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E3 ubiquitin ligase ring finger protein 5 protects against 
hepatic ischemia reperfusion injury by mediating 
phosphoglycerate mutase family member 5 ubiquitination

Ming-Jie Ding1,2,3,4  |    Hao-Ran Fang1,2,3,4  |    Jia-Kai Zhang1,2,3,4  |    
Ji-Hua Shi1,2,3,4   |    Xiao Yu1,2,3,4  |    Pei-Hao Wen1,2,3,4  |    Zhi-Hui Wang1,2,3,4  |   
Sheng-Li Cao1,2,3,4  |    Yi Zhang5  |    Xiao-Yi Shi1,2,3,4  |    Hua-Peng Zhang1,2,3,4  |    
Yu-Ting He1,2,3,4  |    Bing Yan1,2,3,4  |    Hong-Wei Tang1,2,3,4  |    Dan-Feng Guo1,2,3,4  |   
Jie Gao1,2,3,4  |    Zhen Liu6  |    Li Zhang6  |    Shui-Jun Zhang1,2,3,4  |    
Xiao-Jing Zhang7  |    Wen-Zhi Guo1,2,3,4

1Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China
2Henan Engineering Technology Research Center for Organ Transplantation, Zhengzhou, China
3Zhengzhou Engineering Laboratory for Organ Transplantation Technique and Application, Zhengzhou, China
4Henan Research Centre for Organ Transplantation, Zhengzhou, China
5Department of Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China
6Department of Cardiology, Renmin Hospital of Wuhan University, Wuhan, China
7School of Basic Medical Sciences, Wuhan University, Wuhan, China

Received: 23 June 2021  |  Revised: 11 October 2021  |  Accepted: 18 October 2021

DOI: 10.1002/hep.32226  

This is an open access article under the terms of the Creat​ive Commo​ns Attri​butio​n-NonCo​mmerc​ial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Hepatology published by Wiley Periodicals LLC on behalf of American Association for the Study of Liver Diseases

Ming-Jie Ding, Hao-Ran Fang, and Jia-Kai Zhang contributed equally to this work. 

Abbreviations: AddnASK1, ASK1 dominant-negative mutant adenovirus; ALT, alanine aminotransferase; ASK1, apoptosis-regulating kinase 1; AST, aspartate 
aminotransferase; Bad, Bcl2-associated agonist of cell death; Bax, Bcl2-associated x protein; Bcl2, B-cell leukemia/lymphoma; Bcl-XL, B-cell lymphoma/
leukemia XL gene; BSA, bovine serum albumin; C-Caspase-3, cleaved-caspase-3; Ccl2, chemokine (C-C motif) ligand 2; cDNA, complementary DNA; Co-IP, 
coimmunoprecipitation; Cxcl10, chemokine (C-X-C motif) ligand 10; ER, endoplasmic reticulum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSEA, 
gene set enrichment analysis; H&E, hematoxylin and eosin; HIR, hepatic ischemia-reperfusion; HR, hypoxia-reoxygenation; IF, immunofluorescence; IHC, 
immunohistochemistry; IKKβ, inhibitory kappa B kinase; IP, immunoprecipitation; IR, ischemia-reperfusion; IκBα, inhibitor of kappa B alpha; JNK, c-Jun 
N-terminal kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; KO, knockout; Ly6G, lymphocyte antigen 6 complex locus G; MAPK, mitogen-
activated protein kinase; MS, mass spectrometry; NTG, nontransgenic; PGAM5, phosphoglycerate mutase family member 5; RNA-seq, RNA sequencing; 
RNF5, ring finger protein 5; RNF5-HKO, hepatocyte-specific RNF5-knockout; RNF5-HTG, hepatocyte-specific RNF5 transgenic; TG, transgenic; TUNEL, 
terminal deoxynucleotidyl transferase–mediated deoxyguanosine triphosphate (dUTP) nick-end labeling; WT, wild type.

Correspondence
Xiao-Jing Zhang, School of Basic Medical 
Sciences, Wuhan University, No. 185 
Donghu Road, Wuhan 430071, China.
Email: zhangxjing@whu.edu.cn

Wen-Zhi Guo, Department of 
Hepatobiliary and Pancreatic Surgery, 
The First Affiliated Hospital of Zhengzhou 
University, No. 1, East Jian She Road, 
Zhengzhou, Henan Province, 450052, 
China.
Email: fccguowz@zzu.edu.cn

Funding information
Supported by grants from the National 
Natural Science Foundation of China 

Abstract
Background and Aims: Hepatic ischemia-reperfusion (HIR) injury, a com-
mon clinical complication of liver transplantation and resection, affects patient 
prognosis. Ring finger protein 5 (RNF5) is an E3 ubiquitin ligase that plays 
important roles in endoplasmic reticulum stress, unfolded protein reactions, 
and inflammatory responses; however, its role in HIR is unclear.
Approach and Results: RNF5 expression was significantly down-regulated 
during HIR in mice and hepatocytes. Subsequently, RNF5 knockdown 
and overexpression of cell lines were subjected to hypoxia-reoxygenation 
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INTRODUCTION

Ischemia-reperfusion (IR) injury refers to the tissue 
and organ damage caused when blood supply is re-
stored after a period of ischemia.[1] Hepatic ischemia-
reperfusion (HIR) injury involves a biphasic process 
of ischemia-induced cell damage and reperfusion-
induced inflammatory response, which is mainly ob-
served in partial hepatectomy, liver transplantation, 
trauma, and hypovolemic shock.[2,3] Liver damage 
caused by IR may cause abnormal liver function, acute 
liver failure, multiple organ failure, and even death.[4] 
Unfortunately, there is no effective prevention or treat-
ment of HIR injury in clinical practice. At present, the 
mechanism of HIR injury is not well understood; thus, 
it is imperative to elucidate its mechanism to develop 
targets for treatment.

The mechanism of HIR injury is complex and in-
volves various cells and diverse processes.[5] HIR is a 
dynamic process, and the accompanying inflammatory 
response plays a key role. In the early stage of liver 
ischemia, insufficient glucose and oxygen supply, re-
duced ATP production, and cell metabolic disorders 
can directly cause hepatocyte damage and activate 
Kupffer cells, dendritic cells, and natural killer cells, re-
sulting in inflammatory damage.[6] During reperfusion, 
these activated immune cells can drive neutrophils and 
lymphocytes to infiltrate liver tissues by releasing cyto-
kines, chemokines, and cell adhesion molecules, thus 
aggravating liver cell damage.[6,7] HIR injury is charac-
terized by progressive hepatocyte cell damage, apop-
tosis/necrosis, and acute inflammation.

