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Abstract
The correlation between ubiquitin-editing enzyme A20 and 
E3 ubiquitin ligase ring finger protein (RNF) 168 has been 
reported to be critical for repair of DNA damage. This study 
aimed to evaluate the potential role of this regulatory inter-
action in the pathogenesis of lupus nephritis (LN). The ex-
pression of RNF168 and A20 was measured in the podocytes 
derived from MRL/lpr murine lupus as well as patients with 
LN. Cell-based studies using renal podocytes bearing si-
lenced RNF168, over-expressed A20, autophagy-related 
gene (Atg) 5 (a ubiquitin-like modifier), or silenced Atg5 
were used to assess the effect of RNF168, A20, and Atg5 on 
DNA damage repair and nuclear factor kappa-B (NF-κB) acti-
vation in LN. It was found that podocyte autophagy was 
over-activated in LN and the abnormal podocyte autophagy 
led to down-regulation of A20, up-regulation of RNF168, and 
activation of the NF-κB. RNF168 silencing or A20 restoration 
inhibited activation of NF-κB pathway and promoted repair 
of DNA damage, where the level of autophagy was not 

changed. Activated A20 in podocytes weakened the pro-
moting action of cell autophagy on RNF168. The current re-
sults suggest that RNF168 dysfunction may be involved in 
the pathogenesis of LN via down-regulation of A20 expres-
sion. Autophagy and RNF168 may be therapeutic targets for 
the prevention and treatment of LN.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Systemic lupus erythematosus (SLE), characterized by 
unnecessary release of autoantibodies, especially antinu-
clear antibodies and antibodies against double-stranded 
DNA, is a relapsing autoimmune disorder that exerts 
great impact on several organs and tissues [1]. As one of 
the most prevalent and severe complications in patients 
with SLE, lupus nephritis (LN) presents renal patterns of 
damage, involving endothelial, tubulointerstitial, vascu-
lar, and most importantly, podocytes [2]. Possible mech-
anisms for podocyte injury consist of genetic factors, tox-
ic injury, metabolic disturbance, as well as inflammatory 
response [3]. Recently, high expression of interferon al-
pha in patients has been reported to activate autophagy 
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in both murine and human podocytes, while autophagy 
induction negatively correlates to podocyte injury [4].

The E3 ubiquitin ligase ring finger protein (RNF) 168 
is a DNA damage response (DDR) factor that promotes 
histone 2A (H2A) ubiquitination and repair of DNA 
damage and accumulates in autophagy-defective cells [5]. 
More specifically, the ubiquitin-editing enzyme A20 (also 
termed as TNFAIP3) has been reported to modulate 
RNF168 expression, thus regulating tumor cell resistance 
to DNA damage therapy [6]. The close correlations be-
tween polymorphisms and mutations of A20 and inflam-
matory, autoimmune diseases and carcinoma have been 
validated [7]. Moreover, restoration of A20 possesses an-
ti-inflammatory, antioxidant, anti-apoptotic, as well as 
pro-regenerative functions in hepatocytes, thereby serv-
ing as an extensive hepatoprotective goal [8]. A20 exerts 
its inhibitory functions by suppressing critical proinflam-
matory factors, such as nuclear factor kappa-B (NF-κB) 
[9]. Furthermore, it has also been confirmed that autoph-
agy of macrophages contributes to the pathogenesis of 
SLE, enhancing the production of proinflammatory cyto-
kines [10]. Based on the aforementioned findings, it was 
proposed that RNF168, A20, and autophagy may be in-
volved in repair of DNA damage by regulating the expres-
sion of NF-κB in podocytes. Therefore, the aim of the 
present study was to assess whether the expression of 
RNF168 and A20 is altered in patients with LN and tissues 
of LN mice. Furthermore, the study investigated the cor-
relation between RNF168 and A20 in podocytes and the 
mechanism of RNF168 and A20 protecting DNA against 
damage in podocytes. The observations of the present 
study may provide a theoretical underpinning in the pre-
vention and therapy of LN.

Materials and Methods

Study Subjects
We collected renal biopsy specimens from 40 patients with LN 

(6 males and 34 females, aged 22–58 years) at the Xuzhou Central 
Hospital from January 2017 to September 2020 in this study. 
Twenty-five renal biopsy tissue samples from patients with nonre-
nal hematuria or paracancerous tissue samples from patients with 
renal carcinoma (6 males and 19 females at the age of 21–56 years) 
were collected as controls. There was no significant difference re-
garding the age and gender between the control samples and LN 
samples. All patients with LN fulfilled the American College of 
Rheumatology (ACR) 2009 classification criteria [11]. The urinal-
ysis and renal biopsy confirmed renal tissue involvement. Patients 
who had taken immunosuppressive agents 2 months before the 
experiments were excluded. After isolation, the specimens were 
fixed with 10% paraformaldehyde at 4°C for 2–4 h, transferred into 
30% sucrose phosphate-buffered saline (PBS) and reacted at 4°C. 

The study protocols were approved by the Biomedical Research 
Ethics Committee of Xuzhou Central Hospital (Approval Num-
ber: XZXY-LJ-20190222-005), and all participants provided writ-
ten informed consents according to the Declaration of Helsinki.

Immunohistochemical Staining
The primary rabbit antibodies to RNF168 (ab235892, 1:800), and 

A20 (ab92324, 1:80), along with the horseradish peroxidase (HRP)-
labeled secondary antibody to immunoglobulin (IgG) (ab6728, 
1:100), were purchased from Abcam Inc. (Cambridge, UK). Normal 
saline was used as the negative control (NC) in replacement with the 
primary antibody. HRP-DAB Kit (P0203, Shanghai Beyotime Bio-
technology Co. Ltd., Shanghai, China) was used for immunohisto-
chemical staining. DAB is a common substrate for HRP. Under the 
catalysis of HRP, DAB produces brown precipitates. The protein ex-
pression was calculated by counting the number of positively stained 
cells in the total cells which were calculated in 5 randomly selected 
lesion areas under a microscope [12, 13].

