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Abstract
Background The activation of the nuclear factor-κB (NF-κB) signaling pathway gives rise to inflammation in the patho-
genesis of lupus nephritis (LN), with A20 serving as a negative feedback regulator and ubiquitin C-terminal hydrolase L1 
(UCH-L1) acting as a downstream target protein. However, their roles in the mechanism of LN remain undetermined.
Methods In the present study, the expression of A20 and UCH-L1, the activity of NF-κB and ubiquitin–proteasome system 
(UPS) were measured in MRL/lpr mice and A20 gene silenced podocytes. The severity of podocyte injury and immune 
complex deposits were detected by transmission electron microscopy.
Results The in vivo experiments revealed that A20 failed to terminate the activation of NF-κB, which was accompanied by 
UCH-L1 overexpression, ubiquitin accumulation, and glomerular injury in LN mice. Immunosuppression therapy did improve 
LN progression by attenuating A20 deficiency. In vitro experiments confirmed that tumor necrosis factor-α induced NF-κB 
activation, which led to UCH-L1 overexpression, UPS impairment, the upregulation of desmin and the downregulation of 
synaptopodin in A20 gene silenced podocytes.
Conclusion Thus, the results of the present study suggest that A20 regulates UCH-L1 expression via the NF-κB signaling 
pathway and A20 deficiency might play an important role in LN pathogenesis. Therefore, the A20 protein may serve as a 
promising therapeutic target for LN.

Keywords A20/tumor necrosis factor-α induced protein 3 · Ubiquitin C-terminal hydrolase-L1 · Nuclear factor-κB 
pathway · Lupus nephritis

Introduction

Lupus nephritis (LN), which is characterized by glomerulo-
nephritis and tubulointerstitial inflammation with immune 
complex (IC) deposits in renal tissue, is associated with sig-
nificant morbidity and mortality in patients with systemic 
lupus erythematosus (SLE) [1]. However, the mechanism 
underlying renal damage in LN has not been fully elucidated.

Phosphorylated nuclear factor-κB (p-NF-κB) dimers 
serve a prominent role in the onset and progression of LN 
[2], by translocating to the nucleus, binding to specific DNA 
sequences, and inducing target proteins to mediate inflam-
matory and immune responses [3]. Ubiquitin is expressed in 
eukaryotes, labeling various target proteins for proteasome 
degradation [4]. Our previous study demonstrated that the 
ubiquitin level in cerebrospinal fluid may be a promising 
biomarker for active neuropsychiatric SLE [5]. The glomeru-
lar deposits of ubiquitin were also reported to be increased 
in SLE patients and SLE-prone mice [6].
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A20, a cytoplasmic protein also known as tumor necro-
sis factor-α (TNF-α) induced protein 3 (TNFAIP3), serves 
an essential role in the inhibition of inflammation, mainly 
through the negative regulation of the NF-κB signaling path-
way triggered by the TNF and interleukin-1 (IL-1) receptors 
[7]. In addition, several single nucleotide polymorphisms 
(SNPs) in the A20 genomic locus have been reported to be 
associated with increased susceptibility to SLE [8]. Ubiq-
uitin C-terminal hydrolase-L1 (UCH-L1), also known as 
protein gene product 9.5, is a deubiquitinating enzyme that 
regulates the ubiquitin–proteasome system (UPS) [9]. UCH-
L1 is also a downstream target protein in the NF-κB signal-
ing pathway and is upregulated via p-NF-κB dimers binding 
to the UCH-L1 promoter site [10, 11]. Little is known about 
the association between A20 and UCH-L1, or their roles in 
the pathogenesis of LN.

In the present study, the inflammatory state, A20 defi-
ciency and the activated NF-κB -UCH-L1 pathway were 
investigated in the glomeruli of MRL/lpr mice and TNF-α 
treated A20 gene silenced podocytes. These observations 
elucidated that A20 deficiency may contribute to LN patho-
genesis and may be a potential therapeutic target for LN.