Ring finger protein 5 (RNF5), an E3 ubiquitin ligase 
localized in the endoplasmic reticulum (ER) and mito-
chondrial membranes, has been implicated in the reg-
ulation of substrate stability and localization through 
K63- or K48-linked ubiquitination.[8] RNF5 plays a critical 
role in various cellular processes, including cell motility 
regulation,[9] ER-associated protein degradation,[8] in-
nate immunity through MITA ubiquitination,[10] ER quality 
control through ubiquitination of misfolded proteins,[11] 
and ubiquitination-dependent relocalization of the c-Jun 
N-terminal kinase (JNK)-associated membrane protein, 
a proteasome adaptor protein.[12] Furthermore, RNF5 
is involved in the regulation of viral and bacterial infec-
tions.[13,14] In a model of inflammatory bowel disease, 
RNF5-knockout (KO) mice exhibited more-severe colitis 
symptoms, and the lesion-site changes associated with 
enhanced inflammation in colonic tissue included altered 
proliferation and cell-death programs.[15] However, the 
function of RNF5 in HIR injury remains open for study.

In this study, we found that RNF5 expression was 
remarkably decreased during HIR. Using hepatic 
RNF5-KO and transgenic (TG) mice, we demon-
strated that RNF5 reduced inflammatory response, cell 
apoptosis, and liver damage in HIR. Mechanistically, 
RNF5 interacts with and ubiquitinates phosphoglyc-
erate mutase family member 5 (PGAM5) during HIR. 
Ubiquitination of PGAM5 by RNF5 led to its degradation 
and inhibition of apoptosis-regulating kinase 1 (ASK1) 
and the downstream signaling pathways of JNK/p38 
activation, reducing apoptosis and inflammation. Our 
findings suggest that RNF5 may serve as a potential 
therapeutic target for reducing HIR injury.
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challenge. Results showed that RNF5 knockdown significantly increased 
hepatocyte inflammation and apoptosis, whereas RNF5 overexpression had 
the opposite effect. Furthermore, hepatocyte-specific RNF5 knockout and 
transgenic mice were established and subjected to HIR, and RNF5 deficiency 
markedly aggravated liver damage and cell apoptosis and activated hepatic 
inflammatory responses, whereas hepatic RNF5 transgenic mice had the 
opposite effect compared with RNF5 knockout mice. Mechanistically, RNF5 
interacted with phosphoglycerate mutase family member 5 (PGAM5) and me-
diated the degradation of PGAM5 through K48-linked ubiquitination, thereby 
inhibiting the activation of apoptosis-regulating kinase 1 (ASK1) and its down-
stream c-Jun N-terminal kinase (JNK)/p38. This eventually suppresses the 
inflammatory response and cell apoptosis in HIR.
Conclusions: We revealed that RNF5 protected against HIR through its in-
teraction with PGAM5 to inhibit the activation of ASK1 and the downstream 
JNK/p38 signaling cascade. Our findings indicate that the RNF5-PGAM5 
axis may be a promising therapeutic target for HIR.
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MATERIALS AND METHODS

Animals

Male mice (8–10  weeks old) were obtained from 
Vital River (Beijing, China). All mice had free ac-
cess to food and water and were housed in a spe-
cific pathogen-free facility with 12/12-hour light/dark 
cycles. Mice had a 1-week period of acclimatization 
before sham or ischemia reperfusion treatment; all 
animal experiments were approved by the Animal 
Care Committee of the First Affiliated Hospital of 
Zhengzhou University and were conducted in ac-
cordance with the Guide for the Care and Use 
of Laboratory Animals published by the National 
Institutes of Health (NIH Publication No. 85-23, re-
vised 1996). The construction of hepatocyte-specific 
RNF5 knockout and transgenic mice has been de-
scribed in detail in the Supporting Material.

HIR surgery

We established a partial (70%) warm HIR model as 
described.[16] Mice were anesthetized with 1% pento-
barbital sodium (50 mg/kg), and the abdominal cav-
ity was exposed at the midline of the abdomen with 
the blood vessels separated around the livers. A 
microvascular clamp was used to clamp the blood 
vessels supplying the left and middle of the liver in 
the IR group, whereas vascular clamping was not 
performed in the sham-operated group. After is-
chemia for 1 hour and reperfusion for different times, 
blood and liver tissues were collected for subsequent 
analysis.

Measurements of liver injury

Serum concentrations of alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) were 
measured using the ADVIA 2400 Chemistry System 
(Siemens, Tarrytown, NY), according to the manufac-
turer's instructions.

H&E staining

H&E staining was used to evaluate liver necrosis as 
described.[17] Liver tissue samples were fixed in 10% 
neutral-buffered formalin, dehydrated, and embedded 
in paraffin. Paraffin-embedded liver tissue was cut 
into 5-μm-thick continuous sections and stained with 
H&E (Hematoxylin, G1004, Servicebio, Wuhan, China; 
Eosin, BA-4024, Baso, Zhuhai, China). Images were 
captured by using a light microscope (ECLIPSE 80i; 
Nikon, Tokyo, Japan).

Immunofluorescence staining and 
immunohistochemistry

For CD11b and Ly6G immunofluorescence (IF) staining, 
paraffinized sections were subjected to deparaffiniza-
tion, rehydration, and EDTA antigen retrieval. Sections 
were blocked with 10% bovine serum albumin (BSA) 
at 37°C for 1 hour, then rinsed three times with PBS, 
and incubated with primary antibodies against mouse 
CD11b (BM3925, 1:12000 dilution; Boster, Pleasanton, 
CA) or lymphocyte antigen 6 complex locus G (Ly6G; 
GB11229; 1:200 dilution; Servicebio, Wuhan, China) 
overnight at 4°C. After washing with PBS, they were 
incubated with corresponding secondary antibodies 
(Alexa Flour 568 goat anti-rabbit IgG [H+L], A11036; 
Invitrogen, Carlsbad, CA) for 1 hour at 37°C and 
washed with PBS. Finally, cells were labeled with DAPI, 
and images were captured under a fluorescent micro-
scope (BX51; Olympus, Tokyo, Japan).

Paraffin liver sections were stained with cleaved-
caspase-3 (C-Caspase-3) after deparaffinization and 
rehydration. Sections were repaired in EDTA at high 
temperature for 20 minutes, then blocked in BSA. 
Next, primary antibodies against mice C-Caspase-3 
(9664, 1:150 dilution; CST, Danvers, MA) were used 
and incubated overnight at 4°C. After rewarming sec-
tions for 30 minutes at 37℃ and washing with PBS, 
they were incubated with corresponding secondary an-
tibodies (PV-9001; ZSGB-bio, Beijing, China). Finally, 
3′-­diaminobenzidine were used to visualize the section. 
Hematoxylin was used to label nuclei.