RNA Isolation and Quantification
Total RNA was extracted from tissues or cells using prechilled 

TRIzol (Invitrogen Inc., Carlsbad, CA, USA). Then the total ex-
tracted RNA was reversely transcribed into complementary DNA 
(cDNA) using the cDNA reverse transcription kit (K1622, Reanta 
Co., Ltd., Beijing, China). Reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) was carried out using the 
SYBR® Premix Ex TaqTM II kit (Takara, Dalian, Liaoning, China) 
on an ABI 7500 qPCR instrument (ABI Company, Oyster Bay, NY, 
USA). The primer sequences are listed in online supplementary 
Table 1 (for all online suppl. material, see www.karger.com/
doi/10.1159/000527624). The relative mRNA expression was cal-
culated using glyceraldehyde-3-phosphate dehydrogenase as an 
internal control (2−ΔΔCt method) [14].

Western Blot Analysis
The total protein was extracted from tissues or cells using ra-

dioimmunoprecipitation assay lysis buffer (R0010, Solarbio, Bei-
jing, China) containing phenylmethanesulfonyl fluoride. The pro-
tein was separated by polyacrylamide gel electrophoresis and then 
transferred onto the polyvinylidene fluoride membrane by the wet 
transfer method. The membrane was blocked with 5% bovine se-
rum albumin for 1 h at room temperature and incubated with di-
luted primary rabbit antibodies to RNF168 (ab106389, 1:2000), 
phosphorylated (p)-p65 (ab86299, phospho S536, 1:5000), total 
(t)-p65 (ab131100, 1:800), Atg5 (ab108327, 1:5000), light chain 3 
(LC3)-II/LC3-I (ab51520, 1:3000), Beclin-1 (ab207612, 1:2000), 
A20 (ab74037, 1:800), and histone family member X (H2AX) 
phosphorylated on Ser139 (γH2AX) (ab11175, 1:5000) at 4°C 
overnight in a shaker. All antibodies were purchased from Abcam. 
After 3 washes with Tris-buffered saline Tween-20, the mem-
branes were then incubated with the HRP-conjugated secondary 
goat anti-rabbit IgG (1:5000; ProteinTech Group, Chicago, IL, 
USA) for 1 h at room temperature. The relative protein level was 
quantified, as normalized to glyceraldehyde-3-phosphate dehy-
drogenase (10494-1-AP, 1:5000; ProteinTech), by the Quantity 
One v4.6.2 software.

Experimental Animals
The specific pathogen free-grade female MRL/MpJ-Faslpr 

(MRL/lpr) mice spontaneously developed lupus-like disease and 
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MRL/MpJ mice as littermate control (n = 12, aged 8–10 weeks and 
weighing 18–22 g) were provided by Model Animal Research Cen-
ter of Nanjing University (SCXK [Su] 2005-02, Nanjing, China). 
All mice were housed individually in a temperature- (24–26°C) 
and humidity-controlled (60–80%) room under a 12/12 h light/
dark cycle with ad libitum access to chow and drinking water ster-
ilized by high pressure. After 2 weeks, the mice were euthanized by 
anesthesia after fasting for 6–8 h and then weighed. The serum was 
collected, and the bilateral kidneys were weighed. A portion of re-
nal tissues were fixed in neutral formalin for morphological ex-
amination, and the remaining was preserved in liquid nitrogen for 
further experiments. All animal procedures were approved by the 
Animal Ethics Committee of Southeast University (Approval 
Number: 201508002) and performed according to the Guide for 
the Care and Use of Laboratory Animals published by the US Na-
tional Institutes of Health.

HE Staining
After fixed and dehydrated, the renal tissues were embedded 

and cut into 2–4-μm-thick sections. After conventional dewaxing, 
the sections were hydrated with gradient ethanol and then stained 
with hematoxylin for 5 min and with 0.5% eosin for 1 min. The 
pathological changes of the renal tissues were observed under an 
optical microscope. Five visual fields were taken from each section, 
and the ratio of area of inflammatory cell infiltration and necrosis 
to the total area in each field was calculated.

Periodic Acid-Schiff Staining
The renal tissues were dewaxed and oxidized with periodate. 

Following Schiff staining, the sections were stained with hema-
toxylin. The kidney injury was observed under a microscope. Re-
nal pathological changes were assessed in a semiquantitative man-
ner: Grade 0 indicated normal glomeruli with no renal interstitial 
infiltration; grade 1 indicated mild renal interstitial infiltration; 
grade 2 indicated moderate renal interstitial infiltration and mild 
to moderate glomerular hyperplasia; grade 3 indicated severe renal 
interstitial infiltration and severe glomerular hyperplasia with seg-
mental or glomerular sclerosis or crescent formation [15, 16].

Urine Protein Content Measurement
At the end of the experiment, urine samples were collected with 

metabolic cages 24 h before the mice were euthanized. Coomassie 
brilliant blue G-250 (100 mg) was dissolved in 50 mL 95% ethanol, 
added with 100 mL phosphoric acid (0.85 g/mL), and diluted to 
1,000 mL with distilled water. Bovine serum albumin (P0007; Bao-
man Biotechnology Co., Ltd, Shanghai, China) was used as the 
standard protein to plot a standard curve. A total of 0.1 mL sample 
was added with 0.9 mL distilled water, mixed thoroughly with 5 mL 
Coomassie brilliant blue G-250 protein reagent, and allowed to 
stand for 2 min. The optical density value was recorded at 595 nm.

Enzyme-Linked Immunosorbent Assay
According to the instructions of the enzyme-linked immuno-

sorbent assay (ELISA) kit (YQ, Imunbio, Beijing, China), the se-
rum IgG anti-dsDNA antibody (DKO095, DiaMetra, Perugia, Ita-
ly) was determined. The optical density value was measured at 492 
nm with a microplate reader (BS-1101, Nanjing DeTie Laboratory 
Equipment Co., Ltd., Nanjing, Jiangsu, China). The standard curve 
was drawn and the content of anti-dsDNA antibody was calcu-
lated to evaluate renal inflammation.