Materials and methods

Animals

Female MRL/lpr mice (n = 50; 16 weeks old; 18–22 g), and 
age and weight-matched female C57BL/6 mice (n = 30) 
were obtained from Experimental Animal Center of Nanjing 
Military Region (Nanjing, China). All mice were specific 
pathogen-free grade. MRL/lpr mice were randomly divided 
into three disease control (DC) groups (10 mice per group; 
sacrificed at weeks 0, 8 and 16) and two prednisone treat-
ment groups (Tx; 10 mice per group; sacrificed at weeks 8 
and 16), termed as DC 0w, DC 8w, DC 16w, Tx 8w and Tx 
16w, respectively. C57BL/6 mice were used as the normal 
control (NC) and randomly divided into three groups, sac-
rificed at weeks 0, 8 and 16, termed as NC 0w, NC 8w, and 
NC 16w, respectively. Mice in the Tx groups were given 
prednisone at a dosage of 0.1 mg/10 g·day−1 via intragas-
tric administration. Mice in the NC and DC groups received 
equal amounts of normal saline daily. Animal protocols 
and procedures were approved by the Biomedical Research 
Ethics Committee of Xuzhou Central Hospital, College of 
Southeast University (Jiangsu, China).

Mouse sample collection

At the end of weeks 0, 8 and 16, urine samples were col-
lected in metabolic cages to examine the 24 h urinary protein 
levels, and blood samples were obtained by eye puncture 

when the mice were anesthetized with isoflurane; the mice 
were then sacrificed via cervical dislocation. Kidneys were 
perfused with phosphate buffer saline prior to harvesting. 
Part of the kidneys was used for the isolation of glomeruli 
using a differential sieving method [12].

Cell culture and A20/TNFAIP3 small interference 
(si)‑RNA interference

The conditionally thermosensitive SV40-transfected immor-
talized murine podocyte cell (MPC) line, MPC5 (a gift from 
Dr. Zhao, Peking University First Hospital, Beijing, China) 
was cultured under permissive conditions [33 °C, 5% (v/v) 
 CO2, in 10% (v/v) fetal bovine serum (10100147; Gibco; 
Thermo Fisher Scientific, Inc.), RPMI-1640 and 10 U/ml 
γ-interferon] to induce proliferation, and then under non-
permissive conditions (37  °C without γ-interferon) for 
10–14 days to induce differentiation. Differentiated podo-
cytes were identified by their large arborized shape and 
expression of synaptopodin mRNA [13]. Differentiated 
podocyte cells were plated on six-well plates and cultured 
in antibiotic-free medium to 60–80% confluence prior to 
transfection. Specific siRNA (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) for the target gene A20/TNFAIP3 
(4390771) and scrambled control (4390843) were trans-
fected with  Lipofectamine® RNAiMAX (13778150; Invitro-
gen; Thermo Fisher Scientific, Inc.) according to the manu-
facturer’s instructions. Following 24 h, the culture medium 
was changed, then cells were classified into: blank group 
(without any treatment), TNF-α group (treated with stated 
concentration of TNF-α, T7539, Sigma-Aldrich, Merck 
KGaA, Darmstadt, Germany), siRNA-A20 group (trans-
fected with siRNA-A20), siRNA-scramble group (trans-
fected with siRNA-scramble), TNF-α + siRNA-A20 group 
(treated with TNF-α at 24 h after transfection with siRNA-
A20), TNF-α + siRNA-scramble group (treated with TNF-α 
at 24 h after transfection with siRNA-A20), TNF-α + pyrroli-
dine dithiocarbamate (PDTC) group (simultaneously treated 
with TNF-α and PDTC), TNF-α + siRNA-A20 + PDTC 
group (simultaneously treated with TNF-α and PDTC after 
24 h of transfection with siRNA-A20), and TNF-α + siRNA-
scramble + PDTC group (simultaneously treated with TNF-α 
and PDTC after 24 h of transfection with siRNA-scramble).

Antibodies

The rabbit anti-UCH-L1 antibody (13179S) was purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA); 
the mouse anti-A20/TNFAIP3 antibody (ab13597), rabbit 
anti-IL1β antibody (ab9722), mouse anti-ubiquitin anti-
body (ab7254), rabbit anti-p-NF-kB p65 (p-p65) antibody 
(ab86299), anti-desmin antibodies (ab8976, ab32362), 
rabbit anti-synaptopodin antibody (ab109560) and rabbit 
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anti-lamin B1 antibody (ab16048) were purchased from 
Abcam (Cambridge, UK); the mouse anti-NF-kB p65 
(T-p65) antibody (MAB3026) was from EMD Millipore 
(Billerica, MA, USA); and the rabbit anti-TNF-α antibody 
(E90277) and mouse anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) antibody (E12-057) were obtained 
from EnoGene Biotech Co., Ltd. (New York, NY, USA).

