM1-WT or MPN mutants, and subjected to CHX (25 μg/mL). (I) Western blotting for MYSM1, STAT1, and GAPDH (loading control). (J) Densitometric quantification 
of STAT1 (ns = no significance vs. WT-0; *, vs. WT-6; #, vs. WT-9; *** P < 0.001, ### P < 0.001, n = 6). K. Schematic of the STAT1 ubiquitinated lysine residue variant (K379R) 
construct. L. NIH/3T3 cells were transfected with Flag-MYSM1, HA-Ub, and Myc-STAT1-WT/ STAT1-K379R, and treated with 10 μM MG132 for 4 h before collection. Cell 
lysates were treated with anti-STAT1 antibody to identify the residue of MYSM1 regulating deubiquitination of STAT1. M. Scheme of the mechanism of STAT1 deubiquitination 
by MYSM1. 

 
Figure 7. MYSM1 initiates the expression of necroptosis-related genes via promoting the transcription factor function of STAT1. A-C. HL-1 cells were 
transfected with Flag-MYSM1 (oeMYSM1) or EV plasmid. MYSM1 knockdown (KD) HL-1 cells were constructed via shRNA (shMYSM1) before H/R injury (4 h of hypoxia and 6 
h of reoxygenation). (A) P-STAT1 (green) and nucleus marker Hoechst (blue) were examined under fluorescent microscope. (B, C) Representative western blotting analysis of 
STAT1, p-STAT1 and Lamin B (loading control) (n = 6). D. Schematic of CUT&Tag experiments to map the genomic occupancy of STAT1. E-G. CUT&Tag-qPCR verified the 
binding of STAT1 at the promoter regions of Mlkl (E), Ripk3 (F), and Irf1 (G) (n = 6). H-I. Dual luciferase reporter assay detected the luciferase activation driven by Mlkl (H) or 
Ripk3(I) promoter after normalization to renilla luciferase (n = 6). J-M. We transfected with oeMYSM1 or EV plasmid in STAT1-KD or NC HL-1 cells before H/R treatment. (J-K) 
RT-qPCR analysis of mRNA level of Mlkl (J), and Ripk3 (K) (n = 8). (L) Western blotting of protein levels of RIPK3, MLKL, p-MLKL, and TUBULIN (loading control) (n = 6). (ns 
= no significance, * P < 0.05, ** P < 0.01, *** P < 0.001). 
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The JAMMs family represents the sole zinc 
metalloprotease family, while the remaining DUB 
families consist of cysteine peptidases [10]. The 
distinctive catalytic mechanism of the JAMMs family 
makes them attractive candidates for drug 
development [10]. Through comparing RNA-seq and 
functional screening of JAMMs, we identified MYSM1 
as a potential regulator of myocardial I/R injury. 
Given that global deletion of MYSM1 in mice causes 
embryonic lethality [18, 19], we selected Mysm1−/+ 
mice to investigate the function of MYSM1 in 
myocardial I/R injury. Mysm1−/+ mice did not exhibit 
phenotypic abnormalities such as growth retardation, 
tail morphology, and abnormal blood parameters. In 
addition, mice suffering from myocardial I/R injury 
were protected by MYSM1 knockdown in vivo. Loss- 
and gain-of-function analysis further confirmed that 
MYSM1 promotes H/R-induced cardiomyocyte 
injury in vitro. Our study revealed that MYSM1 is a 
detrimental DUB in myocardial I/R injury and can be 
targeted pharmacologically for this condition. 
However, to date, there are no commercially available 
specific inhibitors targeting MYSM1 that warrant 
further development. On the other hand, MYSM1 
plays a beneficial role in hematopoietic stem cell 
function and immune response [11-13]. Consequently, 
the specificity of cardiac targeting must be taken into 
account when devising targeted inhibition strategies 
for MYSM1. Here, to specifically inhibit MYSM1 
expression in cardiomyocytes, we utilized an AAV-9 
vector containing a cTNT promoter driving shMYSM1 
and demonstrated that cardiomyocyte-specific 
knockdown of MYSM1 protects against myocardial 
I/R injury. In summary, we propose that 
cardiomyocyte-targeted gene therapy utilizing AAVs 
encoding cardiac-specific promoters (such as cTNT or 
Myh6) could represent a promising therapeutic 
strategy for MYSM1-mediated myocardial I/R injury. 