Cell culture medium was collected from each group where the 
production of tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-1β was measured in strict accordance with the instructions of 
Mouse TNF-α ELISA Kit (PT512, Beyotime) and Mouse IL-1β 
ELISA Kit (PI301, Beyotime). Each experiment was repeated three 
times.

Isolation and Culture of Mouse Podocytes
Podocytes were isolated from MRL/MpJ mice and MRL/lpr 

mice as previously described [17]. In short, the mice were anesthe-
tized and subjected to Dynabeads cardiac perfusion. Next, the kid-
neys were taken out, peeled off, and cut into small pieces (1 mm3). 
Each pair of kidneys were digested in 1 mL digestion solution for 
30 min in a 37°C water bath and stirred gently. Using the plunger 
of a 5 mL syringe as a pestle, the digestion solution was pressed 
through a 100 μm cell strainer on a 50 mL Falcon tube to separate 
the kidney glomeruli containing Dynabeads, which were then 
placed in 1 mL of culture medium. The kidney glomeruli were 
added to a Matrigel-coated P100 tissue culture dish containing 6 
mL of cell culture medium, and cultured at 37°C in a 5% CO2 hu-
midified atmosphere, allowing the kidney glomeruli to attach to 
the bottom of the culture dish (Fig. S1A). Once attached, the first 
cell to grow from the kidney glomeruli after approximately 3 days 
of culture was the podocyte (Fig. S1B). After 7 days of culture, most 
of the podocytes grew out of the kidney glomeruli and could be 
isolated by filtration (Fig. S1C). Thereafter, 2 mL 0.25% trypsin/
ethylenediamine tetra-acetic acid was supplemented to separate 
cells and glomeruli, and 8 mL medium was added to inactivate 
trypsin, followed by filtration through a 30 μm cell strainer on a 50 
mL Falcon tube. The kidney glomeruli should be on the top of the 
filter, and the podocytes were passed through the filter and col-
lected in the filtrate. The podocytes were collected by centrifuga-
tion and cultured (Fig. S1D). The isolated podocytes can be cryo-
preserved in liquid nitrogen in a medium containing 5% dimethyl 
sulfoxide.

Podocyte identification was as follows: Wilms’ tumor 1 (1:50, 
ab89901, Abcam, Cambridge, UK) expressed by podocytes, ma-
ture podocyte markers nephrin (1:100, PA5-20330, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) and nestin (1:20, 14-5843-82, 
Thermo Fisher Scientific) and actin fibers (stained with phalloidin; 
A12379, Thermo Fisher Scientific) were detected by immunofluo-
rescence staining (Fig. S2A–D). By selecting the fluorescence im-
ages of different visual fields, the purity of the isolated and purified 
podocytes was roughly counted, which was about 98%. The purity 
was calculated using the formula: purity (%) = number of positive 
fluorescent cells/total number of cells.

An immortalized podocyte cell line was derived from podo-
cytes from MRL/MpJ and MRL/lpr mice transfected with retrovi-
ruses containing plpcx-SVtsa58 vector [18]. In order to maintain 
growth, undifferentiated podocytes were cultured on a plate coat-
ed with rat tail type I collagenase (Sigma-Aldrich Chemical Com-
pany, St Louis, MO, USA) and exposed to Roswell Park Memorial 
Institute (RPMI) 1,640 medium (Life Technology, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO2. In 
order to promote differentiation, podocytes were cultured in 
RPMI 1640 medium with 10% FBS, 100 U/mL penicillin, and 100 
mg/mL streptomycin at 37°C with 5% CO2 for 14 days. Some of 
these cells were replicated by limiting dilution. Other nephrotic 
positive clone cells were used in the following experiments.
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Cell Treatment
The podocytes in the logarithmic growth period were seeded 

into six-well plates 24 h before transfection when the cell conflu-
ence reached about 70%. A total of 20 μL of Lipofectamine 2000 
(11668019, Thermo Fisher Scientific) was diluted in 500 μL of 
serum-free medium and incubated for 5 min at room tempera-
ture. The plasmids and liposome were mixed gently and incu-
bated for 20 min at room temperature. The cells were washed 3 
times with serum-free medium and incubated with 2 mL serum-
free medium in each well. The abovementioned liposome mix-
ture was cultured for 6 h. The medium was renewed with 20% 
serum-containing Dulbeccos’s Modified Eagle’s Medium, and 
cells were collected for subsequent experiments after culture for 
24–48 h. The podocytes were transfected with RNF168-short 
hairpin RNA (shRNA), pcDNA3-A20, or Atg5-shRNA, with 
NC-shRNA, pcDNA3 or pcDNA3-Atg5 (podocytes from MRL/
MpJ mice), as well as the corresponding controls. All plasmids 
were purchased from Shanghai Genechem Co., Ltd. (Shanghai, 
China).

Reagents and Pharmacological Inhibitor Treatment
Autophagy inhibitor 3-methyladenine (3-MA; IM0190) and 

activator rapamycin (R8140) were purchased from Solarbio. After 
seeded into a 24-well plate at a density of 1.0 × 105 cells/mL, the 
immortalized podocytes from MRL/MpJ mice were stimulated 
with rapamycin (500 nM), and those from LN mice were subjected 
to 3-MA (5 mM) with untreated podocytes as controls.

Transfection of Green Fluorescent Protein-LC3 Plasmids
According to the instructions of green fluorescent protein 

(GFP)-LC3 lentivirus transfection provided by Shanghai 
Genechem Co., Ltd. (Shanghai, China), the podocytes of MRL/
MpJ mice and MRL/lpr mice adherent to the wells were infected 
with lentivirus GFP-LC3 (multiplicity of infection = 10). After 24 
h, the green fluorescence of podocytes was observed to detect the 
infection efficiency. Subsequently, the podocytes were screened by 
2 μg/mL puromycin, and the stable podocyte cell line was seeded 
in a 12-well plate coated with 1% polylysine. After 24 h, the cells 
were fixed with 4% paraformaldehyde and stained with 4′,6-di-
amidino-2-phenylindole (DAPI). The images were finally ob-
tained under a fluorescence microscope.

