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Abstract
Background  Myocardial infarction (MI) is a major disease with high morbidity and mortality worldwide. However, 
existing treatments are far from satisfactory, making the exploration of potent molecular targets more imperative. 
The E3 ubiquitin ligase RING finger protein 5 (RNF5) has been previously reported to be involved in several diseases 
by regulating ubiquitination-mediated protein degradation. Nevertheless, few reports have focused on its function in 
cardiovascular diseases, including MI.

Methods  In this study, we established RNF5 knockout mice through precise CRISPR-mediated genome editing 
and utilized left anterior descending coronary artery ligation in 9-11-week-old male C57BL/6 mice. Subsequently, 
serum biochemical analysis and histopathological examination of heart tissues were performed. Furthermore, we 
engineered adenoviruses for modulating RNF5 expression and subjected neonatal rat cardiomyocytes to oxygen-
glucose deprivation (OGD) to mimic ischemic conditions, demonstrating the impact of RNF5 manipulation on cellular 
viability. Gene and protein expression analysis provided insights into the molecular mechanisms. Statistical methods 
were rigorously employed to assess the significance of experimental findings.

Results  We found RNF5 was downregulated in infarcted heart tissue of mice and NRCMs subjected to OGD 
treatment. RNF5 knockout in mice resulted in exacerbated heart dysfunction, more severe inflammatory responses, 
and increased apoptosis after MI surgery. In vitro, RNF5 knockdown exacerbated the OGD-induced decline in cell 
activity, increased apoptosis, while RNF5 overexpression had the opposite effect. Mechanistically, it was proven that 
the kinase cascade initiated by apoptosis signal-regulating kinase 1 (ASK1) activation was closely regulated by RNF5 
and mediated RNF5’s protective function during MI.

Conclusions  We demonstrated the protective effect of RNF5 on myocardial infarction and its function was 
dependent on inhibiting the activation of ASK1, which adds a new regulatory component to the myocardial infarction 
associated network and promises to enable new therapeutic strategy.
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Introduction
Myocardial infarction (MI), pathologically defined as 
myocardial cell death due to prolonged ischemia, stands 
as one of the major causes of mortality worldwide [1–3]. 
The resultant ischemic injury from MI triggers an exten-
sive inflammatory response, mobilizing diverse popu-
lations of innate and adaptive immune cells during the 
early stages of MI, and accompanied by increased secre-
tion of inflammatory cytokines [4, 5]. Furthermore, post-
MI, the myocardial tissue in the infarct and peri-infarct 
areas undergoes apoptosis due to ischemia, hypoxia, and 
extensive inflammatory reactions, thereby serving as a 
critical determinant of the severity of post-MI cardiac 
failure [6, 7]. Despite substantial efforts to understand 
the molecular basis of this pathological process, avail-
able therapeutic development remains far from satisfac-
tory. This highlights the pressing need to identify potent 
molecular targets for regulating MI.

RING finger protein 5 (RNF5), also known as RMA1, 
is an endoplasmic reticulum (ER)-localized 18-kDa 
RING finger E3 ligase with a RING finger motif and a 
C-terminal membrane-anchoring domain [8, 9]. RNF5 
is primarily involved in endoplasmic reticulum-associ-
ated degradation (ERAD) to regulate protein stability 
through ubiquitination-mediated protein degradation. 
However, in some cases, it may affect protein‒protein 
interactions through ubiquitination [10, 11]. Over the 
past two decades, extensive research has been conducted 
on RNF5’s function in tumor progression, the innate 
immune response, and particularly in cystic fibrosis 
therapy development [12–14]. To date, RNF5 has been 
reported to play various roles in different cancers, exhib-
iting protumorigenic roles in some, antitumorigenic roles 
in others, and dual roles in breast cancer [12, 15–19]. 
Additionally, in the innate immune response, RNF5 has 
been implicated in post-infection responses to various 
viruses, including COVID-19, influenza A virus, and 
pseudorabies virus, through its regulation of the stability 
of key antiviral modulators, such as STING (stimulator 
of interferon gene) and MAVS (mitochondrial antiviral-
signaling protein) [13, 20–22]. Notably, in cystic fibrosis 
(CF), RNF5 inhibition was found to promote significant 
F508del-CFTR (CF transmembrane conductance regu-
lator) rescue, offering a promising strategy for the treat-
ment of CF [14, 23, 24].

However, research on RNF5 in cardiovascular or related 
diseases remains limited. Existing studies have indicated 
that RNF5 attenuates pathological cardiac hypertrophy 
and that RNF5 deficiency exacerbates myocardial fibro-
sis and inflammation [25]. In nonalcoholic steatohepatitis 
(NASH), RNF5 overexpression has been shown to miti-
gate lipid accumulation and inflammation in hepatocytes, 
while hepatocyte-specific RNF5 knockout significantly 
worsened hepatic steatosis, the inflammatory response, 

and fibrosis in mice challenged with diet-induced NASH 
[26]. Moreover, decreased RNF5 expression was observed 
in H9C2 cells after oxygen-glucose deprivation/reper-
fusion (OGD/R) treatment, with RNF5 overexpression 
reversing the OGD/R-induced decrease in cell viability, 
apoptosis rate, and release of inflammatory factors [27]. 
However, this research was limited to the H9C2 cell line 
in vitro, and the function of RNF5 in MI has not yet been 
explored.