Terminal deoxynucleotidyl transferase–
mediated deoxyguanosine triphosphate 
(dUTP) nick-end labeling staining

According to the manufacturer’s instructions, paraffin-
embedded sections were subjected to deparaffinization, 
rehydration, and rinsed with PBS and then incu-
bated with proteinase-K working solution (20 μg/mL)  
at room temperature for 10 minutes. After rinsing twice 
with PBS, terminal deoxynucleotidyl transferase–
mediated deoxyguanosine triphosphate (dUTP) nick-
end labeling (TUNEL) was added (11684817910; Roche 
Diagnostics, Indianapolis, IN) to the reaction mixture 
and incubated at room temperature for 1 hour. Finally, 
sections were rinsed three times with PBS before DAPI 
staining. Numbers of cell apoptosis were counted under 
a fluorescent microscope.

Construction of plasmids and stable 
cell lines

Full-length or truncated RNF5 and PGAM5 were am-
plified from homo complementary DNA (cDNA), and 
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they were connected to different vectors by the in-
fusion method to acquire overexpression plasmids. 
HEK293T cells were cotransfected with packaging 
plasmids (pMD2.G and psPAX2) and indicated plas-
mids for 48 hours. Supernatant of HEK 293T cells 
were collected and used to infect L02 hepatocytes 
with polybrene (H9268; Sigma-Aldrich, St. Louis, MO) 
at a concentration of 10 μg/mL. Infected L02 hepato-
cytes were treated with puromycin (A1113803; Gibco, 
Grand Island, NY) at a concentration of 2 μg/mL to 
acquire stable cell lines. Finally, RT-PCR and west-
ern blotting were used to identify stable cell lines. 
The RNF5 adenovirus was purchased from Hanbio 
Biotechnology Co., Ltd. (Shanghai, China) and used 
to infect primary hepatocytes. The primers used are 
listed in Table S1.

Cell culture and hypoxia-reoxygenation 
experiments

Hepatocyte L02 and HEK293T cell lines were purchased 
from the ATCC (American Type Culture Collection, 
Manassas, VA) without mycoplasma contamination; 
primary hepatocytes were obtained from mice by using 
a modified two-step collagenase perfusion method and 
were cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin-streptomycin 
at 37°C with an environment of 5% CO2. For hypoxia-
reoxygenation (HR) experiments, rapid-growth-phase 
cells were subjected to hypoxia (94% N2, 1% O2, and 
5% CO2) in sugar-free, serum-free DMEM for 6 hours. 
Then, cells were cultured with 10% FBS medium under 
normal air conditions (95% air, 5% CO2) at 37°C for 6 
hours. The HR experiment of primary hepatocytes was 
performed as described before.[16] For the inhibitory ex-
periment of ASK1, L02 cells were cultured with an 80-
μM ASK1 inhibitor (GS4997) to inhibit the activation of 
ASK1 before the HR experiments.

Immunoprecipitation and mass 
spectrometry assays

The immunoprecipitation (IP) assay was performed 
as described.[18] HEK293T or L02 cells were cotrans-
fected with the indicated plasmids for 24 hours and 
lysed with IP buffer. After an ultrasonic bath and cen-
trifugation (12,000g for 5 minutes), supernatants were 
incubated with protein A/G agarose beads (catalog no.: 
AA104307; Bestchrom, Shanghai, China) and anti-tag 
antibody overnight at 4°C. Beads were washed with 
NaCl buffer and boiled with SDS loading buffer for 
15 minutes at 95°C before western blotting. For the 
mass spectrometry (MS) assay, L02 cells were trans-
fected with indicated plasmid and subjected to HR ex-
periments. Samples were prepared according to the 

description above, and 12% of the gel was used for 
electrophoresis. Liquid chromatography with tandem 
MS (LC-MS/MS) analysis was performed on the gel 
after silver staining according to the Pierce Silver Stain 
Kit (24600; Thermo Fisher, Rockford, IL), according to 
the manufacturer’s instructions.

Ubiquitination assays

L02 cells were cotransfected with the indicated plas-
mids for 24 hours and lysed with 80 μl of IP buffer and 
10 μl of 10% SDS, then heated at 95°C for 15 minutes. 
After 10× dilution with cold buffer, the sample prepara-
tion was completed according to the above IP methods 
and then performed western blotting analysis.

Real-time quantitative PCR

Total RNA was extracted from animal tissues and cells 
using the TRIzol reagent (Invitrogen). RNA concentra-
tion and purity were determined using NanoDrop 2000 
(Thermo Fisher Scientific, Madison, WI, USA). RNA (2 
µg) was used to synthesize cDNA, and RT-qPCR as-
says were performed with specific primers in a Real-
Time PCR System (LightCycler 480 Instrument II; 
Roche, Basel, Switzerland), according to the manufac-
turer’s instructions. Primer sequences used are listed 
in Table S2.

Western blotting analysis

Liver tissues or cell samples were lysed in radioimmu-
noprecipitation assay lysis buffer (P0013E; Beyotime 
Biotechnology, Shanghai, China). Next, the superna-
tant was collected and quantified with a bicinchoninic 
acid protein assay kit (catalog no.: 23225; Thermo 
Fisher Scientific, Waltham, MA), and then boiled with 
SDS loading buffer for 15 minutes at 95°C. Protein 
samples were separated by SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes 
(IPVH00010; Millipore, Billerica, MA). PVDF mem-
branes were incubated at 4°C overnight with primary 
antibodies, followed by incubation with the correspond-
ing secondary antibodies. A ChemiDoc MP imaging 
system (Bio-Rad Laboratories, Hercules, CA) was 
used to detect protein signals. The antibodies used are 
listed in Table S3.

RNA sequencing and analysis

For the RNA-sequencing (RNA-seq) analysis, total 
RNA was extracted from RNF5-Flox and RNF5-
HKO mice live tissue samples. Then, cDNA libraries 
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were constructed; the single-ended libraries were se-
quenced using BGISEQ 500. Reads were matched to 
reference genome sequences (mm10/GRCm38) using 
HISAT2 software (version 2.1.0), using SamTools (ver-
sion 1.4) to convert the obtained file into a binary BAM 
format and using StringTie software (version 1.3.3b) 
and default parameters to calculate the mapping value 
per million reads per kilobase fragment of the exon 
model. DESeq2 software (version 1.2.10) was used to 
calculate differential gene expression according to the 
following two criteria: (1) folding change >1.5 and (2) 
adjusted p value < 0.05.

Hierarchical clustering analysis

The hierarchical clustering analysis was performed 
to analyze global sample distribution profiles by con-
structing a clustering tree based on data from RNA-seq 
by the hclust function of R-packet.

Gene set enrichment analysis

Each known Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway or biological process term 
involving genes from the Gene Ontology (GO) database 
were defined as a gene set. The Java gene set enrich-
ment analysis (GSEA; version 3.0) platform, using the 
“Signal2Noise” metric, was performed to analyze gene 
set enrichment based on the degree of differential ex-
pression genes. Gene sets with p values < 0.05 and 
false discovery rate values < 0.25 were considered sta-
tistically significant.

KEGG pathway enrichment analysis

A KEGG pathway enrichment analysis was performed 
to analyze the differential expression genes through 
Fisher’s exact test. KEGG pathway annotations were 
downloaded from the KEGG database, and p val-
ues < 0.05 were considered statistically significant en-
richment pathways.