Immunofluorescence Assay
After conventional detachment and transfection, the cells of 

each group were counted and seeded in the immunofluorescence 
chamber at a density of 2 × 105 cells/well. When reaching about 
90% confluence, the cells in each well were fixed with 4% para-
formaldehyde, treated with 0.3% Triton, and blocked with goat 
serum. The cells were then probed with the primary antibodies 
to RNF168 (sc-101125, 1:200), A20 (ab74037, 1:800), p-p65 
(ab86299, 1:500), Atg5 (ab108327, 1:200), or γH2AX (ab11175, 
1:2500) overnight at 4°C. All antibodies were purchased from 
Abcam except for RNF168 (Santa Cruz Biotechnology Inc., San-
ta Cruz, CA, USA). The secondary antibody, fluorescein isothio-
cyanate-conjugated goat anti-rabbit (1:50; DAKO, Santa Clara, 
CA, USA) was added to the cells and incubated at room temper-
ature for 1 h under conditions void of light. After stained with 
DAPI, the cells were sealed with anti-fluorescence quenching 
agent. The NC samples were subjected to the same steps with the 
primary antibody replaced by PBS. RNF168-, A20-, p-p65-, and 

γH2AX-positive nuclear cells and Atg5-positive cells were pho-
tographed under the fluorescence microscope. RNF168, A20, 
and Atg5 were stained red and p-p65 was green.

Neutral Comet Assay for DNA Damage Detection
Cell suspension was centrifuged at 1,000 r/min for 3 min, and 

the cell density was adjusted into 1 × 106 cells/mL with PBS. The 
comet assay was carried out with the reference to Singh and Ste-
phens et al. [19]. Comets appeared was calculated and measured 
by Comet Assay Project 1.0.1 software. The DNA damage was 
quantified as the percentage of total DNA in the comet tail length 
and Olive tail moment (tail moment = tail DNA% × tail length). 
The results were compared with those of blank controls. The repair 
capacity of DNA double-strand breaks was calculated according to 
the formula:

12 24

12 0

DNA repair capacity
M M
M M

-
=

-
 

where M12 indicates mean value of Olive tail moment at the 12th 
h after quartz action, M24 indicates the mean Olive tail moment at 
the 24th h after quartz action, and M0 indicates the mean value of 
Olive tail moment without the quartz action.

Statistical Analysis
The data were analyzed by the SPSS 21.0 statistical software 

(IBM Corp, Armonk, NY, USA). All data are presented as mean ± 
standard deviation. Data with normal distribution and homogene-
ity of variance between two groups were compared using unpaired 
t test. Repeated measures analysis of variance with Tukey’s post hoc 
test was applied for the comparison of data among multiple groups. 
p values under 0.05 were considered statistically significant.

Results

RNF168 Is Up-Regulated in Renal Tissues of LN 
Patients and Podocytes of LN Mice
We initially developed a mouse LN model and ob-

served the appearance of MRL-lpr/lpr (MRL/lpr) (LN) 
and MRL/MpJ (control) mice, finding that the neck of 
LN mice was significantly larger than that of control mice 
(online suppl. Fig. S3A). In addition, there was no sig-
nificant change in body weight and kidney weight be-
tween LN and control mice (online suppl. Table 2). His-
topathological analysis on renal tissues by HE staining 
suggested tubular epithelial cell necrosis and tubuloint-
erstitial fibrosis accompanied by infiltrated inflamma-
tory cells in LN mice. Additionally, the pathological score 
of renal tissues of LN mice was much higher than that of 
control mice (online suppl. Fig. S3B). Periodic acid-
Schiff staining results showed that the degree of renal tis-
sue injury in LN mice was higher than that in control 
mice (online suppl. Fig. S3C). Furthermore, the 24-h 
urine protein content in the LN mice was elevated, rela-
tive to that in control mice (online suppl. Fig. S3D). The 
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level of serum IgG-ds-DNA in LN mice was found to be 
increased versus that in control mice (online suppl. Fig. 
S3E). The above results indicated that MRL/lpr mice had 
severe kidney damage, which was in line with LN-related 
expectations. MRL/lpr mice were suitable for LN animal 
models.

In addition, the RT-qPCR and Western blot results 
showed that the expression of RNF168 was higher in both 
renal tissues of LN patients (Fig. 1a, c) and podocytes of 
LN mice (Fig. 1b, d) than that in their separate controls. 
Immunohistochemistry detection revealed that RNF168 
was mainly located in the nucleus, and its positive expres-
sion (brown-stained granules) was higher in human LN 
renal tissues than that in control renal tissues (Fig. 1e). 
These results suggested that RNF168 was located in the 
nucleus and highly expressed in LN tissues. Finally, the 
immunofluorescence analysis illustrated that the positive 
expression of RNF168 was mainly located in the nucleus. 
The expression of RNF168 was increased in the podocytes 
of the LN mice compared to that in the podocytes of con-
trol mice (Fig. 1f). These results suggested that RNF168 
positive expression was located in the nucleus of podo-
cytes and expressed at a high level in LN.