Therefore, we investigated RNF5’s effects on MI and 
found that RNF5 expression levels were correlated with 
MI in vivo and in vitro. RNF5-knockout (KO) mice 
exhibited exacerbated heart dysfunction and more severe 
inflammatory response and apoptosis after MI surgery. 
Consistently, RNF5 knockdown exacerbated the cell 
apoptosis rate induced by OGD treatment in neonatal rat 
cardiac myocytes (NRCMs), while RNF5 overexpression 
alleviated it. Importantly, the kinase cascade initiated by 
apoptosis signal-regulating kinase 1 (ASK1) activation 
was found to be under the control of RNF5 and mediated 
the ameliorative effects of RNF5 on apoptosis in vitro. 
Our findings shed light on a new landscape of RNF5 in 
MI and hold promise for possible therapeutic develop-
ment based on the RNF5-ASK1 axis.

Materials and methods
Experimental mice and acute myocardial infarction models
Using the CRISPR online design tool (http://chop-
chop.cbu.uib.no/) to predict target DNA regions boots 
sequence-guide RNA target site: ​G​C​C​C​C​G​C​T​C​G​C​G​A​T​
T​T​G​G​C​C​C​T​T​C​G​G​G. RNF5-sgRNA expression vector 
was constructed using pUC57-sgRNA (51132, Addgene) 
as skeleton vector to construct RNF5 knockout (KO) 
mice. The in vitro transcripts of Cas9 expression vector 
pST1374-Cas9 (44758, Addgene) and sgRNA expression 
vector were purified, recovered, and configured into a 
mixed system (Cas9 mRNA: 10 ng/μL; sgRNA: 10 ng/μL). 
The mixture was injected into single-cell fertilized eggs of 
C57BL/6 mice by FemtoJet 5247 microinjection system, 
and the injected fertilized eggs were transplanted into 
surrogate female mice. F0 generation mice were obtained 
after about 19–21 days of gestation. The ear tissue of 
2-week-old mice was collected to obtained genomic 
DNA, and the following primers were used to identify 
the genotypes of mice: RNF5-Check F1: 5’-​C​T​G​G​G​G​G​
T​A​C​T​G​A​G​G​G​C​T​A​C-3’, RNF5-check R1: 5’-​G​C​C​C​T​C​T​
G​G​T​C​A​T​C​T​G​A​A​A​A-3’. The selected founder mice were 
then multiplied and constructed until RNF5-/- mice were 
obtained for subsequent experiments.

9-11-week-old male C57BL/6 wild type (WT) and 
RNF5-KO mice weighted 26–28  g were adopted in this 
study. WT mice used for experiments were purchased 
from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China), and all mice were housed in a 
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specific pathogen-free animal laboratory of Renmin Hos-
pital of Wuhan University with a temperature (24 ± 2℃) 
and humidity (40–70%) controlled environment with a 
12 h light-dark cycle. Water and food were available adli-
bitum to all mice in experiments. All animal experiments 
were performed according to the guidelines of the Guide 
for the Care and Use of Laboratory Animals published by 
the National Institutes of Health.

Left anterior descending (LAD)  coronary artery liga-
tion was performed as described [28, 29]. Briefly, sodium 
pentobarbital (50  mg/kg, i.p.) was used to anesthetize 
mice, and the adequacy of anaesthesia was confirmed 
by the absence of a reflex response to foot squeeze. A 
left thoracotomy was performed at the third or fourth 
intercostal space, the pericardium was opened, and the 
proximal LAD was then encircled under the tip of the 
left atrial appendage and ligated using a 7–0 silk suture. 
In sham-operated mice, the LAD was encircled without 
ligation. All surgeries and subsequent analyses were per-
formed in a blinded fashion.

The experimental groups were WT sham (n = 10), 
RNF5-KO sham (n = 10), WT MI (n = 10) and RNF5-
KO MI (n = 10). The animals were randomly grouped, 
and none of the experimental operators were aware of 
the treatments. After LAD ligation for 24  h, mice were 
anesthetized and conducted echocardiographic assess-
ment. Then, the mice were sacrificed by intraperitoneal 
injection of 1.25% tribromoethanol (0.2 mL per 10 g) and 
perfused transcardially with saline. Then, the infarcted 
heart tissues of mice were collected, and the tissue was 
fixed in 4% paraformaldehyde or frozen in liquid nitrogen 
for subsequent experiments. All analysis were performed 
blindly.

Echocardiographic assessment
24 h after LAD ligation, the mice were anesthetized with 
1.5-2% isoflurane and then performed ultrasound detec-
tion using Small Animal Ultrasound Imaging System 
(VEVO2100,FUJIFILM VISUALSONICS, Canada). The 
left ventricular end-systolic diameter (LVESd), left ven-
tricular end-diastolic diameter (LVEDd), left ventricular 
ejection fraction (EF%) and short axis shortening rate 
(FS%) were measured at the papillary muscle for three 
consecutive cycles in M-mode echocardiography mode.

