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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoim-
mune disease that produces autoantibodies and immune 
complexes (ICs) that affect various organs and deposits com-
plement (Aringer et al. 2019). Severe SLE has many fatal 
complications, such as pericarditis, pleurisy, kidney failure, 
and brain injury. Lupus nephritis (LN) is one of the most 
common complications of SLE, and it is characterized by 
glomerular deposition of ICs, microscopic hematuria, pro-
teinuria, and progressive renal impairment (Susan Allison 
2022). The chances of progressing to chronic kidney disease 
or end-stage renal disease (ESRD) are greater for patients 
with SLE who have LN (Anadi Mahajan et al. 2020). LN 
is responsible for a significant proportion of morbidity and 
mortality in patients with SLE, and it affects 30–60% of 
adults and 70–80% of children (Amy et al., 2020). The inter-
action between immune response regulation and the patho-
logical process involving resident renal cells promotes the 
incidence and development of LN, which often manifests 
as decreased podocyte density, mesangial cell proliferation, 
neutrophil infiltration, foot process fusion, and podocyte 
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Abstract
As an essential factor in the prognosis of Systemic lupus erythematosus (SLE), lupus nephritis (LN) can accelerate the rate 
at which patients with SLE can transition to chronic kidney disease or even end-stage renal disease (ESRD). Proteinuria 
due to decreased glomerular filtration rate following podocyte injury is LN’s most common clinical manifestation. Podo-
cyte pyroptosis and related inflammatory factors in its process can promote lupus to involve kidney cells and worsen the 
occurrence and progression of LN, but its regulatory mechanism remains unknown. Accumulating evidence has shown 
that upstream stimulatory factor 2 (USF2) plays a vital role in the pathophysiology of kidney diseases. In this research, 
multiple experiments were performed to investigate the role of USF2 in the process of LN. USF2 was abnormally highly 
expressed in MRL/lpr mice kidney tissues. Renal function impairment and USF2 mRNA levels were positively correlated. 
Silencing of USF2 in MRL/lpr serum-stimulated cells significantly reduced serum-induced podocyte pyroptosis. USF2 
enhanced NLRP3 expression at the transcriptional level. Silencing of USF2 in vivo attenuated kidney injury in MRL/lpr 
mice, which suggests that USF2 is important for LN development and occurrence.
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phenotypic changes (Feng Yu et al. 2017). Podocytes are 
integral to the glomerular filtration barrier and belong to 
terminally differentiated cells. Proteinuria may be induced 
after injury, which is the main clinical manifestation of LN 
(Yuan yuan Qi et al., 2018). Several changes have been 
observed in the podocytes of LN patients, which increase 
proteinuria and damage the kidneys (Carlos Rafael-Vidal et 
al., 2021). Podocyte injury plays a role in the progression of 
LN, but the mechanism is not clear.

Various factors cause podocyte injuries, including apop-
tosis, necrosis, and pyroptosis. The assembly and activation 
of the (Nod)-like receptor family pyrin domain-containing 
3 (NLRP3) inflammasome is a key event in the occurrence 
of pyroptosis (Hélène Duez and Benoit Pourcet, 2021). 
The NLRP3 inflammasome activates caspase-1 to cleave 
pro-interleukin-1β (pro-IL-1β) and pro-interleukin-18 (pro-
IL-18) molecules into bioactive IL-1β and IL-18, respec-
tively (Parimal Samir et al. 2019; Bhesh Raj Sharma and 
Thirumala-Devi Kanneganti, 2021). Moreover, Caspase-1 
cleaves GSDMD into a segmented N-terminal fragment, and 
caspase-1 forms a pyroptotic pore by attaching to the cell 
membrane. IL-1β and IL-18 escape through the GSDMD 
pore and result in a pro-inflammatory response (Mausita 
Karmakar et al. 2020; Christophe Paget et al. 2022). As a 
result of excessive pore formation, the plasma membrane 
becomes compromised and causes pyroptosis (Sannula 
Kesavardhana et al. 2020). Activation of the NLRP3 inflam-
masome promotes podocyte injury, which leads to protein-
uria and reduces renal function (Geun-Shik Lee et al. 2012; 
Yang Zhou et al. 2020). The activated caspase-1 level in 
podocytes from NZM2328 mice with severe proteinuria is 
elevated, and increased expression of NLRP3 and IL-1β is 
found in kidney biopsies and podocytes (Fu et al. 2017). 
Increasing evidence has suggested a role for pyroptosis 
in the progression of LN (Pragnesh et al., 2017). Notably, 
Cao et al. observed that combination therapy suppressed 
pyroptosis and reduced disease progression (Heng Cao et 
al. 2021). Therefore, the study of podocyte pyroptosis and 
its molecular regulatory mechanisms is of great interest to 
improve LN prevention and treatment.