Statistical analysis

Data are expressed as the mean ± SD. Normally dis-
tributed data between two groups were compared using 
the Student t test or Mann-Whitney U test for nonpara-
metric tests. Multiple group comparisons were analyzed 
using one-way ANOVA. When data met the conditions 
of normal distribution, a Bonferroni post hoc test (data 
with homogeneity of variance) or Tamhane T2 post hoc 
test (data without homogeneity of variance) was used. 
A Kruskal-Wallis nonparametric  statistical  test was 

used when the data showed non-normal  distribution. 
Statistical significance was set at p < 0.05.

RESULTS

RNF5 suppresses hepatocyte apoptosis 
and inflammation under HR challenge

To investigate the role of RNF5 in HIR, we initially deter-
mined whether RNF5 levels changed in mouse liver tis-
sues after HIR. mRNA levels of RNF5 were decreased 
in a time-dependent manner after HIR (Figure 1A). 
Consistent with these findings, protein level of RNF5 was 
significantly decreased in the group subjected to an HIR 
operation compared with the sham group (Figure 1B). 
Moreover, RNF5 mRNA and protein levels were also 
significantly reduced in hepatocytes in response to HR 
stimulation compared with normal culture hepatocytes 
(Figure 1C,D). Subsequently, we constructed the RNF5 
knockdown cell line to evaluate the effect of RNF5 
knockdown on hepatocyte apoptosis and inflammation 
after HR stimulation. RT-PCR confirmed that shRNF5#2 
cells had a higher knockdown efficiency of RNF5 and 
were used for the following experiments (Figure 1E). 
Results showed that RNF5 knockdown increased the 
expression of Bax and decreased the expression of 
Bcl2 at both mRNA and protein levels and increased the 
level of C-Caspase-3 after HR challenge (Figure 1F,G). 
Furthermore, RNF5 knockdown also aggravated the in-
flammatory process, as manifested by the activation of 
NF-κB signaling pathways and the increase of proinflam-
matory factors (Il6, Tnf, Il1β, chemokine [C-X-C motif] li-
gand 10 [Cxcl10], Il8, and chemokine [C-C motif] ligand 
2 [Ccl2]) expression after HR challenge (Figure 1H,I). 
Meanwhile, we constructed an RNF5 overexpression 
cell line by lentivirus infection and found that RNF5 
overexpression had the opposite results compared 
to RNF5 deficiency after HR challenge (Figure 1J-N). 
Additionally, knockdown or overexpression of RNF5 by 
adenovirus infection in primary hepatocytes also had the 
opposite effect on inflammatory response and apoptosis 
(Figure S1A,B). Collectively, these results indicate that 
RNF5 suppresses hepatocyte apoptosis and inflamma-
tion under HR challenge.

RNF5 deficiency aggravates HIR-induced 
liver damage and apoptosis

To investigate the function of RNF5 in HIR, hepatocyte-
specific RNF5-knockout (herein, RNF5-HKO) mice and 
RNF5 Flox/Flox (herein, Flox) control mice were gener-
ated and subjected to IR treatment (Figure 2A). Serum 
AST and ALT levels were comparable between RNF5-
HKO mice and Flox mice under sham conditions, indi-
cating that RNF5 deficiency has no effect on liver injury. 
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However, after HIR, serum ALT and AST levels of RNF5-
HKO mice were significantly higher than those of Flox 
mice (Figure 2B). Histological analysis showed more-
severe necrosis areas in livers of RNF5-HKO mice than 
those in Flox mice (Figure 2C). To examine the function of 
RNF5 on cell death in HIR, we performed TUNEL stain-
ing analysis and found that RNF5 deficiency significantly 

promoted hepatocyte apoptosis compared to Flox mice 
(Figure 2D). Furthermore, the results of C-Caspase-3 
immunohistochemistry (IHC) staining showed that C-
Caspase-3-positive cells in the HKO 6-hour group were 
significantly greater than in the Flox group (Figure 2E). 
Compared with Flox mice, RNF5-deficient mice had 
down-regulated antiapoptotic factor B-cell leukemia/

F I G U R E  1    Legend on next page
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lymphoma (Bcl2) and significantly up-regulated proap-
optotic factors Bcl2-associated x protein (Bax) and Bcl2-
associated agonist of cell death (Bad) at mRNA levels 
(Figure 2F). Consistently, RNF5-deficient mice showed 
increased protein levels of Bax and C-Caspase-3, with 
decreased levels of Bcl2 and B-cell lymphoma/leukemia 
XL gene (Bcl-XL; Figure 2G). Collectively, these results 
demonstrate that RNF5 deficiency aggravates HIR-
induced liver damage and apoptosis.

RNF5 deficiency aggravates HIR-induced 
inflammation

Excessive sterile inflammation plays a significant 
role in HIR injury.[19] To examine the function of 

RNF5 in the inflammation of HIR injury, we analyzed 
the infiltration of inflammatory cells in liver tissues. 
Under HIR, the level of infiltrated inflammatory cells 
was significantly increased in livers of the RNF5-
HKO group compared with Flox group (Figure 3A,B). 
Additionally, increased expression of proinflamma-
tory genes, including Tnf, Il6, Il1β, and Ccl2, were 
observed in livers of RNF5-HKO mice subjected to 
HIR (Figure 3C). Moreover, activation of NF-κB sign-
aling was enhanced in RNF5-HKO mice compared 
with Flox mice after HIR, as shown by the increased 
phosphorylation of inhibitory kappa B kinase (IKKβ) 
and p65 and decreased levels of total inhibitor of 
kappa B alpha (IkBα; Figure 3D). These findings 
suggested that RNF5 deficiency aggravates HIR-
induced inflammation.