Detection of released AST, LDH, CK
The concentrations of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and creatine kinase 
(CK) in serum were measured by the Fully Automatic 
Biochemical Analyzer (3110, Hitachi), according to the 
manufacturer’s instructions.

Histopathological analysis
Histological staining was conducted as previously 
described [29]. Mice heart tissues were immediately fixed 
in 10% neutral formalin, dehydrated, embedded in paraf-
fin, cut into 5 μm serial paraffin sections, and stained with 
CD11b (BM3925, Boster), Ly6g (GB11229, Servicebio) 
antibody or Terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) staining kit (G1501, Service-
bio) according to the instructions for immunofluores-
cence. The nucleus was stained with DAPI. The antibody 
of RNF5 (A8351, ABclonal) was adopted to do the immu-
nohistochemical staining. The images were observed and 
obtained using a light microscope (ECLIPSE 80i, Nikon), 
and analyzed with Image Pro Plus (Version 6.0) software.

Adenovirus construction
The adenovirus selected short hairpin RNA targeting 
RNF5 (AdshRNF5) was subcloned into adenovirus to 
knock down RNF5, and an AdshRNA adenovirus was 
used as the control. The adenovirus overexpressing RNF5 
was purchased from Han Heng Biotechnology Co., LTD, 
and adenovirus with GFP overexpression served as con-
trol. A 150 ~ 200 MOI value (Particle/cell multiplicity of 
infection) was adopted to decide the adenovirus usage 
amount infected with cardiomyocytes for 6 h. The prim-
ers used are as follows:

AdshRNF5-rat-F: ​C​C​G​G​G​C​G​A​C​C​T​T​C​G​A​A​T​G​T​A​A​T​
A​T​A​C​T​C​G​A​G​T​A​T​A​T​T​A​C​A​T​T​C​G​A​A​G​G​T​C​G- ​C​T​T​T​
T​T​G.

AdshRNF5-rat-R: ​A​A​T​T​C​A​A​A​A​A​G​C​G​A​C​C​T​T​C​G​A​A​
T​G​T​A​A​T​A​T​A​C​T​C​G​A​G​T​A​T​A​T​T​A​C​A​T- ​T​C​G​A​A​G​G​T​C​
G​C.

Isolation, culture and oxygen-glucose 
deprivation(OGD) treatment of primary cardiomyocytes
The hearts of 1-2-day-old SD rats were taken and the 
blood vessels were removed. The hearts were cut into 1–2 
cubic millimeters tissue blocks and digested with 0.125% 
trypsin to obtain neonatal rat cardiomyocytes (NRCMs). 
DMEM/F12 (C11330, Gibco) medium containing 10% 
fetal bovine serum (FBS, 10,099,141  C, GIBCO), 1% 
penicillin/streptomycin (PS, 15140-122, GIBCO), and 
5-bromodeoxyuridine (0.1 mM, B5002- 250MG, sigma) 
were supplied to culture NRCMs for 24 h. After infected 
with the corresponding adenovirus, NRCMs were treated 
with serum-free medium for 12  h, and then stimulated 
with serum-free, glucose-free and sodium pyruvate-free 
DMEM (Gibco). The cells were cultured in an incubator 
containing 95% N2 and 5% CO2 for 24 h. The control cells 
were not subjected to hypoxia with DMEM/F12 medium.

iASK1 treatment: during OGD treatment, the inhibitor 
of ASK1 activation, GS-4997 (1148428-04-3, Selleck) was 
added at a concentration of 80 µM. DMSO was used as 
control.
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Cell counting kit 8 (CCK-8) assay
The cell activity of NRCMs was detected by using CCK-8 
kit (44,786, Dojindo) according to the manufacturer’s 
guideline. The NRCMs infected with corresponding 
adenovirus were inoculated into 96-well plates (167008, 
Thermo Fisher Scientific) and 3 cell-free wells were 
served as blank controls. And the OGD treatment was 
performed during 24  h incubation. Then the medium 
was replaced to CCK8 reaction solution and incubated at 
37 ℃ for 2 h. The absorbance value (OD) at 450 nm was 
measured and the data was recorded.

Quantitative real-time PCR
The TRIzol reagent (15596-026, Invitrogen) was adopted 
to perform the RNA extraction of the heart tissues or 
cardiomyocytes under the guidelines of manufacturer. 
After fragmentated by ultra-sonication in TRIzol reagent, 
the RNAs were acquired. Transcriptor First Strand cDNA 
Synthesis Kit (R323-01, Vazyme) was applied to complete 
the first strand synthesis. The PCR (Polymerase chain 
reaction) system was composed of SYBR Green PCR 
Master Mix (Q311-02, Vazyme), the primers and cDNA 
(Complementary DNA). LightCycler 480 System (Roche) 
as per the established protocol was adopted to do the 
quantification and the followed analysis. The primers 
used in this study were as follows:

Gene names Sequences (5’-3’)
RNF5 (Mouse) Forward ​G​A​A​T​G​C​C​C​G​G​T​G​T​G​T​A​A​A​G​C