Upstream stimulatory factor 2 (USF2) is a transcription 
factor that belongs to the Myc family and forms dimers with 
DNA binding domains (Li Chen et al. 2006). USF2 plays an 
important role in kidney disease pathophysiology (Shuxia 
and Wang 2015). High glucose exposure resulted in the 
accumulation of USF2, which induced thrombospondin1 
(THBS1) gene expression and transforming growth factor 
(TGF)-activity in glomerular mesangial cells that contrib-
uted to the development of diabetic nephropathy (Lihua Shi 
et al. 2009). Knock down of USF2 downregulated THBS1 to 
inhibit the TGF-β/Smad3 signaling pathway, reduce pyrop-
tosis, and further ameliorate AKI-induced sepsis (Jian Sun 

et al., 2022). However, the expression of USF2 in LN renal 
tissues and its function in disease progression have rarely 
been reported. Therefore, elucidating the role of USF2 in 
LN pathology is crucial.

The present study found that USF2 was highly expressed 
in MRL/lpr mouse kidney tissue, and this abnormal expres-
sion may be responsible for activating NLRP3. Silencing 
USF2 effectively inhibited podocyte pyroptosis and ulti-
mately attenuated kidney injury in LN.

Materials and methods

Animal studies

The Jackson Laboratory (Bar Harbor, ME, USA) provided 
female MRL/lpr mice and C57BL/6 mice for all experi-
ments, which were approved by the Institutional Animal 
Care and Use Committee of Guizhou Medical University 
(approval number: 2,200,335). The control (NC) group 
consisted of same-age female C57BL/6 mice, and the LN 
groups were the female MRL/lpr mice. Interference frag-
ments of siRNA-USF2 were injected via the tail vein, and 
the mice were randomly divided into the MRL/lpr + sh-NC 
and MRL/lpr + sh-USF2 groups. The animals were sac-
rificed using intraperitoneal overdose injections of 0.6% 
sodium pentobarbital. Kidney, serum, and urine samples 
were collected for further research.

Cell lines and reagents

Human conditionally immortalized glomerular podocytes 
(ATCC, USA) were used in experiments. McCoy’s 5  A 
Medium (Modified) (Biological Industries, USA) was used 
to culture cells at 37 °C in an incubator with 5% CO2 and 
10% fetal bovine serum (FBS; Gibco, USA). Antibody-
related information is shown in Supplementary Table  1. 
Invitrogen provided Lipofectamine 2000 (Carlsbad, CA, 
USA). The siRNAs for USF2 and the control were obtained 
from GenePharma (Shanghai, China), as shown in Supple-
mentary Table  2. ImmunoChemistry Technologies, LLC 
provided the FAM-FLICA® Caspase-1 (YVAD) Assay Kit 
(Minnesota, USA).

Western blotting (WB)

Protein concentrations were obtained quantitatively using a 
BCA kit (Beyotime) after total protein extraction in RIPA 
lysis buffer. Analysis of protein samples was performed 
using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). After incubation of the primary 
antibodies overnight at 4 °C, the secondary antibodies were 
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detected using HRP-conjugated secondary antibodies. The 
immunoblots were analyzed using an enhanced chemilu-
minescence (Smart) WB detection kit, and the signal den-
sity was analyzed using an image analysis system (ImageJ, 
National Institutes of Health, USA). Relative protein levels 
were calculated based on the density ratio of the target pro-
tein to GAPDH.

