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A B S T R A C T

Acute kidney injury (AKI) is a globally recognized public health issue that lacks satisfactory therapeutic stra
tegies. Deubiquitinase ubiquitin-specific protease 13 (USP13) regulates various pathophysiological processes via 
the deubiquitination of multiple substrates. However, its role in AKI remains unclear. To illustrate the role and 
underlying mechanism of USP13 in AKI, we subjected Usp13 knockdown mice, and mice treated with the USP13 
inhibitor spautin-1, and mice with USP13 overexpression plasmids to cisplatin challenge. Renal tubular epithelial 
cell injury and mitochondrial disturbances were determined in vitro. Immunoprecipitation and deubiquitylation 
assays were performed to verify the interactions between USP13 and myeloid cell leukemia (MCL-1). We 
observed a significant decrease of USP13 expression in cisplatin-challenged AKI mice and renal tubular epithelial 
cells. Overexpression of USP13 alleviated kidney injury, whereas knockdown or inhibition of USP13 further 
exacerbated AKI. Mechanistically, USP13 downregulation resulted in increased degradation of MCL-1 which is a 
key regulator of cell survival and mitochondrial function, and the resultant MCL-1 reduction disrupted mito
chondrial homeostasis and aggravated renal tubular epithelial cell injury and death, contributing to AKI pro
gression. In conclusion, our findings demonstrated that inhibition of USP13 could exacerbate mitochondrial 
dysfunction and AKI through its effects on MCL-1, and USP13 may serve as a target for AKI prevention and 
treatment.

1. Introduction

Acute kidney injury (AKI) is a common disease with a dramatic 
decline in renal function in a short period [1,2]. Etiologies of AKI include 
toxins, drugs, ischemia, hypoxia, infections, trauma, and operations 
[3,4]. Nephrotoxicity is the most common adverse effect observed in 
patients receiving cisplatin chemotherapy. AKI can develop into acute 
renal failure, which requires continuous renal replacement therapy, and 
places a significant financial burden on families and society [5]. In 
addition, the mechanism of AKI occurrence is complex, and there is 
currently no specific targeted therapy available. Therefore, an in-depth 

exploration of the molecular mechanisms of AKI and the search for novel 
targets for intervention may provide novel insights for the prevention 
and treatment of clinical AKI.

Ubiquitin-specific protease 13 (USP13) is a member of the deubi
quitinases (DUBs) family and plays vital roles in a variety of patho
physiological processes by removing ubiquitin from substrates, 
including the cell cycle, DNA damage repair, neurodegeneration, and 
tumorigenesis [6,7]. Previous studies revealed that USP13 could posi
tively regulate the cell cycle and DNA damage repair while served as a 
negative regulator in the pathogenesis of neurodegenerative diseases 
[8–10]. The role of USP13 in tumorigenesis is still controversial, for 
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most studies supported USP13 as an oncogenic factor owing to its deu
biquitination and stabilization of multiple carcinogenic factors while the 
tumor suppressor phosphatase and tensin homolog was also recognized 
as a substrate of USP13 [11–13]. Currently, little research has been 
conducted on the role of USP13 in renal diseases. In kidney cancers, 
USP13 stabilized the zinc fingers and homeoboxes 2 (ZHX2) to facilitate 
renal cell carcinoma progression [14]. Recently, a study reported that 
the anti-tumor drug nilotinib-induced USP13 downregulation failed to 
stabilize Bcl-xL and the reduction in Bcl-xL levels led to mitochondrial 
damage and apoptosis activation, thereby accelerating kidney injury 
and fibrosis [15]. However, no study has elucidated the role of USP13 in 
AKI.