Enzyme‑linked immunosorbent assay (ELISA)

Serum TNF-α and IL-1β levels were determined using the 
BD OptEIA™ ELISA kits (mouse TNF, 560478; and mouse 
IL-1β, 557966; BD Biosciences, Franklin Lakes, NJ, USA). 
The anti-double strand (ds) DNA antibody was also analyzed 
using ELISA kits (3041; Chondrex, Inc., Redmond, WA, 
USA).

Transmission electronic microscopy (TEM)

The 3% glutaraldehyde-fixed 1-mm3 blocks of renal cortex 
were fixed with 1% osmic acid, dehydrated in graded etha-
nol, embedded in EPON, sectioned, stained with uranyl ace-
tate and lead citrate, then observed and recorded with a TE 
microscope (JEM-1010; JEOL Ltd; Japan). A total of three 
EM images, consisting of at least one loop of the glomerular 
basement membrane (GBM) in each image, were selected 
for calculation of the effacement ratio (EFR) using image 
analysis software (Olympus Corporation, Tokyo, Japan). 
The mean EFR was used to evaluate the injury degree of 
the podocytes [14].

Reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR)

The total RNA of cells was isolated using TRIzol (15596-
026; Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was 
synthesized using a transcriptor first strand cDNA synthe-
sis kit (cat. K1622; Fermentas; Thermo Fisher Scientific, 
Inc.). qPCR was performed with a real-time PCR master 
mix (SYBR Green; QPK201; Toyobo Life Science, Osaka, 
Japan) and a real-time PCR system (DA7600; Daan Gene 
Co., Ltd; China). For quantification, target genes were nor-
malized to GAPDH. The expression of genes was deter-
mined using the following primers: A20/TNFAIP3, forward 
5′-GAC GTA GGC GGA GCA CAT CT-3′ and reverse 5′-GAG 
CGA GCA GCT TGG TTT GT-3′; UCH-L1, forward 5′-GGG 
CCA GTG TCG GGT AGA TG-3′ and reverse 5′-GCG CCA 
TGG TTC ACT GGA AA-3′; synaptopodin, forward 5′-CCA 
CAG CGA GCT GGA ACC TA-3′ and reverse 5′-CTC GAA 
CCA GTT CCC TTC AGGA-3′; desmin, forward 5′-GGG AGC 
TGG AGG ATC GCT TT-3′ and reverse 5′-GTC CTG GTA CTC 
GCG CAG AT-3′; and GAPDH, forward 5′-ACA ACT TTG 
GCA TTG TGG AA-3′ and reverse 5′-GAT GCA GGG ATG 

ATG TTC TG-3′. Three replicate samples were analyzed 
separately for each experiment.

Western blot analysis

Lysates were extracted from isolated glomeruli and treated 
cells. The protein concentrations of lysates were detected 
using Bicinchoninic Acid Protein Assay kits (P0010S; Bey-
otime Institute of Biotechnology, Haimen, China). Equal 
quantities of protein (40 μg) were separated by SDS-PAGE, 
transferred to PVDF membranes (EMD Millipore), blocked 
with 5% non-fat milk in TBST (TBS with 0.1% Tween-20, 
pH 7.4) at room temperature for 2 h, then incubated with 
the following primary antibodies: anti-UCH-L1 (1:1,000), 
anti-A20/TNFAIP3 (1:500), anti-desmin (1:1000), anti-
synaptopodin (1:1,000), anti-ubiquitin (1:2,000), anti-TNF-α 
(1:1,000), anti-IL1β (1:2,000), anti-T-p65 (1:1,000) and 
anti-p-p65 (1:2,000) at 4 °C overnight. Membranes were 
washed three times and incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:10000) 
(7074 and 7076; Cell Signaling Technology, Inc.) at room 
temperature for 2 h. Anti-GAPDH (1:3,000) and anti-lamin 
B1 (1:1,000) antibodies were used as internal controls. Per-
oxidase-labeled bands were visualized using an enhanced 
chemiluminescence system (P0018A; Beyotime Institute 
of Biotechnology), quantified using Image J 1.48 software 
(National Institutes of Health, Bethesda, WA, USA) and 
expressed as fold changes relative to the internal controls. 
Three replicate samples were analyzed separately for each 
experiment.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts of the renal cortex were prepared with 
nuclear and cytoplasmic protein extraction kits (P0028; 
Beyotime Institute of Biotechnology). The probe for the 
NF-kB p65 binding sequence of the UCH-L1 promoter was 
biotin-labeled at 5′-OH, forward 5′- GGA GGG AGG AAG 
ACC GAC AAAT-3′, and reverse 5′- ATT TGT CGG TCT 
TCC TCC CTCC-3′ [10] (GenScript, Nanjing, China). The 
anti-NF-kB p65 antibody was incubated with the nuclear 
extracts. The resultant DNA–protein complexes were sepa-
rated from free DNA via electrophoresis and blotted onto 
a positively charged nylon membrane, blocked, incubated 
with HRP-conjugated streptavidin and visualized using 
LightShift™ chemiluminescent EMSA kits (20148; Thermo 
Fisher Scientific, Inc.).