Inhibition of RNF168 Promotes Repair of DNA 
Damage of Podocytes in LN Mice
RNF168 was knocked down in the podocytes of MRL/

lpr mice to investigate its effect on DNA repair of podo-
cytes in LN. The results of RT-qPCR and Western blot 
analysis revealed that RNF168 was efficiently knocked 
down by the RNF168-shRNA plasmid, where the expres-
sion of RNF168 was markedly reduced in podocytes 
transfected with RNF168-shRNA (online suppl. Fig. S4A, 
B). Subsequently, the Western blot analysis revealed that 
in comparison with the podocytes from MRL/MpJ mice, 
the expression of DNA damage/repair-related proteins 
(γH2Ax, p53, and p21) was increased significantly in the 
podocytes from MRL/lpr. However, when RNF168 was 
knocked down, the levels of these proteins were notably 
decreased (Fig.  2a). Furthermore, the podocytes of LN 
mice exhibited significantly increased tail length, Olive 
tail moment, and rate of tail DNA compared to control 
mice. The podocytes treated with NC-shRNA showed 
consistent results to the podocytes of LN mice. However, 
the podocytes of LN mice, in response to RNF168 silenc-
ing, presented with significantly decreased tail length, Ol-
ive tail moment, and rate of tail DNA (Fig. 2b), suggesting 

e f

ba c

d

Fig. 1. RNF168 is expressed at high levels in LN renal tissues and 
podocytes. a mRNA expression of RNF168 in control tissues (n = 
25) and LN renal tissues (n = 40) determined by RT-qPCR.  
b mRNA expression of RNF168 in podocytes of control and LN 
mice measured by RT-qPCR. c Protein expression of RNF168 in 
control tissues (n = 25) and LN renal tissues (n = 40) determined 
by Western blot analysis. d Protein expression of RNF168 in podo-

cytes of control and LN mice determined by Western blot analysis.  
e Immunohistochemistry of the positive expression of RNF168 
protein in control tissues (n = 25) and LN renal tissues (n = 40).  
f Immunofluorescence staining of RNF168 in renal podocytes of 
control and LN mice. n = 12 for mice in each group. *p < 0.05 ver-
sus control tissues or control mice.
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that DNA was repaired. Finally, immunofluorescence re-
sults showed significantly higher γH2Ax positive nuclear 
expression in LN mouse podocytes than control mouse 
podocytes. Compared with NC-shRNA-treated podo-
cytes of LN mice, γH2Ax positive nuclear expression 
showed a significant decline after RNF168-shRNA treat-
ment (Fig. 2c). These data demonstrated that inhibition 
of RNF168 could facilitate the repair of DNA damage in 
the podocytes of LN mice.

Inhibition of RNF168 Represses the NF-κB Signaling 
Pathway Activation
In order to study the activation of NF-κB signaling 

pathway in podocytes of LN mice, we evaluated the ex-

pression of NF-κB signaling pathway activation (p-p65 
and t-p65) and downstream target genes, TNF-α and IL-
1β. The results showed that compared with the podo-
cytes from MRL/MpJ mice, the protein expression of 
p-p65 was significantly elevated in the untreated podo-
cytes from MRL/lpr mice. In comparison with the podo-
cytes of LN mice treated with NC-shRNA, the protein 
expression of p-p65 was decreased significantly follow-
ing RNF168-shRNA treatment, but there was no signifi-
cant difference in the t-p65 protein expression (Fig. 3a). 
Next, the ELISA results presented significantly higher 
levels of TNF-α and IL-1β production in the culture me-
dium of untreated podocytes from MRL/lpr mice than 
those in the podocytes from MRL/MpJ mice, while they 

a
b

c

Fig. 2. Repair of DNA damage is promoted by RNF168 silencing 
in the podocytes of LN mice. The podocytes of MRL/lpr mice were 
transfected with RNF168-shRNA plasmids, with those transfected 
with NC-shRNA plasmids as the control. Podocytes of MRL/lpr 
mice without transfection were evaluated with those untreated 
podocytes from MRL/MpJ mice as the control. a Protein expres-
sion of γH2Ax, p53, and p21 in the podocytes at 24 h after treat-

ment determined by Western blot analysis. b DNA damage pattern 
and tail moment in the podocytes at 24 h after treatment detected 
by the neutral comet assay. c Immunofluorescence staining of 
γH2Ax positive nuclear expression in the podocytes at 24 h after 
treatment. Cell experiment was repeated 3 times independently. 
 *p < 0.05 versus the podocytes from MRL/MpJ mice or the podo-
cytes transfected with NC-shRNA plasmids.
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were reduced in RNF168-shRNA-treated podocytes ver-
sus that in NC-shRNA-treated podocytes (Fig. 3b). The 
immunofluorescence staining further suggested that 
p-p65 was mainly located in the cytoplasm and RNF168 
was in the nuclei of podocytes from MRL/MpJ mice. In 
untreated podocytes from MRL/lpr mice, the numbers of 
RNF168- and p-p65-positive cells translocated into nu-
clei were elevated. When RNF168 was downregulated, 
the expression of RNF168 as well as the number of cells 
with p-p65 into nuclei was reduced (Fig. 3c). Together, 
these observations indicated that inhibition of RNF168 
expression could hinder activation of the NF-κB signal-
ing pathway.

Inhibition of Autophagy of Podocytes Restores 
the Expression of A20 and Represses the RNF168 
Translocation into Nuclei, Thus Promoting the Repair 
of DNA Damage
In order to explore the effect of autophagy on podo-

cytes of LN mice, the podocytes of MRL/MpJ mice or 
MRL/lpr mice were used as research subjects. Initially, 
the renal podocytes of MRL/MpJ mice were treated with 
rapamycin reagent to activate autophagy, while renal 
podocytes from MRL/lpr mice were added with 3-MA to 
inhibit cell autophagy. Then, pcDNA3-Atg5 plasmids 
were transfected into the podocytes of MRL/MpJ mice to 
activate autophagy, and Atg5-shRNA plasmids were 
transfected into the podocytes of MRL/lpr mice to inhib-
it autophagy.

According to Western blot analysis, compared with 
untreated podocytes from MRL/MpJ mice, rapamycin 
(online suppl. Fig. S5A) and pcDNA3-Atg5 (online suppl. 
Fig. S5C) promoted the protein expression of autophagy-
related proteins (Atg5, LC3-II/LC3-I, and Beclin-1). 
Meanwhile, treatment with 3-MA (online suppl. Fig. 
S5A) and Atg5-shRNA (online suppl. Fig. S5C) inhibited 
the protein expression of Atg5, LC3-II/LC3-I, and Be-
clin-1.