The role of DUBs is closely related to the 
function of their substrate proteins. The functions and 
substrates of MYSM1 vary across different 
pathophysiological processes [11]. Through a 
comprehensive proteome-wide quantitative analysis, 
including interactomics and ubiquitinomics, we 
identified STAT1 as a direct substrate of MYSM1. We 
systematically elucidated the entire process of STAT1 
deubiquitination modification by MYSM1. MYSM1 
comprises three main domains: SANT, SWIRM, and 
MPN domain [11]. The SANT domain of MYSM1 can 
bind to DNA and is required for MYSM1 to bind to 
histones [11, 13]. The SWIRM domain of MYSM1 is 
essential for the interaction between MYSM1 and 
substrate proteins [11, 29]. Consistently, our data 
showed that MYSM1 binds to STAT1 mainly through 
the SWIRM domain. The MPN metalloprotease 

domain is the crucial catalytic domain of MYSM1 [11]. 
In this study, we demonstrated that MYSM1 
deubiquitinates and stabilizes STAT1 through the 
MPN metalloprotease domain of MYSM1. According 
to our ubiquitinomics, the K379 residue of STAT1, 
which is located in the DBD domain, is the most 
significantly reduced deubiquitination residue of 
STAT1 after MYSM1 overexpression. It has been 
reported that ubiquitination at K379 residue may 
inhibit the binding of STAT1 to gene promoter regions 
[30]. Here, we found that MYSM1 increased 
transcriptional activity of STAT1, suggesting that 
MYSM1-mediated K379-deubiquitination of STAT1 
may promote the promoter region binding of STAT1 
to up-regulate gene transcription. 

The irreversible cardiomyocyte death is a vital 
consequence of myocardial I/R injury [4]. Given the 
non-regenerative capacity of cardiomyocytes [5], 
preventing PCDs is essential to alleviate myocardial 
I/R injury. Studies have demonstrated that STAT1 
plays a significant role in PCDs [26, 27]. 
STAT1-dependent regulation of PCD largely relies on 
its genomic occupancy on target genes [28]. It has 
been reported that STAT1 promotes myocardial I/R 
injury and cardiomyocyte PCD [20, 21], while the 
transcriptional regulation mechanism behind remains 
unknown. Our findings revealed for the first time that 
nuclear STAT1 initiates the transcription of the 
necroptosis-related genes Mlkl and Ripk3 by directly 
binding to their promoter regions. MYSM1 promotes 
the Mlkl and Ripk3 expression by deubiquitinating 
and stabilizing STAT1. STAT1 plays different 
functions in various pathological states of the heart, 
such as a protective role in cardiac hypertrophy [31] 
but a pathogenic role in ischemic heart disease [26, 
27], which makes it difficult to be a feasible target for 
heart diseases. Additionally, small molecule drugs 
targeting STAT1 often lack selectivity among STAT 
family members. In this study, we demonstrated a 
specific MYSM1-STAT1 axis in myocardial I/R injury, 
which might avoid the side effects of targeting STAT1 
alone, indicating that targeting MYSM1 could be a 
more specific therapeutic strategy for myocardial I/R 
injury. 

The functions and substrates of MYSM1 are 
different in various diseases. Apart from the 
MYSM1-STAT1 interaction, MYSM1 has been 
reported to deubiquitinate other substrate proteins 
[11], such as E2A [32], GATA2 [33], and histone H2A 
[12]. Although these substrates are less relevant to 
myocardial I/R injury and were not present in our 
comprehensive proteome-wide quantitative analysis, 
we cannot completely exclude the possibility that 
MYSM1 regulates myocardial I/R injury through 
these substrate proteins. In addition to STAT1, we 
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also screen out some potential substrates from our 
comprehensive proteome-wide quantitative analysis, 
including Actn4, Aldoa, Isg15, S100a4, Cct7 and Lgals8, 
which is worthy of further exploration. 

In conclusion, we showed for the first time that 
MYSM1 deubiquitinates and stabilizes STAT1 to 
increase the transcription of necroptosis-related genes 
in cardiomyocyte under I/R injury. We also 
demonstrated the pathogenic role of specific 
MYSM1-STAT1 axis in myocardial I/R injury, 
suggesting that small molecule compounds targeting 
MYSM1 may be an attractive therapeutic strategy for 
this condition. 
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Supplementary materials and methods, figures and 
tables. https://www.thno.org/v15p1606s1.pdf  

Acknowledgements 
This study was supported by the National 

Natural Science Foundation of China (No. 82400396 to 
X.W. Shi, No. 82470384 to J.B. Han), the grants from 
the Science and Technology Bureau of Jiaxing city, 
Zhejiang, China (No. 2023AZ31003 to J.B. Han, No. 
2024AY10006 to J.J. Xu, No. 2023AY40033 to S.G. 
Zhao), the grants from Zhejiang Provincial Health 
Bureau Science Foundation, Hangzhou, China (No. 
2024KY442 to J.B. Han, No. 2025KY363 to X.W. Shi, 
No. 2025KY355 to X. Zhong), Natural Science 
Foundation of Zhejiang Province (No. MS25H150023 
to J.B. Han, No. QN25H020015 to X. Zhong), and Key 
Laboratory of Blood-stasis-toxin Syndrome of 
Zhejiang Province, China (No. YDZ202303 to J.B. 
Han). 