Analysis of histopathology

The kidney tissues were immersed in a 4% paraformalde-
hyde solution before wax embedding. Tissues were serially 
sectioned into 4-µm thick slices. The sections were routinely 
dewaxed in water and stained with hematoxylin and eosin 
(HE) following standard procedures (Robert et al., 2014) 
to assess kidney tissue damage. Masson’s trichrome and 
Sirius red staining were used to assess collagen deposition. 
Glomerular basement membrane lesions were observed 
using periodic acid-Schiff (PAS) staining. Shirong Zheng 
(Shirong Zheng and Paul N Epstein, 2021) et al. section’s 
staining method was used for immunohistochemistry (IHC). 
Sections were probed with appropriate primary antibodies. 
The USF2 antibody was used at a 1:80 dilution followed 
by corresponding secondary antibodies. A light microscope 
was used to examine and image the slides (Olympus Corpo-
ration, Tokyo, Japan). Immunofluorescence was performed 
according to previously described methods (Racetin et al. 
2021; Bo Diao et al. 2021). The renal tissue activity index 
(AI) score of lupus nephritis was calculated using the Austin 
method (Austin et al., 1984). This index was defined as the 
sum of individual scores of the following items considered 
to represent measures of active lupus nephritis: glomerular 
proliferation, leucocyte exudation, karyorrhexis/fibrinoid 
necrosis (x2), cellular crescents (x2), hyaline deposits, and 
interstitial inflammation. The maximum score was 24 points 
for the Activity Index. The same expert animal pathologist 
blindly evaluated all pathological sections. We observed the 
sections using an Olympus confocal microscope (Olympus, 
Tokyo, Japan). Sections were analyzed using the ImageJ 
analysis system (National Institutes of Health, USA).

Luciferase reporter assay

Transfection and dual luciferase reporter assay 293T cells 
were co-transfected with pGL3-Basic NLRP3 promoter 
vectors, pCMV-USF2 plasmids, vectors and plasmids pur-
chased from Era Biotech (Shanghai, China). The luciferase 
activity of the extracts was measured using a Dual Lucif-
erase Assay, as directed by the manufacturer. The plasmid 
pRL-TK, containing the Renilla luciferase gene, was used 
as an internal control. The PRL-TK plasmid was purchased 
from Promega (Madison, Wisconsin, USA).

Quantitative real-time PCR (RT-PCR)

TRIzol (Takara, Japan) was used for total RNA extraction. 
A reverse transcription kit from Takara was used to synthe-
size cDNA following the manufacturer’s instructions. qPCR 
was performed using Sybrgreen qPCR Master Mix (Takara, 
Japan) on a Bio-Rad CFX Connect Real-Time Detection 
System. The comparative Ct method was used to deter-
mine the fold change in expression levels using the formula 
2−ΔΔCt with GAPDH as a calibrator. The primer sequences 
are shown in Supplementary Table 2.

Caspase-1/PI double staining

A flow cytometer was used to measure caspase-1 and PI 
fluorescence of samples for pyroptosis analysis. A FLICA 
660 Caspase-1 Detection Kit was used to detect active cas-
pase-1, and PI staining was used to evaluate membrane 
integrity. The cell density for podocyte samples was adjusted 
to 2–5 × 105/ml, as recommended by the manufacturer. We 
added FLICA 660 working solution to cell suspensions in a 
1:30 − 1:60 (v/v) ratio. The cells were incubated at 37 °C, 
washed with wash buffer and centrifuged. A wash buffer 
was used to resuspend and gently mix the cells after dis-
carding the supernatants. PI was added to the suspensions 
five minutes before flow cytometry analysis (NovoCyte, 
California, USA).

Chromatin immunoprecipitation (ChIP) assay

The Millipore ChIP assay kit (Bedford, Massachusetts, 
USA) was used to perform the ChIP assays according to the 
manufacturer’s protocol. Briefly, immunoprecipitation was 
performed using an antibody against USF2 (Abcam, UK), 
and irrelevant IgG was used as a control. Using specific 
primers targeting the predicted USF2 binding site on the 
conserved region of the NLRP3 promoter, PCR was used to 
identify the precipitated DNAs.