Furthermore, autophagy was also detected by GFP-
LC3 labeling and Atg5 immunofluorescence, where GFP-
LC3 showed green fluorescence, Atg5 showed red fluo-
rescence, and the nuclei were stained blue by DAPI. Ra-
pamycin (online suppl. Fig. S5B) and pcDNA3-Atg5 
(online suppl. Fig. S5D) in the podocytes from MRL/MpJ 
mice led to promoted autophagy as evidenced by in-
creased GFP-LC3/Atg5 cells, whereas 3-MA (online sup-
pl. Fig. S5B) and Atg5-shRNA (online suppl. Fig. S5D) in 
the podocytes from MRL/lpr mice contributed to sup-
pressed autophagy as presented with decreased GFP-
LC3/Atg5 cells. Moreover, the RT-qPCR and Western 
blot analysis indicated that rapamycin (online suppl. Fig. 
S6A, B) and pcDNA3-Atg5 (Fig. 4a, b) in the podocytes 
from MRL/MpJ mice induced A20 degradation and pro-
moted the accumulation of RNF168. As expected, 3-MA 
(online suppl. Fig. S6A, B) and Atg5-shRNA (Fig. 4a, b) 
in the podocytes from MRL/lpr mice resulted in the op-
posite trends.

a b c

Fig. 3. The activation of the NF-κB signaling pathway is disrupted 
by the inhibition of RNF168 expression in podocytes of LN mice. 
a Protein expression of p-p65 (phospho S536) and t-p65 in the 
podocytes assessed by Western blot analysis. b Levels of TNF-α 
and IL-1β in the culture medium of podocytes assessed by ELISA. 

c Immunofluorescence staining of RNF168 and p-p65 (phospho 
S536) translocation into the nuclei of the podocytes. Cell experi-
ment was repeated 3 times independently. *p < 0.05 versus the 
podocytes from MRL/MpJ mice or podocytes transfected with 
NC-shRNA plasmids.
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Moreover, enhanced protein expression of DNA 
damage/repair-associated proteins (γH2Ax, p53, and 
p21) was observed after treatment of rapamycin (online 
suppl. Fig. S6C) or pcDNA3-Atg5 (Fig. 4c). By contrast, 
the expression of γH2Ax, p53, and p21 was decreased fol-
lowing treatment of 3-MA (online suppl. Fig. S6C) or 
Atg5-shRNA (Fig. 4c). The following neutral comet as-
say and immunofluorescence detection suggested that 
treatment of rapamycin (online suppl. Fig. S6D, E) or 
pcDNA3-Atg5 (Fig.  4d, e) was responsible for the en-
hanced tail moment and γH2Ax-positive nuclear cells. 
Thus, inhibition of autophagy of podocytes could restore 
the expression of A20 and inhibit the RNF168 transloca-
tion into nuclei, thereby inducing the repair of DNA 
damage.

Inhibited Podocyte Autophagy Downregulates 
RNF168 Expression and Consequently Blocks the NF-
κB Signaling Pathway Activation
We next moved to study the effect of autophagy on the 

activity of NF-κB in podocytes of LN mice. The Western 
blot and ELISA results presented that, in response to 
treatment with rapamycin (Fig. 5a, b) or the pcDNA3-
Atg5 plasmids (Fig.  5d, e), the protein expression of 
p-p65 and levels of TNF-α and IL-1β were elevated, rela-
tive to untreated podocytes from MRL/MpJ mice, while 
they were diminished in response to treatment with 
3-MA (Fig. 5a, b) or Atg5-shRNA plasmids (Fig. 5d, e) 
versus the untreated podocytes from MRL/lpr mice. Be-
sides, no significant difference was noted in the protein 
expression of t-p65 (p > 0 05) (Fig. 5a). Finally, immuno-

a

d

b c

e

Fig. 4. Podocyte autophagy inhibition restores the expression of 
A20 and blocks the RNF168 translocation into nuclei, contributing 
to the repair of DNA damage. Podocytes from MRL/MpJ mice 
were treated with pcDNA3-Atg5 plasmids, and podocytes from 
MRL/lpr mice were treated with Atg5-shRNA plasmids. a mRNA 
expression of RNF168 and A20 in the podocytes evaluated by RT-
qPCR. b Protein expression of RNF168 and A20 in the podocytes 
evaluated by Western blot analysis. c Protein expression of γH2Ax, 

p53, and p21 in the podocytes evaluated by Western blot analysis. 
d DNA damage pattern and tail moment in the podocytes at 24 h 
after treatment detected by the neutral comet assay. e Immuno-
fluorescence staining of γH2Ax positive nuclear expression in the 
podocytes at 24 h after treatment. Cell experiment was repeated 3 
times independently. *p < 0.05 versus untreated podocytes from 
MRL/MpJ mice or MRL/lpr mice.
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fluorescence detection further observed that p-p65 was 
located in the cytoplasm and RNF168 in the nuclei in 
untreated podocytes from MRL/MpJ mice (Fig.  5c, f). 
The RNF168- and p-p65-positive cells after the treat-
ment of rapamycin or pcDNA3-Atg5 were significantly 
elevated. Consistently, RNF168- and p-p65-positive cells 
were reduced after treatment with 3-MA or Atg5-shRNA 
plasmids. These findings suggested that inhibition of 
podocyte autophagy could down-regulate the expression 
of RNF168 and thus block the activation of the NF-κB 
signaling pathway.