Reverse ​G​G​G​G​T​G​G​A​G​T​T​T​T​C​A​A​T​C​T​G​G
TNF-α (Mouse) Forward ​C​A​T​C​T​T​C​T​C​A​A​A​A​T​T​C​G​A​G​T​G​A​C​A​A

Reverse ​T​G​G​G​A​G​T​A​G​A​C​A​A​G​G​T​A​C​A​A​C​C​C
IL-6 (Mouse) Forward ​T​A​G​T​C​C​T​T​C​C​T​A​C​C​C​C​A​A​T​T​T​C​C

Reverse ​T​T​G​G​T​C​C​T​T​A​G​C​C​A​C​T​C​C​T​T​C
IL-1β (Mouse) Forward ​C​C​G​T​G​G​A​C​C​T​T​C​C​A​G​G​A​T​G​A

Reverse ​G​G​G​A​A​C​G​T​C​A​C​A​C​A​C​C​A​G​C​A
CCL2 (Mouse) Forward ​T​A​C​A​A​G​A​G​G​A​T​C​A​C​C​A​G​C​A​G​C

Reverse ​A​C​C​T​T​A​G​G​G​C​A​G​A​T​G​C​A​G​T​T
Bax (Mouse) Forward ​T​G​A​G​C​G​A​G​T​G​T​C​T​C​C​G​G​C​G​A​A​T

Reverse ​G​C​A​C​T​T​T​A​G​T​G​C​A​C​A​G​G​G​C​C​T​T​G
Bcl2 (Mouse) Forward ​T​G​G​T​G​G​A​C​A​A​C​A​T​C​G​C​C​C​T​G​T​G

Reverse ​G​G​T​C​G​C​A​T​G​C​T​G​G​G​G​C​C​A​T​A​T​A
GAPDH (Mouse) Forward ​A​C​T​C​C​A​C​T​C​A​C​G​G​C​A​A​A​T​T​C

Reverse ​T​C​T​C​C​A​T​G​G​T​G​G​T​G​A​A​G​A​C​A
RNF5 (Rat) Forward ​T​A​T​G​G​T​C​G​A​G​G​G​A​G​C​C​A​G​A​A

Reverse ​T​G​A​A​A​T​C​C​C​C​C​T​G​C​A​T​C​A​C​C
Bax (Rat) Forward ​A​G​G​A​C​G​C​A​T​C​C​A​C​C​A​A​G​A​A​G

Reverse ​C​A​G​T​T​G​A​A​G​T​T​G​C​C​G​T​C​T​G​C
Bcl2 (Rat) Forward ​C​T​G​G​T​G​G​A​C​A​A​C​A​T​C​G​C​T​C​T

Reverse ​G​C​A​T​G​C​T​G​G​G​G​C​C​A​T​A​T​A​G​T
GAPDH (Rat) Forward ​C​A​G​T​G​C​C​A​G​C​C​T​C​G​T​C​T​C​A​T

Reverse ​A​G​G​G​G​C​A​T​C​C​A​C​A​G​T​C​T​T​C

Western blotting
RIPA buffer (65 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 
mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 
SDS) with protease inhibitors (04693132001, Roche) 
facilitated by ultra-sonication was applied to acquire the 
protein in tissues, while the SDS lysis buffer (50 mM Tris-
HCl pH 6.8, 2% SDS, 10% Glycerol) with protease inhibi-
tors was used for protein extraction of cardiomyocytes. 
BCA Protein Assay Kit (23,225, Thermo Fisher Scientific, 
USA) was used for the protein quantification, and SDS-
PAGE gels as well as PVDF membranes (IPVH00010, 
Millipore) were used for protein separation and transfer. 
The blocking was conducted in 5% skim milk for 1 h at 
room temperature. After the corresponding first antibod-
ies were incubated with the membranes at 4℃ overnight, 
the corresponding second antibodies (115-035-003 or 
111-035-003, Jackson ImmunoResearch Laboratories, 
USA) were incubated with the membranes at room tem-
perature for 1 h. The ECL Western blotting Substrate kit 
(BLWB021-100ML, BioLight, China) and the Chemi-
DocTM XRS + Imaging System (Bio-Rad, USA) were 
applied to detect and visualize the proteins. The first anti-
bodies used in this research were as follows:

Antibody Catalogue number Manufacturer Source Dilution
RNF5 A8351 ABclonal rabbit 1:1000
p-IKKβ 2697 CST rabbit 1:1000
IKKβ A0714 ABclonal rabbit 1:1000
IKBα 4814 CST mouse 1:1000
p-p65 3033 CST rabbit 1:1000
p65 8242 CST rabbit 1:1000
Bax A19684 ABclonal rabbit 1:1000
Bcl2 A19693 ABclonal rabbit 1:1000
C-Caspase3 9664 CST rabbit 1:1000
p-ASK1 3765 CST rabbit 1:1000
ASK1 A12458 ABclonal rabbit 1:1000
p-JNK 4668 CST rabbit 1:1000
JNK 9252 CST rabbit 1:1000
p-p38 4511 CST rabbit 1:1000
p38 9212 CST rabbit 1:1000
GAPDH 2118 CST rabbit 1:5000