F I G U R E  1   Changes and roles of RNF5 in HIR. (A) RT-PCR analysis of the mRNA levels of RNF5 in WT mice subjected to sham 
treatment or 1 hour of ischemia followed by reperfusion for 1, 3, 6, or 24 hours (n = 4 per group). (B) Western blotting analysis and 
quantification of RNF5 proteins in mouse liver after 1 hour of ischemia followed by reperfusion for 6 hours (n = 3 per group). (C) RT-PCR 
analysis of the mRNA levels of RNF5 in L02 cells subjected to HR challenge (n = 4 independent experiments). (D) Western blotting analysis 
and quantification of RNF5 in hepatocytes after HR challenge (n = 3 independent experiments). (E) RT-PCR analysis of RNF5 expression 
in shPLKO.1 and shRNF5 cells (n = 3 independent experiments). (F) RT-PCR analysis and quantification of mRNA expression of Bax, and 
Bcl2 in shPLKO.1 and shRNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). (G) Western blotting analysis and 
quantification of the levels of Bax, Bcl2, and C-Caspase-3 in the indicated groups after HR challenge (n = 3 independent experiments). 
(H) Western blotting analysis and quantification of the levels of NF-κB signaling pathway-related proteins (p-IKKβ, p-p65, and IkBα) in 
hepatocytes from shPLKO.1 and shRNF5 cells subjected to HR challenge (n = 3 independent experiments). (I) RT-PCR analysis of the 
mRNA levels of Il6, Tnf, Il1β, Cxcl10, Il8, and Ccl2 in the indicated groups after HR challenge (n = 3 independent experiments). (J) Western 
blotting analysis of RNF5 protein levels in hepatocytes infected with Flag-Ctrl or Flag-RNF5 lentivirus (n = 3 independent experiments). (K) 
RT-PCR analysis and quantification of mRNA expression of Bax and Bcl2 in Flag-Ctrl and Flag-RNF5 L02 hepatocytes after HR challenge 
(n = 3 independent experiments). (L) Western blotting analysis and quantification of the levels of Bax, Bcl2, and C-Caspase-3 in Flag-Ctrl 
and Flag-RNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). (M) Western blotting analysis and quantification 
of the levels of NF-κB signaling pathway-related proteins (p-IKKβ, p-p65, and IkBα) in hepatocytes from Flag-Ctrl and Flag-RNF5 cells 
subjected to HR challenge (n = 3 independent experiments). (N) RT-PCR analysis of the mRNA levels of Il6, Tnf, Il1β, Cxcl10, Il8, and Ccl2 
in Flag-Ctrl and Flag-RNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). GAPDH was used as the loading control. 
Data are shown as the mean ± SD. For statistical analysis, the Student t test, ANOVA, or Kruskal-Wallis nonparametric statistical test 
was used (panels A–D, *p < 0.05; **p < 0.01 sham vs. IR/HR; panel E, **p < 0.01 shPLKO.1 vs. shRNF5; panels F–I, *p < 0.05, **p < 0.01 
shPLKO.1(H0R0) vs. shPLKO.1(H6R6); #p < 0.05, ##p < 0.01 shPLKO.1 vs. shRNF5; panels K–N, *p < 0.05, **p < 0.01 Flag-Ctrl (H0R0) vs. 
Flag-Ctrl (H6R6); #p < 0.05, ##p < 0.01 Flag-Ctrl vs. Flag-RNF5). Ctrl, control; p-IKKβ, phosphorylated IKKβ; p-p65, phosphorylated p65
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F I G U R E  2   RNF5 deficiency aggravates liver damage and apoptosis in HIR. (A) Western blotting analysis of the levels of RNF5 in 
RNF5-HKO mice and RNF5 Flox/Flox mice liver tissue samples (n = 3 per group). (B) Levels of serum ALT and AST in RNF5-Flox and 
RNF5-HKO mice under sham conditions and after 1 hour of ischemia, followed by reperfusion for 3 and 6 hours (n = 8 per group). (C) 
Representative H&E staining and quantification of necrotic areas of liver tissues from RNF5-Flox and RNF5-HKO mice at 3 and 6 hours 
after reperfusion or sham treatment (n = 6 per group). Scale bar, 200 μm. (D) Representative TUNEL staining of liver tissues from RNF5-
Flox and RNF5-HKO mice at 3 and 6 hours after reperfusion (n = 4 per group). Scale bar, 100 μm. (E) Representative C-Caspase-3 IHC 
staining of liver tissues from RNF5-Flox and RNF5-HKO mice (n = 5–6 per group). Scale bar, 200 μm. (F) RT-PCR analysis of the mRNA 
levels of Bad, Bax, and Bcl2 in RNF5-Flox and RNF5-HKO mice after reperfusion for 3 and 6 hours (n = 4 per group). (G) Western blotting 
analysis and quantification of Bax, Bcl2, Bcl-XL, and C-Caspase-3 proteins in RNF5-Flox and RNF5-HKO mice after reperfusion for 6 
hours (n = 3 per group). GAPDH was used as the loading control. Data are shown as the mean ± SD. For statistical analysis, the Student t 
test was used (*p < 0.05; **p < 0.01). HPF, high-power field
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RNF5 overexpression ameliorates liver 
damage, apoptosis, and inflammation 
induced by HIR

Considering that RNF5 deficiency can aggravate HIR 
injury, we generated hepatocyte-specific RNF5 trans-
genic (RNF5-HTG) mice to further confirm the function 
of RNF5 in IR injury (Figure 4A). RNF5 overexpression 
did not affect basal liver injury under sham conditions 
(Figure 4B,C). However, compared with nontransgenic 
(NTG) controls, RNF5-HTG mice had reduced serum 
levels of ALT and AST and necrotic areas after HIR 
(Figure 4B,C). Additionally, the number of TUNEL- and 
C-Caspase-3-positive cells in the RNF5-HTG group 

was significantly less than that in the NTG group 
(Figure 4D-E). Consistently, after HIR, RNF5 overex-
pression significantly down-regulated proapoptotic fac-
tors (Bax and Bad) and up-regulated the antiapoptotic 
factor, Bcl2, at mRNA levels (Figure 4F). Furthermore, 
RNF5 overexpression also decreased the protein levels 
of C-Caspase-3 and Bax and increased the protein lev-
els of Bcl2 and Bcl-XL (Figure 4G). We next examined 
the effect of RNF5 overexpression on inflammation 
during HIR. RNF5-HTG mice showed less infiltration 
of CD11b+ and Ly6G+ inflammatory cells, decreased 
expression levels of Il6, Tnf, Il1β, and Ccl2, and a sup-
pressed NF-κB signaling compared with NTG mice 
after IR treatment (Figure 5A-D). Collectively, these 