Activation of A20 Represses the RNF168 
Translocation into Nuclei in the Podocytes of LN 
Mice, Thus Promoting the Repair of DNA Damage
Further investigation was performed to explore the ef-

fect of A20-mediated RNF168 on DNA damage repair in 
podocytes of LN mice. The RT-qPCR and Western blot 
analysis displayed that the expression of A20 was lower in 
renal tissues of LN patients than that in control renal tis-
sues (Fig. 6a, b). Additionally, immunohistochemistry re-
sults showed that A20 protein-stained yellow brown was 
expressed in the cytoplasm, nucleus, and cell membrane 
of podocytes. Meanwhile, the positive expression of A20 
protein was downregulated in LN patient renal tissues 
relative to that in control renal tissues (Fig. 6c). These re-
sults indicated that A20 was expressed at a low level in 

renal tissues of LN patients and expressed in the cyto-
plasm, nucleus, and cell membrane.

The effects of A20 on the RNF168 expression and re-
pair of DNA damage were explored. The podocytes of 
MRL/lpr mice were transfected with pcDNA3-A20, and 
the expression of RNF168 and A20 in the podocytes was 
measured using RT-qPCR and Western blot analysis. 
Compared with podocytes of MRL/MpJ mice, the expres-
sion of RNF168 was increased significantly, while that of 
A20 was decreased significantly in MRL/lpr mice. In ad-
dition, over-expression of A20 inhibited RNF168 expres-
sion (Fig. 6d, e). Further Western blot analysis suggested 
that protein expression of γH2Ax, p53, and p21 was 
downregulated in cells after over-expression of A20 
(Fig. 6f). The following results of comet assay and immu-
nofluorescence suggested that over-expression of A20 
was responsible for reduced tail moment and γH2Ax-
positive nuclear cells (Fig.  6g, h). Overall, these results 
suggested that up-regulation of A20 could repress accu-
mulation of RNF168 and potentiate the repair of DNA 
damage in podocytes of LN mice.

Restoration of A20 Represses Activation of the NF-κB 
Signaling Pathway in the Podocytes of LN Mice
In order to study the effect of A20 on the activation of 

the NF-κB signaling pathway, the expression of p-p65 
(phospho S536), and t-p65, along with the levels of p65 

ca b

fd e

Fig. 5. The expression of RNF168 and the activation of NF-κB sig-
naling pathway are impaired by inhibition of podocyte autophagy. 
Protein expression of p-p65 (phospho S536) and t-p65 in podo-
cytes assessed by Western blot analysis in response to 3-MA (a) or 
Atg5-shRNA (d). Levels of TNF-α and IL-1β in the culture medi-
um of podocytes assessed by ELISA in response to 3-MA (b) or 

Atg5-shRNA (e). Immunofluorescence staining of RNF168 and 
p-p65 (phospho S536) in podocytes in response to 3-MA (c) or 
Atg5-shRNA (f). Cell experiment was repeated 3 times indepen-
dently. *p < 0.05 versus untreated podocytes from MRL/MpJ mice 
or MRL/lpr mice.
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downstream target genes (TNF-α and IL-1β) in the cul-
ture medium of podocytes was detected using Western 
blot analysis and ELISA, respectively. It was found that 
the expression of t-p65 was not statistically significant in 
the presence of A20 up-regulation, while (phospho S536) 
p-p65 expression, and TNF-α, and IL-1β levels induced 
in MRL/lpr mice were suppressed following over-expres-
sion of A20 (Fig. 7a, b). The results of immunofluores-
cence staining showed that the expression of p-p65 (phos-
pho S536) was mainly located in the cytoplasm and A20 
in both the nucleus and cytoplasm of podocytes from 
MRL/MpJ mice. Nevertheless, the number of nuclear 
A20-positive cells in untreated podocytes MRL/lpr mice 
was significantly lower than that in MRL/MpJ mice, while 
the number of nuclear p-p65 (phospho S536)-positive 
cells was significantly increased (Fig.  7c). In MRL/lpr 

mice, the number of nuclear A20-positive cells was sig-
nificantly enhanced in the podocytes treated with pcD-
NA3-A20, while that of nuclear p-p65 (phospho S536)-
positive cells was significantly reduced (Fig.  7c). These 
results suggested that activated A20 could inactivate the 
NF-κB signaling pathway in the podocytes of LN mice.

Discussion

Autophagy plays an essential role in the immune sys-
tem and is involved in autoimmune diseases; there is 
compelling evidence suggesting the relationship between 
autophagy and LN, known as a systemic autoimmune dis-
order [20]. In the present study, we clarified that the aug-
mented autophagy inhibited A20 expression, thus up-

c d
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Fig. 6. The accumulation of RNF168 is abrogated and the repair of 
DNA damage is accelerated by up-regulation of A20. a mRNA ex-
pression of A20 in control tissues (n = 25) and LN renal tissues  
(n = 40) determined by RT-qPCR. b Protein expression of A20 in 
control tissues (n = 25) and LN renal tissues (n = 40) determined 
by Western blot analysis. c Immunohistochemical staining of pos-
itive expression of A20 protein in control tissues (n = 25) and LN 
renal tissues (n = 40). d mRNA expression of RNF168 and A20 in 
podocytes in response to pcDNA3 or pcDNA3-A20 evaluated by 
RT-qPCR. e Protein expression of RNF168 and A20 in podocytes 

evaluated by Western blot analysis. f Protein expression of γH2Ax, 
p53, and p21 in podocytes in response to pcDNA3 or pcDNA3-
A20 evaluated by Western blot analysis. g DNA damage pattern 
and tail moment in the podocytes in response to pcDNA3 or pcD-
NA3-A20 at 24 h after treatment measured by the neutral comet 
assay. h Immunofluorescence staining of γH2Ax positive nuclear 
expression in the podocytes in response to pcDNA3 or pcDNA3-
A20 at 24 h after treatment. Cell experiment was repeated 3 times 
independently. *p < 0.05 versus untreated podocytes from MRL/
MpJ mice or MRL/lpr mice.
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regulating RNF168 expression, promoting DNA damage, 
and activating the NF-κB signaling pathway, ultimately 
exacerbating LN.