Statistical analysis

This report presents quantitative data as the means ± stan-
dard deviation (SD). The data were analyzed in GraphPad 
Prism 5.00 (San Diego, CA, USA), and statistical signifi-
cance was determined using one-way analysis of variance 
(ANOVA). Differences were considered significant at a P 
value less than 0.05. Each experiment was performed at 
least three times.
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positively correlated with biochemical function indicator 
levels (Fig.  3B, D, F). These findings indicate that USF2 
expression contributes to renal function impairment in 
MRL/lpr mice.

Silencing USF2 significantly delays podocyte 
pyroptosis

To better understand the role of USF2 in podocyte pyropto-
sis, siRNA was transfected into podocytes to silence USF2 
expression after serum stimulation, and the podocytes were 
divided into four groups. Immunofluorescence and WB 
analyses were performed to determine podocyte marker 
protein, USF2 and pyroptosis protein levels. PI staining 
was used to identify pyroptosis-induced changes in mem-
brane permeability in the pyroptosis assay. The pyroptosis 
rate was determined by double-staining for active caspase-1 
and PI (Hao et al. 2020). The results showed that stimulat-
ing serum from patients with LN increased USF2 protein 
expression and promoted podocyte pyroptosis.

Silencing of USF2 partially abrogated the LN serum-
induced increase in NLRP3, caspase-1, and IL-1β expres-
sion (Fig. 4A). High expression of synaptopodin proteins is 
necessary to preserve podocyte structure, which controls the 
shape and motility of podocyte foot processes. The podo-
cyte expression of desmin, an established marker of podo-
cyte injury (Huby AC et al. 2009; Lin MH et al. 2018), was 
monitored using confocal microscopy. The results showed 
that LN serum stimulation increased desmin expression 
and decreased synaptopodin expression, which suggests a 
pathway for podocyte damage (Fig.  4B). Flow cytometry 
data revealed that the ratio of double-positive podocytes 
obtained from an MRL/lpr serum-stimulated model was sig-
nificantly higher than the control group. However, silencing 
USF2 prevented pyroptosis caused by LN serum in podo-
cytes (Fig.  4C). These data demonstrate that inhibiting 
USF2 effectively reduces pyroptosis in podocytes induced 
by LN serum.

USF2 transcriptionally regulates NLRP3 expression 
in lupus nephritis

The mRNA levels of USF2 and NLRP3 were examined 
using qRT-PCR in mouse kidney tissues of each group to 
determine whether these levels correlated with LN pro-
gression. Compared to the C57BL/6 group, MRL/lpr mice 
showed significant increases in the mRNA levels of USF2 
and NLRP3 (Fig. 5A, B). Spearman’s correlation analysis 
showed that USF2 expression positively correlated with 
NLRP3 in mouse kidney tissue (P < 0.001, r = 0.8170. 
Figure  5D, E), and the upregulation of USF2 expression 
increased NLRP3 mRNA levels in cells (Fig.  5C). USF2 

Results

USF2 expression was increased in MRL/lpr mouse 
renal tissue

The MRL/lpr and C57BL/6 mice were sacrificed, and their 
kidneys were analyzed to determine the expression of USF2. 
HE, Masson’s trichrome, Sirius red, and PAS were used 
to stain renal tissue sections from MRL/lpr and C57BL/6 
mice to investigate the morphological differences between 
the two groups. IHC was used to examine the expression 
and localization of USF2. Compared to the C57BL/6 group, 
the renal tubules in the MRL/lpr group were irregularly 
arranged, and significant focal atrophy was observed. The 
glomeruli showed inflammatory cell infiltration, mesan-
gial cell hyperplasia, and protein-like degeneration, with 
significant damage to the glomerular structure. Masson’s 
trichrome and Sirius red staining showed that the MRL/lpr 
group had significantly higher collagen and matrix levels in 
the renal tissue compared to the C57BL/6 group. PAS stain-
ing revealed severe mesangial matrix proliferation in the 
glomeruli of the MRL/lpr group (Fig. 1A, B). Immunohis-
tochemical results revealed that USF2 was primarily found 
in the nucleus. USF2 expression in the renal tissue of MRL/
lpr mice was significantly higher than in C57BL/6 mice 
(Fig. 1A, C). In this study, the AI score of lupus nephritis 
in the MRL/lpr group was significantly higher than that in 
the C57BL/6 group (Fig.  1D). USF2, caspase-1, cleaved 
caspase-1, IL-18 and IL-1β protein levels were determined 
using WB analysis, and the findings confirmed that USF2, 
caspase-1, cleaved caspase-1, IL-18 and IL-1β expression 
was significantly higher in MRL/lpr mouse kidney tis-
sue (Fig. 2A, B). The tissue immunofluorescence findings 
confirmed that USF2 and caspase-1 expression was signifi-
cantly higher in MRL/lpr mouse kidney tissue (Fig. 2C, D). 
These findings indicate that MRL/lpr mice had damaged 
kidneys and increased USF2 expression.