Statistical analysis
The data in this research was given as mean ± standard 
deviation (SD). Shapiro Wilk test was used to compare 
the normal distribution of data. The significant differ-
ences between two different groups were assessed by 
the Student’s t-test, while One-way or two-way analysis 
of variance (ANOVA) was performed for data compari-
son between multiple groups with corrected by the Bon-
ferroni test (equal variances assumed) or Tamhane’s T2 
test (equal variances not assumed) as the data conforms 
to the normal distribution. If not, a non-parametric test 
Mann Whitney test for two groups or Kruskal Wallis test 
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for multiple groups was conducted. P value of less than 
0.05 was applied to indicate the significance.

Results
RNF5 was downregulated in infarcted heart tissues of 
mouse and NRCMs subjected to OGD treatment
To investigate the correlation between RNF5 and MI, 
we analyzed the mRNA and protein expression levels 
of RNF5 in different MI models in vivo and in vitro. As 
shown, the mRNA and protein levels of RNF5 were sig-
nificantly reduced in hearts of mice suffered MI surgery 
compared to that in the sham group (Fig.  1A, B). The 
same results were also observed by immunohistochemical 

staining (Fig. 1C). Furthermore, in NRCMs subjected to 
OGD treatment, both the mRNA and protein expression 
levels of RNF5 were significantly downregulated (Fig. 1D, 
E). These findings collectively suggest an involvement of 
RNF5 in the regulation of MI.

Blocking RNF5 exacerbates mouse heart dysfunction and 
injury after acute MI
To evaluate the impact of RNF5 on acute MI, we gener-
ated RNF5-knockout (RNF5-KO) mice and subjected 
them to LAD surgery. The protein expression of RNF5 
was analyzed using Western blotting, confirming the 
successful establishment of RNF5-KO mice (Fig.  2A). 

Fig. 1  RNF5 was down-regulated in the hearts of infarcted mice and NRCMs subjected to OGD. (A) RT-qPCR results of RNF5 in the hearts of sham and MI 
group mice (n = 5). (B) Western blot (Left, n = 4) and quantification results (Right, n = 5) of RNF5 in the hearts of sham and MI group mice. (C) Representa-
tive immunohistochemical staining images of RNF5 expression in the heart samples of sham and MI group mice (Scale bar = 50 μm) (n = 4). (D) RT-qPCR 
results of RNF5 in the NRCMs subjected to OGD treatment (n = 3). (E) Western blot (Left) and quantification results (Right) of RNF5 in the NRCMs subjected 
to OGD treatment (n = 3). For A, B, D and E, statistical analysis was performed by a two-tailed Student’s t-test. * p < 0.05, ** for p < 0.01.
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Following MI or sham surgery, ultrasonic examination 
was performed before the end of the experiment, and 
the results showed that the MI surgery resulted in sig-
nificant increases in LVEDd and LVESd, and significant 
downregulation of EF% and FS%. Loss of RNF5 promoted 
the changes of LVEDd and EF% caused by MI surgery, 
but had no significant effect on LVESd and FS% (Fig. 2B-
E). Furthermore, the levels of heart injury-related 
enzymes, including AST, LDH, and CK were not signifi-
cantly different between the two sham groups, but were 

notably increased in MI model group, which indicated 
that the model was successfully established. Moreover, 
the enzyme contents in RNF5-KO mice were even more 
elevated than those in wild-type mice following MI sur-
gery (Fig. 2F-H). These results suggest that RNF5 knock-
out exacerbated mouse heart injury after acute MI.

Fig. 2  RNF5 knockout exacerbated heart dysfunction after MI in vivo. (A) The Western blot results of RNF5 in the hearts of WT and RNF5-KO mice. n = 3 
per group. (B-E) Echocardiography measurements results including LVEDd (B), LVESd (C), EF% (D) and FS% (E) of WT and RNF5-KO mice subjected to 
MI or Sham surgery (n = 10 mice per group). (F-H) The content variations of representative index enzymes, including AST (F), LDH (G) and CK (H), in WT 
and RNF5-KO mice hearts subjected to or not to MI surgery (n = 10). For statistical analysis, One-way ANOVA analysis was used. n.s., no significance, and ** 
p < 0.01 compared with the WT sham group; #, p < 0.05, ##, p < 0.01 compared with the WT MI group.
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RNF5 deficiency increases the inflammatory response and 
apoptosis in mouse hearts after acute MI
As the inflammatory response and cell apoptosis dur-
ing acute MI are important events, we wanted to explore 
whether RNF5 could affect the inflammatory response 
and cell apoptosis. The infiltration of CD11B and Ly6g 

positive cells in the heart tissue was analyzed by immu-
nohistochemistry. And the results showed that MI sur-
gery enhanced the integral inflammatory response and 
RNF5 deficiency promoted infarct-induced inflammatory 
infiltration of heart tissues (Fig. 3A, B). Consistently, the 
mRNA expression levels of Tnf (tumor necrosis factor), 