F I G U R E  3   RNF5 deficiency aggravates inflammation response in HIR. (A,B) IF staining of CD11b- and Ly6G-positive cells (red) of 
ischemic liver sections of RNF5-Flox and RNF5-HKO mice at 3 and 6 hours after reperfusion (n = 4 per group). Scale bar, 100 μm. (C) 
RT-PCR analysis of the mRNA levels of Tnf, Il6, Il1β, and Ccl2 in RNF5-Flox and RNF5-HKO mice after reperfusion for 3 and 6 hours 
(n = 4 per group). (D) Western blotting analysis and quantification of NF-κB signaling-pathway proteins in RNF5-Flox and RNF5-HKO mice 
after reperfusion for 6 hours (n = 3 per group). GAPDH was used as the loading control. Data are shown as the mean ± SD. For statistical 
analysis, the Student t test was used (*p < 0.05; **p < 0.01). HPF, high-power field; p-IKKβ, phosphorylated IKKβ; p-p65, phosphorylated 
p65
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F I G U R E  4   RNF5 overexpression alleviates liver damage and apoptosis in HIR. (A) Western blotting analysis of the level of RNF5 
in RNF5-HTG mice and RNF5-NTG mice liver tissue samples (n = 3 per group). (B) Levels of serum ALT and AST in RNF5-NTG and 
RNF5-HTG mice under sham treatment and after 1 hour of ischemia followed by reperfusion for 3 and 6 hours (n = 8 per group). (C) 
Representative H&E staining and quantification of necrotic areas of liver tissue from RNF5-NTG and RNF5-HTG mice at 3 and 6 hours after 
reperfusion or sham treatment (n = 6 per group). Scale bar, 200 μm. (D) Representative TUNEL staining of liver tissues from RNF5-NTG 
and RNF5-HTG mice at 3 and 6 hours after reperfusion (n = 4 per group). Scale bar, 100 μm. (E) Representative C-Caspase-3 IHC staining 
of liver tissues from RNF5-NTG and RNF5-HTG mice (n = 5–6 per group). Scale bar, 200 μm. (F) RT-PCR analysis of mRNA levels of Bad, 
Bax, and Bcl2 in RNF5-NTG and RNF5-HTG mice after reperfusion for 3 and 6 hours (n = 4 per group). (G) Western blotting analysis and 
quantification of Bax, Bcl2, Bcl-XL, and C-Caspase-3 proteins in RNF5-NTG and RNF5-HTG mice after reperfusion for 3 and 6 h (n = 3 per 
group). GAPDH was used as the loading control. Data are shown as the mean ± SD. For statistical analysis, the Student t test or Mann-
Whitney U test was used (*p < 0.05; **p < 0.01)
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results demonstrated that RNF5 overexpression sup-
pressed liver injury, apoptosis, and inflammation after 
HIR.

RNF5 inhibits the ASK1-JNK-p38 signaling 
pathways during HIR

Next, we elucidated the mechanism underlying the pro-
tective role of RNF5 during HIR. We performed RNA-
Seq on livers of RNF5-HKO and Flox mice at 6 hours 
after HIR. Cluster analysis confirmed that the gene 

expression pattern was significantly different between 
RNF5-HKO and RNF5-Flox mice (Figure 6A). GSEA 
of GO analysis showed that RNF5 deficiency systemi-
cally activated apoptosis- and inflammation-related 
pathways and genes (Figure 6B-D). KEGG analysis 
revealed that mitogen-activated protein kinase (MAPK) 
signaling was the most up-regulated signaling pathway 
by RNF5 deficiency, indicating that RNF5 may protect 
against HIR injury by suppressing MAPK signaling 
(Figure 6E). Next, we determined the effect of RNF5 
on MAPK signaling. We found that the JNK/p38 signal-
ing pathway was significantly activated in hepatocytes 

F I G U R E  5   RNF5 overexpression inhibits inflammation response in HIR. (A,B) IF staining of CD11b- and Ly6G-positive cells (red) of 
ischemic liver sections of RNF5-NTG and RNF5-HTG mice at 3 and 6 hours after reperfusion (n = 4 per group). Scale bar, 100 μm. (C) 
RT-PCR analysis of the mRNA levels of Tnf, Il6, Il1β, and Ccl2 in RNF5-NTG and RNF5-HTG mice after reperfusion for 3 and 6 hours 
(n = 4 per group). (D) Western blotting analysis and quantification of NF-κB signaling-pathway proteins in RNF5-NTG and RNF5-HTG mice 
after reperfusion for 6 hours (n = 3 per group). GAPDH was used as the loading control. Data are shown as the mean ± SD. For statistical 
analysis, the Student t test was used (*p < 0.05; **p < 0.01). HPF, high-power field; p-IKKβ, phosphorylated IKKβ; p-p65, phosphorylated 
p65
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of shRNF5 cells compared with PLKO.1 cells, but was 
significantly inhibited in hepatocytes of Flag-RNF5 
cells compared with Flag-Ctrl cells after HR challenge 

(Figure 6F,G). ASK1 is a member of the MAPK fam-
ily, which can activate downstream JNK/p38 signaling 
and is the main upstream inducer of HIR.[20] We found 

F I G U R E  6    Legend on next page
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that the phosphorylation levels of ASK1 and JNK/p38 
in RNF5-HKO mice were significantly increased after 
HIR, but the total levels of ASK1 and JNK/p38 did not 
change. Opposite results were observed in RNF5-HTG 
mice subjected to HIR (Figure 6H,I). However, there 
was no significant change in total and phosphorylation 
levels of TGFβ activated kinase 1 and TANK-binding ki-
nase 1 (Figure S2A,B). These results demonstrate that 
RNF5 suppresses the ASK1-JNK-p38 signaling path-
way in response to HIR.

RNF5 binds to and ubiquitinates PGAM5

To explore the mechanism by which RNF5 regulates 
ASK1 activity, we performed mass spectrometry assay 
to search for RNF5-binding proteins (Figure 7A). 
Results identified PGAM5 as the candidate that in-
teracted with RNF5, which has been reported to ac-
tivate ASK1 and its downstream JNK/p38 kinases by 
dephosphorylation[21]. Co-IP analysis confirmed the 
interaction of RNF5 and PGAM5 (Figure 7B). GST pull-
down assay results confirmed the direct interaction 
between RNF5 and PGAM5 (Figure 7C). According 
to mapping results, we found that the N-terminal do-
main of RNF5 binds to PGAM5, and the deletion of the 
transmembrane region (Δ118-138) of RNF5 seriously 
affects the binding of RNF5 to PGAM5 (Figure 7D). 
Then, we found that RNF5 overexpression decreased 
the level of PGAM5 and inhibited the phosphorylation 
of ASK1(T838), whereas RNF5 deficiency had the op-
posite results (Figure 7E,F). Next, considering that 
RNF5 is an E3 ligase, we investigated whether RNF5 
regulated the degradation of PGAM5. Results showed 

that RNF5 overexpression decreased the PGAM5 
protein, and this effect was blocked by treatment with 
proteasome inhibitor MG132, indicating that RNF5 pro-
moted the proteasome-dependent PGAM5 degrada-
tion (Figure 7G). Furthermore, we examined whether 
RNF5 ubiquitinates PGAM5. We found that RNF5 
can ubiquitinate and degrade PGAM5 through protea-
some degradation by inducing K48-linked ubiquitina-
tion (Figure 7H,I). Therefore, our findings showed that 
RNF5 interacts with PGAM5 and promotes its ubiquit-
ination and degradation.