USF2 expression in MRL/lpr mouse renal tissues 
positively correlates with biochemical function 
indicators

Serum creatinine (CRE), blood urea nitrogen (BUN) and 
urinary protein were evaluated to reflect the degree of kid-
ney damage and functional change. These three indicators 
were distinctly increased in LN patients. To investigate 
whether USF2 expression correlated with renal function, 
these three indicators were assessed in the two groups of 
mice. We observed a significant increase in biochemical 
function indicators in the MRL/lpr mice compared to the 
control group (Fig. 3A, C, E), which increased rapidly as 
nephritis progressed. The USF2 mRNA levels in renal tissue 
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Fig. 1  Pathological analysis of renal tissue in mice. Renal tissue sec-
tions from MRL/lpr and age-matched C57BL/6 mice were stained 
with (a) HE, and the results revealed inflammatory cell infiltration 
(red arrow) and mesangial cell hyperplasia (green arrow). Masson’s 
trichrome, Sirius red, and PAS showed mesangial matrix proliferation 

(yellow arrow). (b) % control is the relative positive area. Immunohis-
tochemical analysis of mouse kidneys for USF2 results revealed that 
it was primarily found in the nucleus (blue arrow). (c) % control is 
the relative positive area. d. Increased renal pathological scores in the 
MRL/lpr mouse group

 

1 3

317



Journal of Molecular Histology (2023) 54:313–327

the pGL3-Basic and pCMV-USF2 co-transfection had no 
significant effect on the relative luciferase activity, but it 
increased the co-transfection with pGL3-Basic-NLRP3 and 
pCMV-USF2 (Fig. 5F). A ChIP assay using NLRP3-specific 
primers confirmed the interaction of the USF2 protein with 
the NLRP3 gene promoter (Fig. 5G). Therefore, USF2 may 

may act as a novel regulator of inflammasome produc-
tion as a transcriptional regulator. An investigation of the 
binding relationship between USF2 and NLRP3 was per-
formed using the JASPAR bioinformatics prediction web-
site, and the binding site was discovered (Supplementary 
Fig.  1). A luciferase reporter experiment confirmed that 

Fig. 2  USF2 protein levels in mouse kidneys. a, b. WB was used to 
detect USF2, caspase-1, cleaved caspase-1, IL-18 and IL-1β protein 
expression in the kidneys of MRL/lpr and age-matched C57BL/6 

mice, and densitometry was used to analyze the protein expression. c, 
d. USF2 and caspase-1 protein expression was detected using immu-
nofluorescence analysis. DAPI was used for nuclear staining
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with dilated lumens. The glomerular histological structure 
was damaged, and atrophy was observed (Fig. 6B). Sirius 
red and PAS staining showed that the MRL/lpr + sh-NC 
group exhibited clear pathological changes in the kidney, 
such as proliferation of mesangial cells, destruction of the 
glomerular structure, and infiltration of inflammatory cells, 
including cellular enlargement, basement membrane thick-
ening, and increased cellular casts (Fig. 6C, D). As shown in 
Fig. 6E, MRL/lpr + sh-USF2 mice had significantly reduced 
renal pathology scores compared to MRL/lpr + sh-NC mice 
(Fig. 6E). These results suggest that silencing USF2 would 
improve renal histopathological damage in MRL/lpr mice.

regulate inflammasome production by targeting the NLRP3 
promoter and inducing transcriptional activation of NLRP3.