Histopathological and immunohistochemical (IHC) 
analyses

For microscopic examination, 2.5  μm-thick formalin-
fixed and paraffin-embedded sections of renal tissues were 
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dewaxed by xylene. The sections were washed with distilled 
water twice (each time for 5 min) after soaked in 100%, 95%, 
80%, 70% gradient alcohol respectively for 2 min. After 
hydration, the sections were stained with hematoxylin and 
eosin (HE), and masson’s trichrome (MASSON) (D006 and 
D026; Nanjing Jiancheng Bioengineering Institute; China). 
IHC stains for A20/TNFAIP3 (1:200) and UCH-L1 (1:200) 
at 4 °C overnight. Washed with phosphate-buffered saline 
(PBS) for 2 min and with addition of 50 μL of HRP-conju-
gated secondary antibodies (8114 and 8125; Cell Signaling 
Technology, Inc.) (1: 1000), the sections were incubated at 
37 °C for 30 min, washed with PBS, stained with DAB, re-
stained with hematoxylin for 5 min, and washed with tap 
water for 10 min. Then gradient alcohol dehydration and 
xylene transparency were performed. Renal tissue cells con-
taining brown granulation in the endochylema or nucleus 
were considered as positive.

Immunofluorescence (IF) Staining and Confocal 
Microscopy

Kidney cryosections were fixed with 3.7% pre-cooled para-
formalin for 15 min at room temperature. After blocking 
with 5% bovine serum albumin (BSA) for 1 h, the slides 
were immunostained with primary antibodies against 
UCH-L1 (13179S; 1:200) and desmin (ab8976, 1:100), 
A20/TNFAIP3 (ab135957; 1:50) and desmin (ab32362; 
1:50) overnight at 4 °C. They were then washed with PBS 
twice, incubated with fluorescein isothiocyanate (FITC) or 
Alexa Fluor 647 conjugated secondary antibody (Abcam, 
Cambridge, UK) in the dark at room temperature for 1 h. 
DPAI (4,6-diamidino-2-phenylindole) was used to stain the 
nucleus at room temperature in the dark for 30 min. Finally, 
the sections were washed twice with PBS, covered with 
1,4-Diazabicyclo (2.2.2) octane (DABCO, Sigma‐Aldrich 
Chemical Company, St Louis, MO), and observed under 
a confocal laser scanning microscope (Olympus, Tokyo, 
Japan).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
version 7.0 (GraphPad Software, Inc., La Jolla, CA, USA). 
For parametric data, statistical significance among groups 
was evaluated by one-way analysis of variance with Tukey’s 
honest significant difference post hoc test. For nonparametric 
data, the Kruskal–Wallis and Mann–Whitney U tests were 
used. Spearman’s rank correlation coefficient was employed 
to analyze the association between two variables, based on 
all data from each group, including the NC, DC, or Tx mice 
groups. P < 0.05 was considered to indicate a statistically 
significant difference.

Results

Observations of proteinuria, renal function, 
and the anti‑dsDNA antibody titer

All mice survived the interventions and were sacrificed 
at the indicated times (weeks 0, 8 and 16). One mouse in 
the DC 16w group was excluded due to its pathological 
diagnosis of kidney cancer, thus, the DC 16w group con-
tained nine mice.

Proteinuria was significantly higher in MRL/lpr mice 
when compared with that observed in C57BL/6 mice, and 
a reduction of proteinuria was observed in the Tx groups 
(Fig. 1a). The levels of blood urea nitrogen (BUN), serum 
creatine (SCr) and anti-dsDNA antibody presented simi-
lar trends among the NC, DC and Tx groups (Fig. 1b–d). 
There was no glomerular, interstitial or vascular injury 
in the renal tissue of C57BL/6 mice, while the cellular 
proliferation, crescentic formation, and interstitial fibrosis 
were observed in MRL/lpr mice, and prednisone treatment 
could alleviate these pathological changes (Fig. 1e). These 
results confirmed that the MRL/lpr mice developed kidney 
disease and could be used to study LN pathogenesis.