Author contributions 
X.S., L.Liu., S.Z., Z.F., L.Lin., X.Z., S.X., and Y.Q. 

carried out the experiments. J.H., X.S., and J.X. 
contributed to the literature search and study design. 
J.H., X.S., and F.S. participated in the drafting of the 
article. X.S., F.S., and J.X. contributed to data 
collection and analysis. J.H., Y.Q., and F.S. contributed 
essential reagents or tools. 

Data availability 
All data are included within the article or 

Supplementary Information or available from the 
authors on request. The proteomics raw data have 
been uploaded to the ProteomeXchange dataset via 
the PRIDE repository (Accession: PXD058830). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotection in 

perspective. Nat Rev Cardiol. 2020; 17: 773-89. 
2. Davidson SM, Ferdinandy P, Andreadou I, Bøtker HE, Heusch G, Ibáñez B, et 

al. Multitarget Strategies to Reduce Myocardial Ischemia/Reperfusion Injury: 
JACC Review Topic of the Week. J Am Coll Cardiol. 2019; 73: 89-99. 

3. Ferdinandy P, Andreadou I, Baxter GF, Bøtker HE, Davidson SM, Dobrev D, et 
al. Interaction of Cardiovascular Nonmodifiable Risk Factors, Comorbidities 
and Comedications With Ischemia/Reperfusion Injury and Cardioprotection 
by Pharmacological Treatments and Ischemic Conditioning. Pharmacol Rev. 
2023; 75: 159-216. 

4. Xiang Q, Yi X, Zhu XH, Wei X, Jiang DS. Regulated cell death in myocardial 
ischemia-reperfusion injury. Trends Endocrinol Metab. 2024; 35: 219-34. 

5. Karbassi E, Fenix A, Marchiano S, Muraoka N, Nakamura K, Yang X, et al. 
Cardiomyocyte maturation: advances in knowledge and implications for 
regenerative medicine. Nat Rev Cardiol. 2020; 17: 341-59. 

6. Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and 
treatment. Nat Med. 2014; 20: 1242-53. 

7. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of 
ubiquitin-specific deubiquitinating enzymes. Annu Rev Biochem. 2009; 78: 
363-97. 

8. Tang LJ, Zhou YJ, Xiong XM, Li NS, Zhang JJ, Luo XJ, et al. Ubiquitin-specific 
protease 7 promotes ferroptosis via activation of the p53/TfR1 pathway in the 
rat hearts after ischemia/reperfusion. Free Radic Biol Med. 2021; 162: 339-52. 

9. Liu L, Pang J, Qin D, Li R, Zou D, Chi K, et al. Deubiquitinase OTUD5 as a 
Novel Protector against 4-HNE-Triggered Ferroptosis in Myocardial 
Ischemia/Reperfusion Injury. Adv Sci (Weinh). 2023; 10: e2301852. 

10. Pan X, Wu S, Wei W, Chen Z, Wu Y, Gong K. Structural and Functional Basis 
of JAMM Deubiquitinating Enzymes in Disease. Biomolecules. 2022; 12: 910. 

11. Fiore A, Liang Y, Lin YH, Tung J, Wang H, Langlais D, et al. Deubiquitinase 
MYSM1 in the Hematopoietic System and beyond: A Current Review. Int J 
Mol Sci. 2020; 21: 3007. 

12. Nijnik A, Clare S, Hale C, Raisen C, McIntyre RE, Yusa K, et al. The critical role 
of histone H2A-deubiquitinase Mysm1 in hematopoiesis and lymphocyte 
differentiation. Blood. 2012; 119: 1370-9. 

13. Panda S, Nilsson JA, Gekara NO. Deubiquitinase MYSM1 Regulates Innate 
Immunity through Inactivation of TRAF3 and TRAF6 Complexes. Immunity. 
2015; 43: 647-59. 

14. Ye B, Shi X, Xu J, Dai S, Xu J, Fan X, et al. Gasdermin D mediates 
doxorubicin-induced cardiomyocyte pyroptosis and cardiotoxicity via directly 
binding to doxorubicin and changes in mitochondrial damage. Transl Res. 
2022; 248: 36-50. 