USF2 depletion attenuates the progression of 
kidney injury in MRL/lpr mice

To investigate the function of USF2 in mice, siRNA-USF2 
was injected via the tail vein into mice for USF2 knockdown. 
IHC staining showed that compared to the MRL/lpr + sh-NC 
group, the expression of USF2 was decreased in the MRL/
lpr + sh-USF2 group (Fig.  6A). HE staining of renal sec-
tions from the MRL/lpr + sh-NC group showed renal tubu-
lar epithelial cells with edema, degeneration, swelling, 
necrosis and renal tubular cells infiltrated by inflammation 

Fig. 3  Correlation between USF2 
mRNA levels in renal tissue and 
the degree of renal impairment. 
a. Urinary protein levels in mice 
were detected for analysis of 
renal function. b. Spearman’s 
correlation analysis was used 
to determine the relationship 
between USF2 mRNA expres-
sion and urinary protein levels. 
c. BUN levels in mice were 
detected for analysis of renal 
function. d. Spearman’s correla-
tion analysis was used to deter-
mine the relationship between 
USF2 mRNA expression and 
BUN levels. e. Serum CRE levels 
in mice were detected for analy-
sis of renal function. f. Spear-
man’s correlation analysis was 
used to determine the relationship 
between USF2 mRNA expression 
and serum CRE levels. The data 
are presented as the means ± SD 
of 3 independent experiments
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Fig. 4  Effect of USF2 silencing on pyroptosis progression in podo-
cytes. USF2 siRNA was transfected into podocytes stimulated with 
serum from MRL/lpr mice, and serum from C57BL/6 mice added 
to the cells of the NC group at the same dose. a. USF2, NLRP3 and 
related indicators of pyroptosis levels were analyzed using WB in the 
4 indicated groups b. USF2, synaptopodin and desmin levels were 
detected using immunofluorescence analysis in the 4 indicated groups. 
c. The rate of pyroptotic cell death was examined using active PI and 

caspase-1 double staining and flow cytometry (n = 3). USF2 knock-
down led to a decreased rate of pyroptotic cell death. The data are pre-
sented as the means ± SDs. One-way analysis of variance (ANOVA) 
with Tukey’s multiple comparison test was performed. Compared to 
the C57BL/6 serum group: *P < 0.05, **P < 0.01, ***P < 0.001. Com-
pared to the MRL/lpr serum + siRNA-NC group: #P < 0.05, ##P < 0.01, 
###P < 0.001
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Fig. 5  USF2 promotes NLRP3 expression via transcriptional regula-
tion in lupus nephritis. a. USF2 mRNA expression in MRL/lpr and 
age-matched C57BL/6 mice. b. NLRP3 mRNA expression in MRL/lpr 
and C57BL/6 mice. c. After transfection of cells with pCMV-vector or 
pCMV-USF2, the mRNA levels of USF2 and NLRP3 were measured. 
d, e. Spearman’s correlation analysis of the relationship between 

USF2 and NLRP3 mRNA levels. f. The NLRP3 promoter is activated 
by USF2. In HEK293 cells, the NLRP3 promoter construct was co-
transfected with pCMV-USF2, and the relative luciferase activity 
was determined. g. ChIP‒qPCR confirmed the binding relationship 
between USF2 and the NLRP3 promoter. Compared to IgG: *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 6  Pathological analysis of renal tissue in mice with silenced USF2. 
a. Immunohistochemical analysis of mouse kidneys for USF2. The 
results showed that USF2 was primarily found in the nucleus and that 
USF2 expression was reduced in the MRL/lpr + sh-USF2 group (blue 
arrow). b, c, d. Kidney tissue sections from mice were subjected to 