Recent studies have described deubiquitination of myeloid cell leu
kemia (MCL-1) by USP13 [16]. MCL-1 is an important anti-apoptotic 
factor in B-cell lymphoma-2 (BCL-2) family, and is widely distributed 
in various tissues and cells [17,18]. Numerous studies have shown the 
high expression of MCL-1 in various tumor types and promotes tumor 
progression by inhibiting cell apoptosis [19]. In addition to promoting 
tumorigenesis, the anti-apoptotic effect of MCL-1 is vital for early 
erythropoiesis [20], cell survival [21–24], and nervous system devel
opment [25]. Notably, MCL-1 is indispensable for maintaining mito
chondrial structure and function. Mice lacking the Mcl-1 gene in 
cardiomyocytes have been shown to spontaneously develop fatal dilated 
cardiomyopathy accompanied by mitochondrial structural abnormal
ities and respiratory defects [26,27]. Other studies have also highlighted 
the necessity of MCL-1 for ATP production, mitochondrial respiration, 
mitochondrial dynamics, and maintenance of mitochondrial ridge 
structures [28–30]. These investigations suggest an irreplaceable role 
for MCL-1 in maintaining normal mitochondrial homeostasis.

Mitochondria are energy supply factories and are particularly 
important for cells with high energy requirements, such as renal tubular 
epithelial cells. However, mitochondria are extremely susceptible to 
various stimuli such as toxins, ischemia, and hypoxia. Mounting evi
dence has revealed that mitochondrial dysfunction, including oxidative 
stress, impaired mitophagy, mitochondrial DNA (mtDNA) damage, and 
metabolic disorders, is closely associated with AKI [31–34]. Many 
studies, our previous work included, have demonstrated that impaired 
mitochondrial function further advances AKI, whereas restoring mito
chondrial function can significantly alleviate kidney injury [35–38].

In the present study, cisplatin- and folic acid (FA)-treated mice and 
tubular epithelial cells were utilized to explore the role of the USP13/ 
MCL-1 axis in AKI. We demonstrated that USP13/MCL-1 was down
regulated in AKI, and high-expression of USP13 or MCL-1 mitigated 
kidney injury, whereas gene knockdown or pharmacological inhibition 
of USP13 exacerbated the progression of kidney injury by disrupting 
mitochondrial function and promoting cell death. Our data provides a 
potential strategy for targeting USP13/MCL-1 to prevent and treat AKI.

2. Materials and methods

2.1. Chemical and reagents

Cisplatin (H20023461) was purchased from Qilu Pharmaceutical 
(Shandong, China), and spautin-1 (HY-12990) was obtained from 
MedChemExpress (Shanghai, China). The TdT mediated dUTP nick end 
labeling (TUNEL) staining kit (A112-02) was obtained from Vazyme 
(Nanjing, China). Thermo Fisher Scientific (Waltham, MA, USA) sup
plied Tetramethylrhodamine methyl ester (TMRM) (I34361) and Mito
SOX (M36008) kits. Annexin V-FITC Apoptosis Detection Kit was 
obtained from BD Biosciences (New Jersey, USA). Primary antibodies 
against USP13 (Cat No. 16840, Cat No. 66176), MCL-1 (Cat No. 16225), 
BCL-2 (Cat No. 26593), optic atrophy protein (OPA1) (Cat No. 27733), 
GAPDH (Cat No. 60004), β-actin (Cat No. 66009), LaminB1 (Cat 
No.12987), and HA (Cat No.51064) were acquired from Proteintech 
(Wuhan, China). Antibodies against neutrophil gelatinase–associated 
lipocalin (NGAL) (Ab63929), translocase of outer mitochondrial 

membrane 20 (TOM20) (Ab56783), and dynamin-related protein 1 
(DRP1) (Ab184247) were obtained from Abcam (Cambridge, UK). The 
kidney injury molecule 1 (KIM-1) antibody (AF1817) was provided by 
R&D Systems (Minneapolis, MN, USA), and the FLAG antibody (F1804) 
was supplied by Sigma-Aldrich (St. Louis, Missouri, USA).