Fig. 3  RNF5 knockout increased inflammatory response and apoptosis after MI in vivo. (A) Representative images (Left) and quantitative results (Right) 
of CD11B immunohistochemical staining of heart sections of the two groups of mice (n = 6). Scale bar, 50 μm. (B) Representative images and quantitative 
results of Ly6g immunohistochemical staining of heart sections of the two groups of mice (n = 6). Scale bar, 50 μm. (C) RT-PCR results of inflammatory 
responses associated genes including Tnf, Il6, Il1b, and Ccl2 in WT and RNF5-KO mice subjected to MI surgery (n = 4). (D) Western blot (Left) and quanti-
fication results (Right) of NF-κB signaling pathway-related proteins in wild type and RNF5-KO mice subjected to MI surgery (n = 3). GAPDH was used as 
loading control. (E) Representative images (Up) and quantitative results (Down) of TUNEL staining of mice heart tissues sections from the indicated group 
(n = 4). Scale bar, 20 μm. (F) RT-PCR results of apoptosis-related genes in wild type and RNF5-KO mice subjected to MI surgery (n = 4). The RNA expression 
levels were normalized to Gapdh. (G) Western blot (Left) and quantification results (Right) of apoptosis-related proteins in wild type and RNF5-KO mice 
subjected to MI surgery (n = 3). GAPDH was used as loading control. For statistical analysis, a two-tailed Student’s t-test was used. * for p < 0.05 and ** for 
p < 0.01 vs. WT MI 24 h group
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Fig. 4 (See legend on next page.)
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interleukin-6 (Il6), Il1b, and chemokines CCL2 (C-C 
motif chemokine 2) (Fig.  3C) as well as the protein lev-
els of NF-κB (nuclear factor kappa-B) signaling pathway 
components, including phosphorylated IKKβ (inhibitor 
of nuclear factor kappa-B kinase subunit beta, p-IKKβ) 
and phosphorylated p65 (p-p65) (Fig.  3D) were signifi-
cantly increased. TUNEL assays showed that RNF5-KO 
mice showed more serious apoptosis under MI treat-
ments than those in the WT group (Fig. 3E). Correspond-
ingly, the pro-apoptosis molecules including Bax, cleaved 
Caspase 3 (C-Caspase3) were upregulated, while the 
anti-apoptosis factor Bcl2 was downregulated in RNF5-
KO MI group compared with WT MI group (Fig. 3F, G). 
Combining these findings, it is concluded that loss of 
RNF5 exacerbated the inflammatory response and apop-
tosis in mouse hearts after acute MI surgery.

RNF5 alleviated apoptosis in NRCMs under OGD treatment 
in vitro
To explore the effects of RNF5 on cardiomyocytes, the 
NRCMs were separated and subjected to OGD treat-
ment to imitate MI in vitro. The efficacy of RNF5 knock-
down adenovirus was analyzed by Western blot and 
RT-qPCR, and the results showed that the protein and 
mRNA expression levels of RNF5 were both significantly 
decreased (Fig.  4A, B). The CCK-8 assay demonstrated 
that knockdown of RNF5 aggravated OGD-induced car-
diomyocyte injury (Fig. 4C). Consistent with the in vivo 
results, RNF5 knockdown promoted the expression of 
pro-apoptotic molecules (Bax and C-Caspase 3) induced 
by ODG and inhibited the expression of anti-apoptotic 
Bcl2 (Fig.  4D, E). Conversely, AdRNF5 adenovirus was 
used to upregulate the expression of RNF5 in NRCMs 
(Fig. 4F, G). In contrast to RNF5 knockdown, RNF5 over-
expression protected cardiomyocytes from cell injury 
and apoptosis induced by OGD stimulation (Fig.  4H-J). 
Together, RNF5 protects against cardiomyocyte apopto-
sis under OGD treatment.

RNF5 suppresses the ASK1-JNK/p38 signaling pathway in 
MI
A previous report indicated that RNF5 could regulate 
hepatic ischemia‒reperfusion injury by targeting apopto-
sis signal-regulating kinase 1 (ASK1) [8]. ASK1 is a key 
modulator of the ROS-induced extrinsic apoptosis path-
way, and ASK1-deficient mice demonstrate that the ROS/
ASK1 pathway is involved in necrotic as well as apoptotic 
cell death, indicating that ASK1 may be a therapeutic 
target to reduce left ventricular remodeling after MI [30, 
31]. To explore the underlying mechanism of RNF5 dur-
ing MI, we detected the expression levels of phosphory-
lated ASK1 and ASK1 proteins as well as the downstream 
signaling molecules including total and phosphorylated 
JNK, p38 in MI models. We found that RNF5 deficiency 
or knockdown promoted the phosphorylation of ASK1, 
JNK and p38 but without affecting the corresponding 
total proteins (Fig. 5A, B). In contrast, overexpression of 
RNF5 decreased the protein levels of p-ASK1, p-JNK and 
p-p38 in NRCMs subjected to OGD treatment (Fig. 5C). 
Taken together, RNF5 suppresses the ASK1-JNK/p38 sig-
naling pathway in response to MI.