The localization of RNF168 at the site of damage has 
been shown to highly increase the local concentration of 
ubiquitinated proteins and determine the prolonged 
ubiquitination signal [21]. Specifically, RNF168 is local-
ized in the nucleus to play a key role of ubiquitination in 
DDR, and in several DDR processes, RNF168 localizes at 
repair of DNA damage sites and promotes mono-ubiqui-
tination of H2A/H2AX at K13-15 to induce repair of 
DNA damage complex formation [22]. Our study first 
revealed that RNF168 was mainly located in the nucleus 
of podocytes and its expression was found to be higher in 
tissue samples from patients with LN and podocytes of 
LN mice than that in the healthy controls. In addition, 
inhibition of RNF168 could promote repair of DNA dam-
age. Muñoz et al. [23] confirmed that the change of 
RNF168(R57) is necessary for several DDR functions, in-
cluding impairment of homologous recombination, in-
duction of the ubiquitination of K13/15 on H2Ax. Ubiq-
uitin-specific protease 14, a deubiquitinase, has been re-
ported to facilitate the repair of DNA damage by targeting 
RNF168-dependent ubiquitination [24]. Another study 
conducted by Shire et al. [25] validated that silencing of 
RNF168 can elevate nuclear bodies of promyelocytic leu-
kemia, which results in apoptosis, p53 activation, as well 
as the repair of DNA damage. Ubiquitination confers sig-
nificant effect on NF-κB activation, and ubiquitylated 
transmitters of NF-κB signaling can accumulate in prox-
imity to endomembranes, such as RNF121 [26] and 
RNF183 [27], both of which have been revealed as novel 

a b c

players implicated in the signaling contributing to NF-κB 
activation. In this study, inhibition of RNF168 was ob-
served to block activation of the NF-κB signaling path-
way.

Moreover, inhibition of autophagy could decrease the 
expression of RNF168, and restore A20 expression, there-
by blocking the activation of NF-κB signaling pathway 
and accelerating repair of DNA damage in podocytes 
from LN mice. Autophagy has been implicated in many 
repair of DNA damage mechanisms, such as base excision 
repair, nucleotide excision repair, as well as mismatch re-
pair along with the extensively reported autophagy posi-
tive roles on homologous recombination [28]. Different 
from membrane receptor-initiated signaling pathways, 
the vital signaling initiation event stimulated by genotox-
ic agents contributing to NF-κB signaling pathway activa-
tion remain completely understudied [29]. Autophagy 
has been found to sequester A20 to promote the NF-κB 
signaling pathway activation in macrophages [30]. Shi et 
al. [31] indicated that A20 exerts an inhibitory role over 
lipopolysaccharide-stimulated autophagy in macro-
phages by reducing the extent of ubiquitination of Be-
clin-1, suggesting the adverse relationship between A20 
and autophagy. Moreover, SQSTM1, an autophagy sub-
strate and receptor for degradation of ubiquitinated sub-
strates via autophagy, binds to RNF168 and reduces its E3 
ligase activity [32]. Furthermore, RNF168-associated 
ubiquitination signaling is reduced in autophagy-defi-
cient cells [24]. Another report demonstrates that deple-
tion of SQSTM1 in lymphoblastic cell lines results in re-
markable promotion of endogenous RNF168-γH2Ax 
damage foci in addition to chromatin ubiquitination, 

Fig. 7. Over-expression of A20 inactivates the NF-κB signaling 
pathway in the podocytes of LN mice. a Protein expression of 
p-p65 (phospho S536) and t-p65 in the podocytes assessed by 
Western blot analysis. b Levels of TNF-α and IL-1β in the culture 

medium of podocytes assessed by ELISA. c Immunofluorescence 
staining of A20 and p-p65 (phospho S536) in the podocytes. Cell 
experiment was repeated 3 times independently. *p < 0.05 versus 
untreated podocytes from MRL/MpJ mice or MRL/lpr mice.
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suggesting the induction of RNF168-controlled repair of 
DNA damage mechanism [33].

We also found that induction of A20 decreased 
RNF168 accumulation and disrupted the NF-κB signal-
ing pathway activation, thus promoting the repair of 
DNA damage. In peripheral blood mononuclear cells, the 
down-regulation of A20 gene has been observed, which 
involves in the pathogenesis of the SLE disease [34]. Loss 
of A20 in dendritic cells may contribute to spontaneous-
ly occurring colitis, seronegative arthritis, and enthesitis 
in mice, which implies that disturbance of A20-depen-
dent dendritic cells underlies colitis and colitis-related ar-
thritis in clinical samples [35]. The ubiquitin-editing en-
zyme A20/TNFAIP3 has been reported to bind and in-
hibit the E3 ubiquitin ligase RNF168, which is responsible 
for the regulation of histone H2A turnover critical for 
proper repair of DNA damage [6]. A20, a key negative 
regulator of inflammation [36], has long been validated 
to participate in the termination of the NF-κB signaling 
pathway which is engaged in the pathogenesis of SLE 
[37]. More specifically, A20 over-expression can exert 
protective effects on podocyte injury in LN by impairing 
the activation of the NF-κB signaling pathway [38]. In 

partially accordance with our results, treatment with A20 
over-expression can significantly alleviate pristine-in-
duced lupus inflammation and renal injury by inhibiting 
the NF-κB and NLRP3 inflammasome activation in mac-
rophages in mice [36].

Overall, our findings illuminated that activated A20 
due to the inhibited autophagy could potentially decrease 
RNF168 accumulation and inhibit the NF-κB signaling 
pathway, thus enhancing the repair of DNA damage and 
improving LN phenotypes (Fig. 8). This novel mode may 
represent a more efficient treatment option for future LN 
therapy. However, the current study only presents the 
theoretical basis of this mechanism and further studies 
should be performed in animal models, so as to support 
a promising clinical application in the treatment for pa-
tients with LN.
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Fig. 8. Schematic diagram of the mechanism by which podocyte autophagy affects the repair of DNA damage and 
LN progression. Podocyte autophagy promotes the degradation of A20 and the RNF168 translocation into nuclei, 
activating the NF-κB signaling pathway, suppressing the repair of DNA damage, and aggravating LN.
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