2.2. Human specimens

Human research protocols got approval from the Children's Hospital 
of Nanjing Medical University Medical Ethical Committee and in 
accordance with declaration of Helsinki. All patients signed a written 
informed consent form. Four kidney biopsy samples were obtained from 
AKI patients admitted to the Department of Nephrology, Children's 
Hospital of Nanjing Medical University. Five para-carcinoma kidney 
biopsy samples from patients who underwent partial nephrectomy for 
benign renal tumors were used as normal controls. AKI diagnosis was 
made based on the KDIGO criteria. Table S1 shows the clinical param
eters of AKI patients.

2.3. Animal studies

All animal experiments complied with ARRVIE guidelines and were 
carried out based on the principles formulated by the National Ministry 
of Science and Technology of China. The experimental protocols 
received approval from the Animal Ethics Review Committee of Nanjing 
Medical University.

Wild-type (WT) mice and Usp13 heterozygous (Het) mice with a 
C57BL/6N background were obtained from GemPharmatech (Nanjing, 
China) and raised in a pathogen-free animal facility. They were kept 
under a 12:12 h light/dark cycle with eating and drinking ad libitum. We 
conducted all our animal experiments at the Animal Research Center of 
Nanjing Medical University and all experimental protocols got approval 
from the Institutional Animal Care and Use Committee of Nanjing 
Medical University (2407058).

Three experiments were performed to elucidate the role of USP13 in 
cisplatin-induced AKI. First, we divided Usp13 Het and WT mice into 
four groups: WT + Saline, WT + Cis, Het + Saline, and Het + Cis. These 
mice were injected with an equal amount of saline or cisplatin (25 mg/ 
kg) intraperitoneally. Three days later, we euthanized the mice and 
collected blood and kidney tissues for measurements. Second, USP13 
was overexpressed in the kidneys of mice through tail vein injection of 
USP13 plasmids. Mice received 80 μg scrambled or USP13 plasmids 
dissolved in 2 mL of saline, administered via high pressure injection 
within 5–10 s. After 36 h, cisplatin was intraperitoneally administered to 
induce kidney injury. Third, a USP13 inhibitor, spautin-1 (10 mg/kg), 
was pre-administered to mice via intraperitoneal injection 1 day before 
cisplatin treatment and continued once daily for the following 3 days 
until the mice were euthanized.

To verify the role of USP13 in AKI, we also conducted FA-induced 
mice model. Mice were divided into two groups: WT + FA and Het +
FA; they were treated with FA (250 mg/kg) via a single intraperitoneal 
injection or an equal amount of sodium bicarbonate. After 24 h, these 
mice were euthanized.

To investigate the role of MCL-1 in cisplatin-AKI, MCL-1 or scram
bled plasmids (80 μg/per mouse) were used to overexpress MCL-1 in 
mouse kidney tissues via tail vein injection. After 36 h, cisplatin was 
intraperitoneally injected to induce AKI. After 3 days, the mice were 
euthanized, and blood and kidney tissues were harvested.

2.4. Serum biochemistry analysis

Blood samples were collected and serum was obtained via centrifu
gation at 3000 rpm for 20 min. Serum creatinine (Cr) and blood urea 
nitrogen (BUN) levels were determined by an automatic biochemistry 
analyzer, and serum cystatin C (Cys C) concentrations were determined 
with an ELISA kit.
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2.5. Histology

Mouse kidney tissues were sequentially fixed in 4 % para
formaldehyde overnight, dehydrated using a tissue dehydrator, and 
embedded in paraffin. Periodic acid-schiff (PAS) staining (G1281, 
Solarbio, China) was performed in 3 μm thick slices following the 
manufacturer's instructions. Under a microscope, the sections were 
examined and scored based on the degree of pathological damage: 
0 (normal), 1 (<25 % damage), 2 (25 %–50 % damage), 3 (50 %–75 % 
damage), and 4 (>75 % damage).

2.6. TdT mediated dUTP nick end labeling staining

Kidney cell apoptosis was examined utilizing a TUNEL BrightGreen 
Apoptosis Detection Kit (A112-02), according to the manufacturer's in
structions. A confocal microscope (LSM710; Carl Zeiss, Germany) was 
used to capture apoptotic cells showing green fluorescence. At least five 
randomly selected non-overlapping fields were counted for each sample.