HE staining, Sirius red staining and PAS staining. The results revealed 
inflammatory cell infiltration (red arrow), proliferation of mesangial 
cells (green arrow), mesangial matrix proliferation (yellow arrow), and 
renal tubular atrophy (light blue arrow). e. Decreased renal pathologi-
cal scores in the MRL/lpr + sh-USF2 mouse group
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for the development of proteinuria and glomerular damage 
(Wang et al. 2014). Pyroptosis is important in the pathogen-
esis of LN because it causes the release of intact nuclei and 
serves as a source of autoantigens for potential antinuclear 
antibodies (M Magna and D S Pisetsky, 2015; Ye Yang et 
al. 2020; Yaqiu Wang and Thirumala-Devi Kanneganti, 
2021). NLRP3 is an intracellular multiprotein complex that 
activates the pyroptosis signaling pathway, which is a pro-
inflammatory programmed cell death signaling pathway 
(Amy et al., 2020; Spinello et al. 2019). NLRP3 activation 
recruits and activates the caspase-1 precursor, and inflamma-
tion increases NLRP3 transcription and activity (Juan et al. 
2022). Caspase-1 of the inflammasome component is acti-
vated with inflammasome activation and assembly, which 
enhances proteolytic cleavage and the release of proinflam-
matory cytokines, such as IL-1β and IL-18 (Van Opden-
bosch and Lamkanfi 2019). Cleaved caspase-1 activates 
the pore-forming effector protein GSDMD, which causes 
pyroptosis by puncturing cell membranes and releasing pro-
inflammatory cytokines (Daigo Nakazawa et al. 2017). The 
NLRP3 inflammasomes in podocytes are activated by RIP3-
dependent pathways in mice and people with LN, and the 
inhibition of RIP3 slows disease progression (Fu et al. 2019; 
Guo et al. 2019). Increased expression of NLRP3, caspase-1 
and IL-1β in LN is evident in kidney biopsies and podocytes 
(Fu et al. 2017). Lupus-prone mice had improved protein-
uria, renal histological lesions, and podocyte foot process 
effacement when NLRP3 inflammasomes were suppressed 
with a caspase-1 inhibitor (Liu et al. 2014). Therefore, the 
role of podocyte pyroptosis in LN is increasingly important 
and has been investigated by several researchers (Heng Cao 
et al. 2021).

USF2 regulates adenovirus major late promoter tran-
scription (Sawadogo M and Roeder RG, 1985). USF2 is 
ubiquitously expressed in mammals and has a molecular 
weight of 44 kDa. An essential component of the Myc fam-
ily of transcription factors is a basic helix loop helix/leucine 
zipper domain that plays a role in dimerization and binding 
to DNA. USF2 forms homo- and heterodimers that recog-
nize the CACGTG core sequence (E box) in vitro (Sirito et 
al. 1994). USF2 regulates numerous genes (Yanzhang Li et 
al., 2010). Research studies increasingly suggest that diabe-
tes-induced kidney injury may be induced by high glucose-
stimulated USF2 expression in HK-2 cells via the activation 
of CREB (Nishant et al. 2011). Transgenic USF2 mice over-
express TGF-β to modulate kidney disease progression, and 
increased TGF-β levels are associated with activation of 
profibrotic pathways triggered by oxidative stress (Shu Liu 
et al. 2007). USF2 promotes renin gene expression in kidney 
cells, which results in angiotensin II production. Angiotensin 
II increases TGF-β levels and extracellular matrix produc-
tion in kidney cells, which result in renal fibrosis (Matsuda 