15. Zhong L, Han J, Fan X, Huang Z, Su L, Cai X, et al. Novel GSDMD inhibitor 
GI-Y1 protects heart against pyroptosis and ischemia/reperfusion injury by 
blocking pyroptotic pore formation. Basic Res Cardiol. 2023; 118: 40. 

16. Boström P, Mann N, Wu J, Quintero PA, Plovie ER, Panáková D, et al. C/EBPβ 
controls exercise-induced cardiac growth and protects against pathological 
cardiac remodeling. Cell. 2010; 143: 1072-83. 

17. Huang GN, Thatcher JE, McAnally J, Kong Y, Qi X, Tan W, et al. C/EBP 
transcription factors mediate epicardial activation during heart development 
and injury. Science. 2012; 338: 1599-603. 

18. Tian M, Huang Y, Song Y, Li W, Zhao P, Liu W, et al. MYSM1 Suppresses 
Cellular Senescence and the Aging Process to Prolong Lifespan. Adv Sci 
(Weinh). 2020; 7: 2001950. 

19. Liang Y, Bhatt G, Tung LT, Wang H, Kim JE, Mousa M, et al. Deubiquitinase 
catalytic activity of MYSM1 is essential in vivo for hematopoiesis and immune 
cell development. Sci Rep. 2023; 13: 338. 

20. Stephanou A, Brar BK, Scarabelli TM, Jonassen AK, Yellon DM, Marber MS, et 
al. Ischemia-induced STAT-1 expression and activation play a critical role in 
cardiomyocyte apoptosis. J Biol Chem. 2000; 275: 10002-8. 

21. Bolli R, Dawn B, Xuan YT. Role of the JAK-STAT pathway in protection 
against myocardial ischemia/reperfusion injury. Trends Cardiovasc Med. 
2003; 13: 72-9. 

22. Fischer P, Hilfiker-Kleiner D. Survival pathways in hypertrophy and heart 
failure: the gp130-STAT axis. Basic Res Cardiol. 2007; 102: 393-411. 

23. Schindler C, Darnell JE, Jr. Transcriptional responses to polypeptide ligands: 
the JAK-STAT pathway. Annu Rev Biochem. 1995; 64: 621-51. 

24. Luan R, He M, Li H, Bai Y, Wang A, Sun G, et al. MYSM1 acts as a novel 
co-activator of ERα to confer antiestrogen resistance in breast cancer. EMBO 
Mol Med. 2024; 16: 10-39. 

25. Hu X, Li J, Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from 
bench to clinic. Signal Transduct Target Ther. 2021; 6: 402. 

26. Schindler C. STATs as activators of apoptosis. Trends Cell Biol. 1998; 8: 97-8. 
27. Choi EA, Lei H, Maron DJ, Wilson JM, Barsoum J, Fraker DL, et al. 

Stat1-dependent induction of tumor necrosis factor-related 
apoptosis-inducing ligand and the cell-surface death signaling pathway by 
interferon beta in human cancer cells. Cancer Res. 2003; 63: 5299-307. 

28. Kim HS, Lee MS. STAT1 as a key modulator of cell death. Cell Signal. 2007; 19: 
454-65. 

29. Qian C, Zhang Q, Li S, Zeng L, Walsh MJ, Zhou MM. Structure and 
chromosomal DNA binding of the SWIRM domain. Nat Struct Mol Biol. 2005; 
12: 1078-85. 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

1621 

30. Liu S, Jiang M, Wang W, Liu W, Song X, Ma Z, et al. Nuclear RNF2 inhibits 
interferon function by promoting K33-linked STAT1 disassociation from 
DNA. Nat Immunol. 2018; 19: 41-52. 

31. Zhen C, Liu H, Gao L, Tong Y, He C. Signal transducer and transcriptional 
activation 1 protects against pressure overload-induced cardiac hypertrophy. 
FASEB J. 2021; 35: e21240. 

32. Jiang XX, Nguyen Q, Chou Y, Wang T, Nandakumar V, Yates P, et al. Control 
of B cell development by the histone H2A deubiquitinase MYSM1. Immunity. 
2011; 35: 883-96. 

33. Wang T, Nandakumar V, Jiang XX, Jones L, Yang AG, Huang XF, et al. The 
control of hematopoietic stem cell maintenance, self-renewal, and 
differentiation by Mysm1-mediated epigenetic regulation. Blood. 2013; 122: 
2812-22. 

 