2.7. Immunohistochemistry

Immunohistochemistry (IHC) staining was performed using an IHC 
detection kit (ZSGB-BIO, PV-9000) following the manufacturer's in
structions. 3 μm kidney slides were deparaffinized before antigen 
retrieval. Then the slides were incubated in 3 % hydrogen peroxide for 
10 min, washed three times with PBS, and blocked with 5 % goat serum 
for 1 h before incubating with primary antibodies (dilution rate, 1:200) 
at 4 ◦C overnight. On the second day, after incubation with the reaction 
enhancer for 20 min, peroxidase-conjugated secondary antibodies were 
added and incubated for 1 h at room temperature, followed by DAB 
staining. Images were captured using an Olympus microscope, and the 
signals were analyzed using ImageJ software (Wayne Rasband, USA).

2.8. Immunofluorescence

The protocol for immunofluorescence (IF) of kidney tissues was 
similarly to that for IHC, with the key difference being the addition of 
TritonX-100 for increased permeability. The IF protocol for the cells is as 
follow. Mouse proximal tubular cells (mPTCs) cultured in the glass- 
bottomed cell culture dishes (Cat No. 801001, NEST, China) were 
washed, fixed, permeabilized with PBS + 0.5 % TritonX-100 for 20 min 
and then blocked with blocking solution (PBS + 0.3 % TritonX-100 + 5 
% goat serum) for 1 h. The primary antibodies were diluted (dilution 
rate: 1:50) in PBS + 1 % BSA + 0.3 % TritonX-100 and incubated 
overnight at 4 ◦C. On the second day, the cells were washed and incu
bated with secondary antibodies (dilution rate: 1:500) for 1 h in the 
dark. Finally, after nuclear staining with DAPI, the cells were observed 
and photographed under a confocal microscope.

2.9. Cell culture and treatment

mPTCs (also named TKPT, CVCL_UJ13) were obtained from Amer
ican Type Culture Collection (Manassas, VA) through Beijing Zhongyuan 
Heju Biotechnology (Beijing, China). HK-2 cells (CVCL_0302) were ob
tained from FuHeng Biology (Shanghai, China) and HEK293T cells 
(CVCL_0063) were provided by Zhong Qiao Xin Zhou Biotechnology 
(Shanghai, China). These cells were cultured in DMEM/F-12 or DMEM 
medium (Wisent, Canada) containing 10 % fetal bovine serum (PAN, 
Germany) and 1 % penicillin/streptomycin in an atmosphere of 5 % CO2 
at 37 ◦C. USP13 or MCL-1 plasmids or siRNA were transfected to the 
cells via lipo2000 (11668-019, ThermoFisher, USA) according to the 
manufacturer's instructions with or without cisplatin (5 μg/mL) treat
ment for 24 h. Mouse USP13 and MCL-1 plasmids were synthesized by 
the Public Protein/Plasmid Library (PPL, China). Mouse/human USP13 
and mouse Mcl-1 siRNAs were obtained from RIBOBIO (Guangzhou, 
China) with the following sequences: mouse Usp13 siRNA: 

GTATCGAAGTATGCCAACA; human USP13 siRNA: CAATGAGTGGT
CATTACAT; mouse Mcl-1 siRNA: CCACGTACAGGACCTAGAA.

2.10. Cell viability assay

A CCK-8 assay kit (KGA317, KeyGen Biotech, China) was used to 
detect the cell viability. The mPTCs were seeded into 96-well plates. 
After the corresponding treatments, the cells were incubated with CCK8 
working solution (10 μL CCK-8 reagent for each well) for 1–2 h. A 
Multiskan FC microplate reader (Thermo Fisher Scientific, USA) was 
utilized to measure the absorbance of cells at 450 nm.