A20 deficiency is associated with NF‑κB activation 
and UCH‑L1 upregulation in MRL/lpr mice

In weeks 8 and 16, the serum levels of TNF-α and IL-1β 
were higher in the DC groups when compared with the 
NC groups, and were decreased significantly in the Tx 
groups. Western blotting revealed a similar variation ten-
dency (Fig. 2a, b and f). P65 is a well-known subunit of 
NF-B, involved in the transcriptional regulation of multi-
ple genes. Phosphorylation of p65 is a typical feature of 
NF-B activation [3]. Western blotting detected that the 
expression of p-p65 increased in the DC groups in weeks 
0, 8 and 16, and decreased markedly in the Tx groups 
(Fig. 2e and f). The upregulation of pro-inflammatory 
cytokines reflected the deteriorative inflammatory state, 
and the overexpression of p-p65 confirmed NF-κB activa-
tion in MRL/lpr mice.

A20 expression was negatively associated with p-p65 
expression (Fig. 2c and f, Fig. S2), which indicated that 
A20 deficiency was associated with an exacerbated inflam-
matory response in MRL/lpr mice. The inflammatory state 
was attenuated in Tx groups, with upregulation of A20 
and a lower expression of TNF-α, IL-1β and p-p65 in 
glomeruli (Fig. 2). UCH-L1 expression was revealed to 
be stimulated by NF-κB activation (Fig. 3), which was 
in accordance with a previous study [10]. Western blot-
ting demonstrated that UCH-L1 expression was higher in 
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the DC groups than in the NC groups, was significantly 
decreased in the Tx groups (Fig. 2d and f), positively cor-
related with p-p65 expression (r = 0.62, P < 0.05, Fig. 2h) 
and negatively correlated with A20 expression in the glo-
meruli of MRL/lpr mice (r = − 0.58, P < 0.05, Fig. 2g).

Desmin, a podocyte injury marker, was co-immu-
nostained with A20 and UCH-L1, respectively. In com-
parison with the NC group, IF assay showed the decreasing 
expression of A20 in MRL/lpr mice, with increasing expres-
sion of UCH-L1 and desmin. The A20 and UCH-L1 could 
be detected in both podocyte and other glomeruli resident 

cells (Fig. 2i and j). Fig. S1 also demonstrated the expression 
of A20 and UCH-L1 in the renal tissues of NC, DC and TX 
mice using IHC.

Ubiquitin accumulation and podocyte injury are 
associated with the upregulation of UCH‑L1

Western blotting results confirmed that the polyubiquitin 
accumulation during the progression of LN in MRL/lpr 
mice was attenuated following prednisone treatment (Fig. 4a 
and b), and positively correlated with UCH-L1 expression 

Fig. 1  Prednisone reduces proteinuria and preserves renal function in 
MRL/lpr mice. The levels of a 24 h urinary protein excretion, b BUN, 
c SCr and d anti-dsDNA antibody were higher in the DC groups than 
in the NC groups and were significantly reduced following pred-
nisone treatment. e Renal tissue was stained with hematoxylin and 

eosin (HE), and Masson. Original magnification, × 400; scale bar, 
30 µm. NC normal control, DC disease control, Tx prednisone treat-
ment, BUN blood urea nitrogen, SCr serum creatine, dsDNA double-
stranded DNA
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(r = 0.77, P < 0.001, Fig. 4e). The expression of desmin 
exhibited a similar expression as polyubiquitin in MRL/lpr 
mice (Fig. 3a and c), and a positive correlation with UCH-L 
expression (r = 0.57, P < 0.05, Fig. 3f). By contrast, syn-
aptopodin decreased significantly in normal saline-treated 
MRL/lpr mice and increased following prednisone treat-
ment (Fig. 3a and d). The correlation coefficients between 
synaptopodin, UCH-L1 and A20 were listed in Fig. S2. The 
upregulation of desmin and downregulation of synaptopodin 
were indicative of podocyte injury.

TEM images validated diffuse podocyte foot process 
effacement and uneven thickened GBM in MRL/lpr mice, 
even during the early onset of LN, without immune complex 
(IC) deposition. With the progression of LN, the EFR of 
podocyte foot processes increased, which was accompanied 
by IC deposits and increasing expression of UCH-L1 in the 
glomeruli (r = 0.69, P < 0.01, Fig. 5).