Inhibiting ASK1 rescues 
proinflammatory and -apoptosis 
phenotype in RNF5-knockdown 
hepatocytes

To further clarify whether ASK1 mediates the role of 
RNF5 in HIR, we inhibited ASK1 activation using GS4997, 
an ASK1 inhibitor, in hepatocytes subjected to HR chal-
lenge. Compared with the control group, the phosphoryl-
ation of ASK1 and its downstream JNK/p38 significantly 
decreased in RNF5-knockdown hepatocytes treated with 
GS4997 after HR challenge (Figure 8A). Furthermore, 
results showed that inflammation and apoptosis levels 
of the GS4997 group were significantly decreased com-
pared to those in the DMSO group after HR challenge 
(Figure 8B-E). In addition, we infected primary hepato-
cytes from wild-type (WT) mice and RNF5-KO mice 
with an ASK1 dominant-negative mutant adenovirus 
(AddnASK1) to inhibit ASK1 function. ASK1 and its down-
stream JNK and p38 phosphorylation results showed 
that this AddnASK1 performed its function efficiently 

F I G U R E  6   RNF5 inhibits ASK1-JNK/p38 signaling pathways in HIR. (A) Hierarchical clustering tree analysis of the global sample 
distribution profiles from RNA-seq (n = 3 per group). (B) GSEA showed that RNF5 deficiency caused changes in the biological process of 
cell apoptosis and inflammation (n = 3 per group). (C) Heatmap shown the expression of apoptosis-related genes in livers of RNF5-Flox 
and RNF5-HKO mice subjected to IR treatment and detected by RNA-seq analyses (n = 3 per group). (D) Heatmap shown the expression 
of inflammation-related genes in livers of RNF5-Flox and RNF5-HKO mice subjected to IR treatment and detected by RNA-seq analyses 
(n = 3 per group). (E) KEGG enrichment analysis of RNA-seq data showing the significantly enriched pathways contributing to RNF5 
function from RNF5-Flox and RNF5-HKO mice subjected to IR treatment (n = 3 per group). (F) Western blotting analysis and quantification 
of the levels of MAPK signaling pathway-related proteins (p-JNK, p-p38) in PLKO.1 and shRNF5 L02 hepatocytes subjected to HR challenge 
(n = 3 independent experiments). (G) Western blotting analysis and quantification of the levels of MAPK signaling pathway-related proteins 
(p-JNK, p-p38) in Flag-Ctrl and Flag-RNF5 L02 hepatocytes subjected to HR challenge (n = 3 independent experiments). (H) Western 
blotting analysis and quantification of ASK1, p-ASK1, JNK, p-JNK, p38, and p-p38 levels from RNF5-Flox and RNF5-HKO mice liver 
after 1 hour of ischemia and reperfusion for 6 hours (n = 3 per group). (I) Western blotting analysis and quantification of ASK1, p-ASK1, 
JNK, p-JNK, p38, and p-p38 levels from RNF5-NTG and RNF5-HTG mice liver after 1 hour of IR for 6 hours (n = 3 per group). GAPDH as 
the loading control. Data are shown as mean ± SD. For statistical analysis, The Student t test was used (*p < 0.05; **p < 0.01). Abr, ABR 
activator of RhoGEF and GTPase; Ano6, anoctamin 6; Bak1, BCL2 antagonist/killer 1; Ccr2, C-C motif chemokine receptor 2; Cxcl2, C-X-C 
motif chemokine ligand 2; Cxcr3, C-X-C motif chemokine receptor 3; Cyba, cytochrome B-245 alpha chain; DEGs, differentially expressed 
genes; Dock2, dedicator of cytokinesis 2 Fcer1g, Fc epsilon receptor Ig; Fcr, Fc receptor; Hand2, heart and neural crest derivatives 
expressed 2; Hck, HCK proto-oncogene, Src family tyrosine kinase; HIF-1, hypoxia-inducible factor 1; Itga2, integrin subunit alpha 2; Jak3, 
Janus kinase 3; Map2k3, mitogen-activated protein kinase kinase 3; Map3k6, mitogen-activated protein kinase kinase kinase 6; Map3k14, 
mitogen-activated protein kinase kinase kinase 14; Map4k3, mitogen-activated protein kinase kinase kinase kinase 3; Nckap1l, Nck-
associated protein 1-like; p-p38, phosphorylated p38; p-ASK1, phosphorylated ASK1; p-JNK, phosphorylated JNK; Pldl, phospholipase 
D1; Ppara, peroxisome proliferator activated receptor alpha; Ppp2r1b, protein phosphatase 2 scaffold subunit Abeta; Pycard, PYD and 
CARD domain containing; Relt, RELT TNF receptor; Robo2, roundabout guidance receptor 2; Slc11a1, solute carrier family 11 member 1; 
Slit2, Slit guidance ligand 2; Spi1, Spi-1 proto-oncogene; Tlr, Toll-like receptor; Tnfai6, TNF-alpha-induced protein 6; Tnfrsf1a, TNF receptor 
superfamily member 1a; Tnfrsf8, TNF receptor superfamily member 8; Tnfrsf12a, TNF receptor superfamily member 12a; Tnfrsf19, TNF 
receptor superfamily member 19; Tub, tubulin
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F I G U R E  7   RNF5 directly interacts with and ubiquitinates PGAM5. (A) LC-MS/MS analysis of the RNF5-binding proteins from Flag-
Ctrl and Flag-RNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). (B) Cotransfection of Flag-RNF5-expressing 
and HA-PGAM5-expressing plasmid into 293T cells. Co-IP analysis of the interaction between RNF5 and PGAM5 (n = 3 independent 
experiments). (C) Interaction between RNF5 and PGAM5 was assayed by GST precipitation, and purified GST-HA was used as the 
control (n = 3 independent experiments). (D) HEK293 cells were cotransfected with PGAM5 (HA-tagged) plasmid and various truncated 
forms of RNF5 (Flag-tagged) plasmids. Western blotting of the mapping analysis showing the binding domains of RNF5 to PGAM5 (n = 3 
independent experiments). (E) Western blotting analysis of the levels of ASK1, p-ASK1(T838), PGAM5, and RNF5 proteins in Flag-Ctrl and 
Flag-RNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). (F) Western blotting analysis of the levels of ASK1, p-
ASK1 (T838), PGAM5, and RNF5 proteins in shPLKO.1 and shRNF5 L02 hepatocytes after HR challenge (n = 3 independent experiments). 
(G) L02 hepatocytes were cotransfected with pcDNA5-Flag or Flag-RNF5 and treated with CHX , DMSO, MG132 (25 μmol, 12 hours), or 
chloroquine (50 μmol, 12 hours). Western blotting analysis of the levels of PGAM5 and RNF5 expression (n = 3 independent experiments). 
(H) Western blotting analysis of the effect of RNF5 on the ubiquitination level of PGAM5 (n = 3 independent experiments). (I) L02 
hepatocytes were cotransfected with Myc-Ub (WT, K48 O, or K48 R) and HA-PGAM5 with or without Flag-RNF5. Western blotting analysis 
on the ubiquitination level of PGAM5 with an anti-Myc antibody (n = 3 independent experiments). β-actin was used as the loading control. 
CHX, cycloheximide; Ctrl, control; GST, glutathione S-transferase; HA, hemagglutinin; p-ASK1, phosphorylated ASK1; TM, tunicamycin; Ub, 
ubiquitin
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(Figure S3A). Furthermore, RT-PCR and western blot-
ting were used to detect the inflammatory response 
and apoptosis of primary hepatocytes induced by HR 
stimulation. Consistent with the findings of using ASK1 
inhibitor GS4997, AddnASK1 alleviated the inflamma-
tory response and apoptosis caused by RNF5 deficiency 
(Figure S3B-E). These results indicate that ASK1 medi-
ates the protective role of RNF5 in HIR.