Inhibiting ASK1 activation reverses apoptosis in RNF5-
knockdown cardiomyocytes
To analyze whether activated ASK1 mediated RNF5 
function during MI, an inhibitor of ASK1 activation 
(iASK1), GS-4997, was applied to RNF5-knockdown 
NRCMs. The protein level analysis in the cascade showed 
that the increase in p-ASK1, p-JNK and p-p38 resulting 
from RNF5-knockdown was abolished when iASK1 was 
applied (Fig.  6A). Furthermore, the promotion of cell 
injury and apoptosis due to RNF5 knockdown was also 
abolished by iASK1 (Fig. 6B-D). These results suggested 
that the regulation effect of RNF5 on the apoptosis of 
cardiomyocytes was mediated by inhibiting the activa-
tion of ASK1.

Discussion
Cardiovascular disease, including myocardial infarction 
(MI), is the leading cause of death globally, with a resur-
gence in high-income countries and an ongoing rapid 

(See figure on previous page.)
Fig. 4  RNF5 alleviated cell apoptosis in NRCMs induced by OGD treatment. (A-B) Western blot (A) and RT-qPCR (B) results showed the effectiveness of 
RNF5 knockdown adenovirus. (C) CCK-8 assay showed the cell activity of NRCMs infected with RNF5 knockdown or control adenovirus subjected to or not 
to OGD treatments. (D) RT-PCR results of Bax and Bcl2 genes in NRCMs infected with control or RNF5 knockdown adenovirus subjected to or not to OGD 
treatments. The RNA expression levels were normalized to Gapdh. (E) Western blot (Left) and quantification (Right) results of apoptosis-related proteins in 
NRCMs infected with control or RNF5 knockdown adenovirus subjected to or not to OGD treatments. GAPDH was used as loading control. (F, G) Western 
blot (F) and RT-PCR (G) results showed the effectiveness of RNF5 overexpression adenovirus. (H) CCK-8 assay showed the cell activity of NRCMs infected 
with control or RNF5 overexpression adenovirus subjected to or not to OGD treatments. (I) RT-PCR results of Bax and Bcl2 genes in NRCMs infected with 
control or RNF5 overexpression adenovirus subjected to or not to OGD treatments. The RNA expression levels were normalized to Gapdh. (J) Western blot 
(Left) and quantification (Right) results of apoptosis-related proteins in NRCMs infected with control or RNF5 overexpression adenovirus subjected to or 
not to OGD treatments. n = 3 independent repetitions. For B and G, a two-tailed Student’s t-test was used. For C-E, H-J, One-way ANOVA analysis was used. 
n.s., no significance, * for p < 0.05 and ** for p < 0.01 vs. AdshRNA Control group or AdGFP Control group. # for p < 0.05 and ## for p < 0.01 vs. AdshRNA OGD 
group or AdGFP OGD group.
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rise in low- and middle-income countries [32]. After 
MI, myocardial cells undergo significant changes such 
as inflammation and increased apoptosis, resulting in 
irreversible damage to myocardial cells [4, 6]. Substan-
tial gaps between pharmacotherapy armament and rising 
patients highlight the urgency to exploit potent molecu-
lar targets. In this study, we discovered that a new com-
ponent, RNF5, is involved in MI and plays protective 
roles depending on inhibiting activated ASK1, which may 
facilitate the development of new therapeutic strategy for 
MI.

RNF5 is an ER-located ubiquitin E3 ligase and has 
been previously investigated in tumor progression, 
innate immune response, and especially cystic fibrosis 
therapy development, mainly through ubiquitination-
mediated protein degradation [8, 12–14]. However, only 
a few studies have focused on cardiovascular disease. 
In pathological cardiac hypertrophy, RNF5 deficiency 
aggravated TAC-induced cardiac remodeling, myocar-
dial fibrosis, and inflammation [25]. In NASH, RNF5 

knockout significantly exacerbated hepatic steatosis, the 
inflammatory response and fibrosis in mice with diet-
induced NASH mice [26]. Moreover, in OGD-induced 
rat H9C2 cell lines, RNF5 overexpression reversed the 
OGD/R-induced decreases in cell viability, the apoptosis 
rate and inflammatory factor release [27]. Our findings 
represent a novel connection between RNF5 and myo-
cardial infarction, thereby broadening the understand-
ing of RNF5’s function. We found that the deficiency of 
RNF5 promoted the changes of LVEDd and EF% caused 
by LAD surgery, but had no significant effect on LVESd 
and FS%. This may be due to the fact that our trial was set 
for a short period of time after LAD surgery, and extend-
ing the trial time may lead to an enhanced effect of RNF5 
on cardiac dysfunction, which requires further study. In 
addition, RNF5 knockout aggravated the inflammatory 
responses and subsequent apoptosis after MI, which was 
consistent with previously found functions in cardiovas-
cular-related diseases and implied that improving RNF5 