A20 gene silencing in MPC increases TNF‑α‑induced 
UCH‑L1 overexpression, UPS impairment, and cell 
injury

The levels of nuclear p-p65 elevated gradually with increas-
ing concentrations of TNF-α in the A20 gene silenced MPCs 
(Fig. 6a and c). Accordingly, UCH-L1 expression increased 
following TNF-α stimulation in the A20 gene silenced MPCs 
(Fig. 5b and d). Polyubiquitin accumulated in A20 gene 
silenced MPCs following stimulation with TNF-α, while 
monoubiquitin exhibited the opposite trend (Fig. 5b), which 
was indicative of UPS impairment. Subsequently, upregula-
tion of desmin and downregulation of synaptopodin were 
observed in the A20 gene silenced MPCs (Fig. 5b, e and f). 
In addition, after TNF-α intervention, the NF-κB signaling 
pathway of podocyte was further blocked using PDTC, when 
comparing the TNF-α groups, TNF-α + PDTC groups exhib-
ited downregulated expression of NF-κB p-p65, UCH-L1, 

ubiquitin, and desmin, as well as upregulated expression of 
synaptopodin in podocyte (Fig. S3).

Discussion

The MRL/lpr strain is a well-established SLE-prone murine 
model [15]. MRL/lpr females are more susceptible to lupus-
like syndrome, and high levels of antinuclear antibody 
and anti-dsDNA can be detected within 2–3 months of 
age. In addition, early renal involvement can be observed 
at ~ 4–5 months of age and mortality is nearly 100% by 
9 months of age [16]. Therefore, MRL/lpr females have 
been used extensively to study the potential mechanisms of 
human LN. Compared with the lupus-prone strains, such 
as MRL/lpr and NZB/W F1, C57BL/6 mice rarely develop 
autoimmune diseases [17]. Thus C57BL/6 females were 
chosen as control groups in the present study. The results 
revealed that the levels of proteinuria, serum BUN, SCr 
and anti-dsDNA antibody indicated that the MRL/lpr mice 
developed LN at 16 weeks old. Prednisone treatment was 
started at the early onset of LN, which reduced proteinuria, 
the anti-dsDNA antibody titer, and SCr, indicating that the 
MRL/lpr mice could mimic human LN, which allowed for 
further study of LN pathogenesis.

The dysregulation of NF-κB activation serves a promi-
nent role in the progression of LN [2, 18]. In MRL/lpr mice, 
serum TNF-α and IL-1β were significantly increased, which 
is indicative of systematic inflammation. Overexpression 
of p-p65 in the glomeruli suggested that NF-κB activation 
served an essential role in local inflammation of kidney.

As a TNF-inducible protein, A20 expression should be 
upregulated as well as a negative feedback regulating the 
NF-κB pathway triggered by TNF-α or IL-1β, via deubiqui-
tinating activity, ubiquitin binding activity and/or E3 ligase 
activity [19]. A20 deficient mice spontaneously develop 
severe inflammation, and SNPs near or in the A20 region 
are associated with SLE [20, 21]. However, little is known 
regarding A20 expression in the renal tissue of MRL/lpr 
mice and its roles in LN pathogenesis. The present results 
suggested that A20 deficiency failed to terminate NF-κB 
activation in the glomeruli of MRL/lpr mice. Prednisone 
treatment could increase A20 expression, inhibit NF-κB acti-
vation and downregulate pro-inflammatory cytokines in the 
circulation and glomeruli. A20 deficiency may contribute 
to the inflammatory state by failing to regulate the NF-κB 
pathway in MRL/lpr mice.

UCH-L1 serves an important role in proteasomal pro-
tein degradation by exhibiting ubiquitin-ubiquitin ligase 
activity, hydrolyzing ubiquitinated proteins, and binding to 
and stabilizing monoubiquitin [22]. The overexpression of 
UCH-L1 contributes to the dysregulation of UPS, resulting 
in the progressive accumulation of ubiquitinated proteins 

Fig. 2  A20 deficiency is associated with NF-κB activation and UCH-
L1 upregulation in MRL/lpr mice. The levels of a serum TNF-α 
and b IL-1β were higher in the DC groups than in the NC groups 
and were significantly reduced following prednisone treatment. c 
A20 expression decreased and was accompanied by the overexpres-
sion of d UCH-L1 and e p-p65 in the DC group. f The expression of 
A20, UCH-L1, TNF-α, IL-1β, p-p65 and T-p65 in the glomeruli was 
detected by western blotting. g A close negative correlation between 
UCH-L1 and A20 expression was observed. h A close positive cor-
relation between UCH-L1 and p-p65 expressions was observed. 
Under the confocal laser scanning microscopy, immunofluorescence 
staining revealed i A20 and j UCH-L1 expression in the glomeruli, 
A20 deficiency was observed in MRL/lpr mice accompanied with 
the overexpression of UCH-L1 and desmin, which could be cor-
rected by prednisone treatment. *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001. UCH-L1 ubiquitin C-terminal hydrolase-L1, 
NC normal control, DC disease control, Tx prednisone treatment, 
NF-κB nuclear factor-κB, TNF-α tumor necrosis factor-α, IL-1β 
interleukin-1β, p- phosphorylated, T-p65 nuclear factor-kB p65