Discussion

SLE is an autoimmune disease that is characterized by self-
tolerance loss, the formation of nuclear autoantigens and 
ICs, and inflammation of multiple organs (Romo-Tena J 
and Kaplan MJ, 2020). There are various clinical presen-
tations of SLE, including skin, kidney, joints, and nervous 
system involvement, and chronic and relapsing disease pat-
terns (Sullivan et al., 2016). LN is a complex clinical mani-
festation of SLE associated with significant morbidity and 
mortality. Despite effective anti-inflammatory and immuno-
suppressive therapies, most patients develop CKD or ESRD 
(Ronith Chakraborty et al. 2020; Michela Gasparotto et al. 
2020). SLE is primarily caused by antibodies against differ-
ent nuclear autoantigens, such as DNA and RNA double-
stranded chains (May et al. 2020; Bai Yunqiang et al. 2018). 
The formation of ICs between autoantibodies and autoan-
tigens and their abnormal clearance may cause permanent 
inflammation and contribute to tissue or organ damage 
(Joshua et al., 2019). The immune complex is deposited in 
the glomeruli, which activates complement and infiltration 
of immune cells that lead to proinflammatory responses and 
pathological changes in the glomeruli (Desmond Yh Yap et 
al., 2018). The MRL/MpJ-Faslpr (MRL/lpr) mouse strain 
was chosen because these mice produce anti-DNA autoan-
tibodies and renal immune deposits containing IgG, IgM, 
IgA, and C3, which affect the kidney’s systemic autoim-
mune disease (Hasanain Alaridhee et al. 2020). This process 
is consistent with the pathological findings of LN mouse 
kidneys in the present study. When IC is deposited with 
complement activation, it induces LN, which damages the 
glomeruli and leads to tissue inflammation (Hamza Sakhi et 
al. 2019). Evidence suggests that podocytes are directly or 
indirectly affected by IC deposits in LN (Wang et al. 2014), 
which has led many studies to emphasize the importance of 
podocyte injury in this disease (Andrew et al., 2016).

A podocyte is a component of the glomerular filtration 
machinery that is crucial for renal function (Perico et al. 
2016a, b). Podocytes are highly differentiated epithelial 
cells, and foot process extensions anchor podocytes to the 
basement membrane, where they form slit diaphragms, 
which are considered filtration barriers (Reiser J and Altintas 
MM, 2016). Cellular junctions are found at the slit dia-
phragm, where podocyte-specific proteins interact with the 
actin cytoskeleton, including synaptopodin, nephrin, podo-
cin, and desmin (Lili Zhou et al. 2019). The actin cytoskel-
eton plays an important role in podocyte foot formation and 
dynamics (Sanja Sever and Mario Schiffer, 2018). Foot pro-
cess effacement (FPE) with secondary podocyte detachment 
may result from disruption of the actin cytoskeleton, which 
is linked to heavy proteinuria (Perico et al. 2016a, b). Podo-
cyte injury is common in LN patients, and it is responsible 
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Appendix

Fig. 1  USF2 is expressed in podocytes. a. USF2 protein expression in 
normal podocytes without any treatment was confirmed by Western 
blotting. b. Immunofluorescence revealed that USF2 was expressed in 
the nucleus of podocytes
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et al. 2013). TGF-β promotes the expression of plasminogen 
activator inhibitor 1 (PAI-1) in the kidney via the Smad-p53-
USF2 pathway, which is upregulated in obstructed kidneys 
(Samarakoon et al. 2012)., USF2 was upregulated during 
Th17 cell differentiation from naïve CD4 + cells, and silenc-
ing USF2 reduced proinflammatory cytokine TNF-α levels 
in Th17 cells (Rauhamäki et al. 2018). Inhibition of USF2 
gene expression reduced T-bet expression, proinflammatory 
cytokines, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) gene expression in rheumatoid arthritis 
(RA) pathogenesis. Direct targeting of the USF2 signaling 
pathway in anti-TNF-refractory RA may be a promising 
therapeutic strategy (Dan et al. 2020). Tang et al. discovered 
that pyroptosis-related genes that were highly expressed 
in one cluster positively correlated with USF2, ZNF623, 
PSMB5, and other genes (Tang et al. 2022). Notably, Sun 
et al. (Jian Sun et al., 2022) reported that the knock down 
of USF2 inhibited the TGF-β/suppressor against the Smad3 
signaling pathway in sepsis-induced acute kidney injury 
(SAKI), and THBS1 expression was downregulated, which 
reduced pyroptosis and improved renal injury.

The degree of renal function injury significantly and pos-
itively correlated with USF2 overexpression in the current 
study. USF2 silencing effectively inhibited podocyte pyrop-
tosis. SLE is characterized by an immune-mediated inflam-
matory response that increases USF2 production in renal 
tissues, which activates the downstream NLRP3/caspase-1 
pathways to increase pyroptosis in podocytes and promote 
LN formation. The current study revealed that USF2 had a 
protective mechanism against LN by regulating NLRP3 to 
induce pyroptosis in podocytes. The direct role of USF2 in 
treating clinical LN patients has not been fully characterized 
and warrants further study.
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