Fig. 5  RNF5 regulated the activation of ASK1-JNK/p38 signaling pathway during MI. (A) Western blot (Up) and quantification (Down) results of total and 
phosphorylated ASK1, JNK and p38 in wild type and RNF5-KO mice heart tissues subjected to MI surgery (n = 3). (B) Western blot (Up) and quantification 
(Down) results of total and phosphorylated ASK1, JNK and p38 in NRCMs infected with control or RNF5 knockdown adenovirus subjected to or not to 
OGD treatments. n = 3 independent repetitions. (C) Western blot (Up) and quantification (Down) results of total and phosphorylated ASK1, JNK and p38 
in NRCMs infected with control or RNF5 overexpression adenovirus subjected to or not to OGD treatments. n = 3 independent repetitions. For statistical 
analysis, a two-tailed Student’s t-test was used. * for p < 0.05 and ** for p < 0.01 vs. WT MI 24 h group or AdshRNA OGD group or AdGFP OGD group
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Fig. 6  Treatment of iASK1 inhibited the promoting effect of RNF5 knockdown on OGD-induced apoptosis of NRCMs. (A) Western blot (Left) and quan-
tification (Right) results of RNF5, total and phosphorylated ASK1, JNK and p38 in NRCMs harboring control or RNF5 knockdown adenovirus subjected to 
OGD treatments with or without iASK1 addition. (B) CCK-8 assay showed the cell activity in in NRCMs harboring control or RNF5 knockdown adenovirus 
subjected to OGD treatments with or without iASK1 addition. (C) RT-qPCR results of Bax and Bcl2 in NRCMs infected with control or RNF5 knockdown 
adenovirus subjected to OGD treatments with or without iASK1 addition. (D) Western blot (Left) and quantification (Right) results of apoptosis-related 
proteins in NRCMs harboring control or RNF5 knockdown adenovirus subjected to OGD treatments with or without iASK1 addition. n = 3 independent 
repetitions. For statistical analysis, One-way ANOVA analysis was used. * for p < 0.05 and ** for p < 0.01 vs. AdshRNA DMSO OGD group. # for p < 0.05 and 
## for p < 0.01 vs. AdshRNF5 DMSO OGD group.
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content might be a feasible alternative for therapeutic 
development.

A small drug-like compound Analog-1, which has been 
defined as an activator of RNF5, could enhance the activ-
ity of RNF5 but does not affect its protein expression [22, 
33]. It has been found that Analog-1 significantly reduced 
the viability of SH-SY5Y and MZ2-MEL cells, but was 
totally ineffective in normal human fibroblasts. This 
proves that in different types of cells, Analog-1 has dif-
ferent functions. In addition, Analog-1 has been shown 
to promote oxidative stress-induced apoptosis [34]. Since 
there are no reports on the function of Analog-1 in myo-
cardial infarction, it is uncertain whether Analog-1 can 
play a protective role in myocardial infarction by activat-
ing RNF5.

Previous reports have primarily focused on RNF5 func-
tioning as a ubiquitin ligase to regulate protein stability 
through ubiquitination-mediated protein degradation. 
The most investigated substrates of RNF5 include STING, 
MAVS, and CFTR [13, 14, 21]. In antiviral responses, 
RNF5 interacts with STING through its transmembrane 
domain and targets MITA at Lys150 for ubiquitination 
and degradation after viral infection [13]. In another 
study, the intermediate domain plus either the RING or 
the transmembrane domain of RNF5 was sufficient for 
its interaction with MAVS, and RNF5 targeted MAVS at 
K362 and K461 for ubiquitination and degradation after 
viral infection [21]. In cystic fibrosis, the most common 
mutation in the gene encoding the CF transmembrane 
conductance regulator (CFTR), the deletion of phenyl-
alanine 508 (F508del), is associated with misfolding and 
premature degradation of the mutant protein, impairing 
CFTR trafficking [14, 23]. RNF5 could promote F508del-
CFTR degradation at early stages of CFTR biosynthesis 
and its inhibition resulted in the rescue of F508del-CFTR 
phenotypes [14, 24]. Comparatively, in our research, we 
discovered that RNF5 played protective roles after MI by 
inhibiting ASK1 phosphorylation, which seemed to be an 
atypical function of RNF5. Whether RNF5 changes the 
phosphorylation of ASK1 directly through its E3 ligase 
function or indirectly recruits another component, such 
as phosphatases, still needs more investigation.

Conculison
Our investigation found that RNF5 was significantly 
downregulated in infarcted mice hearts. RNF5 knock-
out exacerbated MI surgery-induced heart dysfunc-
tion, inflammatory responses and apoptosis in infarcted 
mouse hearts. Consistently, RNF5 knockdown decreased 
the cell activity of NRCMs and promoted cell apopto-
sis after OGD treatment, while RNF5 overexpression 
resulted in the opposite results. These results first prove 
that RNF5 plays a protective role in MI. Furthermore, 
the kinase cascade initiated by phosphorylated ASK1 

was negatively regulated by RNF5, and the inhibition of 
activated ASK1 abolished RNF5 knockdown-mediated 
promoting effects on OGD surgery-induced apoptosis 
in NRCMs. These findings revealed a new component 
of RNF5 functioning in MI, and RNF5-ASK1 signaling 
might indicate the possibility of new therapeutic strategy 
development for MI.
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