◂
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Fig.3  Electrophoretic mobility 
shift assay analysis of UCH-L1 
DNA sequence binding with 
NF-κB p65 subunit. DNA bind-
ing was performed with nuclear 
extracts of the renal cortex. The 
band migrated via electro-
phoresis more slowly follow-
ing adding anti-p65 antibody 
(supershift, lane 11), indicating 
that the complexes contained 
p65. NC normal control, DC 
disease control, Tx prednisone 
treatment

Fig. 4  Expression of ubiquitin, desmin and synaptopodin in MRL/
lpr mice. a Western blotting against ubiquitin, desmin and synapto-
podin in the glomeruli. Quantification of b ubiquitin, c desmin and 
d synaptopodin levels; expression was normalized against GAPDH. 
Close positive correlations between e UCH-L1 and ubiquitin expres-

sions, and f UCH-L1 and desmin expressions. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001. UB ubiquitin, UCH-L1 ubiquitin 
C-terminal hydrolase-L1, NC normal control, DC disease control, Tx 
prednisone treatment
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and polyubiquitin [23]. NF-B upregulates UCH-L1 by bind-
ing to the − 300 and − 109 bp sites of the UCH-L1 promoter 
[10, 24]. The present results demonstrated that UCH-L1 
expression was regulated by NF-κB and negatively cor-
related with A20 expression in the glomeruli of MRL/lpr 
mice, which indicated that A20 deficiency failed to termi-
nate NF-B activation, resulting in UCH-L1 overexpression. 
Prednisone could inhibit the NF-B signaling pathway and 
decrease UCH-L1 expression by attenuating A20 deficiency 
in MRL/lpr mice.

The filtration barrier of the glomeruli is composed of 
fenestrated endothelial cells, GBM, as well as foot processes 
and the slit diaphragm of podocytes. Podocytes are highly 
differentiated epithelial cells that form part of the filtration 

barrier to prevent urinary protein loss [25]. The traditional 
paradigm of LN is regarded as a proliferative immune com-
plex glomerulonephritis, triggered by glomerular deposits of 
circulating IC [26]. Effacement of foot processes is a funda-
mental response to podocyte injury [14]. Only a few studies 
have reported correlations between proteinuria and diffuse 
effacement of foot processes in LN without IC deposits [27, 
28]. The present TEM results revealed diffuse effacement 
of podocyte foot processes in the DC 0w group (16 weeks 
old MRL/lpr mice), without IC deposits in renal tissue or 
evident proteinuria. These results demonstrated podocyte 
damage in the early onset of LN.

NF–B activation and UCH-L1 upregulation have been 
demonstrated to be vital in podocyte injury in IC-mediated 

Fig. 5  Morphology of podocyte foot process effacement in MRL/lpr 
mice. a Representative transmission electronic microscopy images 
at 16  weeks of age (week 0) revealed foot process effacement and 
uneven thickened GBM (white arrow head in DC 0w group), with-
out electron-dense deposits in MRL/lpr mice, when compared with 
the intact foot processes and normal-appearing podocytes of the 
controls. By 32 weeks of age (week 16), fusion of podocyte foot pro-
cesses was also more severe, with prominent electron-dense deposits 
(white arrow heads in DC 16w and Tx 16w groups) in the GBM in 

MRL/lpr mice. Original magnification, × 10,000 and × 25,000; scale 
bars, 2 nm in the top panel and 1 nm in the bottom panel. b Analy-
sis of foot process EFR, calculated as the total length of foot process 
effacement in GBM divided by the total length of GBM, c which also 
presented a positive correlation between UCH-L1 levels in MRL/lpr 
mice. *P < 0.05, **P < 0.01 and ****P < 0.0001. NC normal control, 
DC disease control, Tx prednisone treatment, GBM glomerular base-
ment membrane, EFR effacement ratio
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glomerulonephritis [10, 24]; however, little is known regard-
ing the specific substrates and biological activity of UCH-
L1. To investigate the roles of A20 and UCH-L1 in the podo-
cyte injury of LN, the present study measured the expression 
levels of ubiquitin, desmin, and synaptopodin in the glo-
meruli of MRL/lpr mice and A20 gene silenced MPCs.