DISCUSSION

Liver transplantation is the most effective method for 
the treatment of end-stage liver disease.[22] However, 
almost all liver grafts experience IR injury, which may 
lead to liver cell death, bile duct stenosis, and graft dys-
function, thus increasing the incidence of acute and 
chronic rejection after liver transplantation and can 

F I G U R E  8   Inhibition of ASK1 rescues RNF5 deficiency-induced adverse effects in HIR. (A) Western blotting analysis and quantification 
of ASK1, p-ASK1, JNK, p-JNK, p38, and p-p38 levels in shPLKO.1 and shRNF5 hepatocytes treated with DMSO or GS4997 before HR 
challenge. (B) RT-PCR analysis of the mRNA expression of proinflammatory factors (Il6, Tnf, Il1β, Cxcl10, and Il8) in shPLKO.1 and shRNF5 
hepatocytes treated with DMSO or GS4997 before HR challenge. (C) Western blotting analysis of NF-κB signaling-related proteins in 
shPLKO.1 and shRNF5 hepatocytes treated with DMSO or GS4997 before HR challenge. (D) RT-PCR analysis of the mRNA levels of 
Bax and Bcl2 in shPLKO.1 and shRNF5 hepatocytes treated with DMSO or GS4997 before HR challenge. (E) Western blotting analysis of 
apoptosis-related proteins Bax, Bcl2, and Bcl-XL and C-Caspase-3 in shPLKO.1 and shRNF5 hepatocytes treated with DMSO or GS4997 
before HR challenge. GAPDH was used as the loading control. Data are shown as the mean ± SD. For statistical analysis, ANOVA or 
the Kruskal-Wallis nonparametric statistical test was used (*p < 0.05; **p < 0.01 shPLKO.1 vs. shRNF5; ##p < 0.01 shRNF5+ GS4997 vs. 
shRNF5+ DMSO). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; p-p38, phosphorylated p38; p-p65, phosphorylated p65; p-ASK1, 
phosphorylated ASK1; p-JNK, phosphorylated JNK; p-IKKβ, phosphorylated IKKβ



      |  109HEPATOLOGY

result in primary liver graft failure. In this study, we found 
that RNF5, which was remarkably down-regulated dur-
ing HIR, plays a crucial role in the regulation of liver 
damage in HIR. Importantly, we revealed that RNF5 
interacts with PGAM5 and regulates the activation of 
ASK1 and the downstream JNK/p38 signaling cascade 
induced by HIR, thereby exerting an overall protective 
effect against inflammatory response and apoptosis in 
HIR.

HIR injury occurs in two stages: cell damage during 
ischemia and inflammation during reperfusion.[23,24] 
Normally, ischemia damage is easily tolerated by the 
liver, whereas reperfusion-induced inflammation is the 
main cause of liver damage.[25] Therefore, recent ther-
apeutic studies have focused on the direct inhibition 
of inflammation and cell death during the reperfusion 
stage.[26,27] Increasing evidence shows that liver injury 
could be effectively alleviated by regulating the inflam-
matory response and cell death during IR. RNF5 is in-
volved in the regulation of viral and bacterial infection 
processes. RNF5-KO mice showed more-severe coli-
tis symptoms, and the lesion-site changes associated 
with enhanced inflammation in the colonic tissue in-
cluded altered proliferation and cell-death programs.[15] 
Consistently, we observed that RNF5-deficient mice 
exhibit more-severe infiltration of inflammatory lym-
phocytes in liver, up-regulated inflammatory factor 
transcription, and enhanced activation of the classical 
inflammatory signaling pathway, NF-κB, compared with 
Flox control mice. However, we also found that RNF5 
overexpression can inhibit inflammatory activation by 
reducing the expression of proinflammatory factors and 
chemokines and suppressing inflammatory infiltration. 
These results indicate that RNF5 has a protective ef-
fect against HIR injury.

HIR injury is related to apoptosis; during HIR, the 
main cause of hepatocyte death is proinflammatory 
cytokine-mediated apoptosis and reactive oxygen 
species–induced cell necrosis.[28] Apoptosis is a major 
contributor to reperfusion injuries. Because of the 
shortage of oxygen and energy supply and the deple-
tion of ATP during ischemia, the intracellular environ-
ment is changed, and cell apoptosis is triggered. RNF5 
regulates the stability and clearance of proteins that 
function in various cellular processes. Reduced RNF5 
expression has been reported to limit the degree of 
apoptosis in advanced breast cancer cells; RNF5 de-
ficiency enhanced breast cancer apoptosis induced 
by chemotherapeutic drugs.[29] Previous studies have 
shown that apoptosis is a key factor in HIR injury, and 
reducing apoptosis has been shown to have a hepato-
protective effect.[30] Consistently, we found that RNF5 
can ameliorate HIR injury by inhibiting apoptosis.

PGAM5 is a serine/threonine phosphatase belong-
ing to the PGAM family and is localized in the mito-
chondrial membrane or ER-mitochondria interface.[31] 
PGAM5 plays an important role in mitochondrial 

fission,[32] cell death,[33–35] cellular senescence,[36] 
immune response,[37] inflammation,[38] lipid metabo-
lism,[39] and redox regulation.[40,41] PGAM5 functions 
by binding to the outer membrane proteins of the mito-
chondria or cytosolic proteins.[41–43] In addition, PGAM5 
could activate ASK1 by dephosphorylation, resulting in 
up-regulated JNK/p38 MAPK signaling.[21]

MAPK signaling pathways play a role in HIR injury, 
and their inhibition can alleviate HIR injury.[44–46] We 
found that RNF5 overexpression results in decreased 
levels of PGAM5, decreased ASK1 phosphorylation, 
and the down-regulation of JNK/p38 expression. As an 
E3 ubiquitin ligase, RNF5 can ubiquitinate its substrate. 
Through ubiquitination experiments, we found that RNF5 
can degrade PGAM5 through proteasomal degradation 
by inducing K48-linked ubiquitination. Collectively, we 
revealed that RNF5 plays a protective role in HIR injury 
by mediating the ubiquitination of PGAM5 to affect the 
activation of ASK1, thereby inhibiting the activation of its 
downstream MAPK signaling pathway.

In conclusion, we demonstrated that RNF5 amelio-
rates hepatic inflammation, suppresses cell apoptosis, 
and protects against liver damage induced by HIR. The 
protective role of RNF5 is largely mediated by its in-
teraction with PGAM5 that specifically regulates the 
ASK1-JNK/p38 signaling pathway. Our findings provide 
a theoretical basis for future studies exploring potential 
therapeutic targets for reducing HIR injury.
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