UPS dysfunction, characterized by ubiquitin accumula-
tion, could trigger persistent disease in podocytes via the 
accumulation of nondegraded proteins [29]. In vitro, poly-
ubiquitin increased and monoubiquitin decreased in the 
cultured A20 gene silenced MPCs, which was indicative of 
UPS impairment. In vivo, western blotting data revealed that 
the levels of monoubiquitin did not differ among the dis-
ease and control groups, whereas polyubiquitin levels were 
higher in the DC groups than in the Tx and NC groups. 
This was a notable phenomenon and could be explained as 
follows. During the early stages of the disease (in cultured 
podocytes), low levels of monoubiquitin possibly reflected 
the increased ubiquitination processes that are required for 
the removal of misfolded or damaged proteins. UCH-L1 

upregulation coupled with monoubiquitin downregulation 
suggested there may be a feedback loop to compensate for 
the decreased monoubiquitin levels. UCH-L1 stabilizes the 
monoubiquitin pool via hydrolysis of polyubiquitin chains, 
monoubiquitin proteins and ubiquitin precursors [23]. With 
the progression of LN (in MRL/lpr mice), polyubiquitin 
accumulated, while monoubiquitin returned to normal lev-
els [23].

Desmin is an intermediate filament protein of the 
cytoskeleton that typically indicates podocyte injury [30]. 
By contrast, synaptopodin, an actin-associated protein in 
differentiated podocytes that is typically considered to 
be an important marker of mature podocytes, decreased 
markedly in injured podocytes [31]. Compared with the 
C57BL/6 mice, the increased expression of desmin was 
detected and positively correlated with UCH-L1 expres-
sion, which was in contrast to the decreased synaptopo-
din expression in MRL/lpr mice. In A20 gene silenced 
MPCs, desmin was upregulated and synaptopodin was 
downregulated by TNF-α, which was accompanied by 

Fig. 6  UCH-L1 expression, UPS impairment and cell damage 
in response to TNF-α stimulation in A20 gene silenced MPCs. 
Lysates from the treated cells were analyzed by western blotting 
and reverse transcription-quantitative polymerase chain reaction. 
The levels of A20 decreased significantly in the A20 gene silenced 
MPCs (a and c). Stimulation of TNF-α resulted in a concentration-
dependent increase in a nuclear p-p65, b and d UCH-L1, b poly UB 

and b, e desmin, and a decrease in b mono UB and b, f synaptopo-
din in the transfected MPCs via A20 siRNA. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001. UCH-L1 ubiquitin C-terminal 
hydrolase-L1, UB ubiquitin, UPS ubiquitin–proteasome system, TNF-
α tumor necrosis factor-α, MPCs murine podocyte cells, siRNA small 
interfering RNA
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UCH-L1 overexpression and polyubiquitin accumulation. 
These results suggested that UCH-L1 overexpression may 
induce podocyte damage by impairing UPS functioning in 
LN pathogenesis.

In the in vitro experiments, the highest concentration of 
TNF-α (15 ng/ml) was a relatively low concentration for 
the intervention of podocytes [32], and could not influence 
A20 expression in normal MPCs, while siRNA-scramble 
treated MPCs could be more susceptible to TNF-α stimula-
tion, therefore, the increased A20 could be secondary to 
stated concentration of TNF-α intervention. In the same 
way, the increased UCH-L1 was also secondary to TNF-α 
intervention, that was the reason that the increased A20 
was accompanied by increased UCH-L1 in the subgroup of 
siRNA-scramble podocyte. The different levels of NF-κB 
activation led to different expressions of UCH-L1, ubiq-
uitin, desmin and synaptopodin in the normal MPCs, A20 
gene silenced MPCs and siRNA-scramble treated MPCs.

Taken together, it is hypothesized that A20 deficiency 
fails to terminate NF-κB activation, which results in UCH-
L1 overexpression and leads to podocyte injury through 
UCH-L1-associated UPS impairment. The signaling path-
way underlying the A20 regulation of UCH-L1 expression 
may serve an essential role in LN pathogenesis. In addi-
tion, immunosuppression therapy may improve LN pro-
gression by attenuating A20 deficiency. In the future, the 
A20 protein may serve as a novel biomarker or therapeutic 
target in patients with LN.
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