2.11. Annexin V/PI staining

An apoptosis detection kit (556,547, BD Biosciences, USA) was used 
to detect cell apoptosis in vitro. After treatments, the mPTCs were 
washed, trypsinized with EDTA-free trypsin, centrifuged (1000 rpm, 5 
min), and stained with Annexin V-FITC and PI according to the manu
facturer's instructions. After 15 min of incubation in the dark at room 
temperature, a flow cytometer (BC50403, Beckman, USA) was used to 
measure the fluorescence intensity.

2.12. Mitochondrial membrane potential (MMP) and mitochondrial 
reactive oxygen species (mitoROS)

The MMP and mitoROS of mPTCs were detected with TMRM 
(I34361, Thermofisher, USA) and MitoSOX (M36008, ThermoFisher, 
USA), respectively, following the manufacturer's instructions. After 
treatments, the mPTCs were incubated with TMRM or mitoSOX for 30 or 
10 min respectively at 37 ◦C in the dark. A flow cytometer was utilized to 
measure the fluorescence intensity.

2.13. Measurement of ATP content

The ATP content in mPTCs was determined utilizing an Enhanced 
ATP Assay Kit (S0027, Beyotime, China) following the manufacturer's 
instructions. The relative light unit values were determined and calcu
lated with a GloMax® 96 Microplate Luminometer (Promega, USA).

2.14. Seahorse analysis of cell oxygen consumption rate (OCR)

The mPTCs were seeded into 96-well plates and transfected with 
USP13 siRNA. After 24 h, a Seahorse XF96 Extracellular Flux Analyzer 
(Agilent Technologies, CA, USA) was used to measure the OCR. The 
medium was replaced with Seahorse assay medium 1 h before detection. 
The ATP synthase inhibitor oligomycin (1 mM), the uncoupler carbonyl 
cyanide 4- trifluoromethoxy-phenylhydrazone (1 μM), and a mixture of 
the complex I inhibitor rotenone (0.5 μM) and complex III inhibitor 
antimycin A (0.5 μM) were successively added to the cells, and OCR was 
measured at different time points. The basal and ATP-linked respiration 
levels were also calculated.

2.15. Co-immunoprecipitation

USP13-Flag or MCL-1-Flag plasmids were transfected into 293T cells, 
while USP13-Flag+MCL-1-HA plasmids were transfected into mPTCs. 
Both cell types were treated with the protease inhibitor MG132 (10 μM) 
(HY13259, MCE, China) for 8 h before collection. The cells were lysed 
on ice using cell lysis buffer (P0013, Beyotime, China) supplemented 
with a protease inhibitor cocktail (04693132001, Roche, Basel, 
Switzerland) and a phosphatase inhibitor cocktail (04906845001, 
Roche, Basel, Switzerland). The prewashed protein A/G magnetic beads 
were premixed with the whole-cell lysate and placed on a Ferris wheel- 
type rotary mixer for 1–2 h to remove non-specific binding. Next, the 
beads were discarded, and then the 293T cell lysates were mixed with 
mouse anti-Flag antibody (10 μg/mL) and normal mouse IgG. 

Q. Wang et al.                                                                                                                                                                                                                                   BBA - Molecular Basis of Disease 1871 (2025) 167599 

3 



Meanwhile, the mPTCs lysates were combined with rabbit anti-USP13 or 
rabbit anti-MCL-1 antibodies, along with rabbit IgG, and rolled for 2 h at 
4 ◦C. Subsequently, the newly processed beads, whole cell lysates, and 
antibodies were mixed and incubated overnight at 4 ◦C. On the second 
day, after the beads were washed, 1 × SDS loading buffer (P0015A, 
Beyotime, China) was used to elute the samples, and western blotting 
was performed to detect the interaction between proteins.

2.16. Western blotting

Kidney tissues, mPTCs, and HK2 cells were lysed using RIPA buffer 
(P0013K, Beyotime, China) containing a protease inhibitor cocktail. The 
supernatant was collected from the lysed cells via centrifugation at 
12000 rpm for 15 min, and a BCA Protein Assay Kit (P0012, Beyotime, 
China) was utilized to determine the concentration of the samples. 
Approximately 30–50 μg protein samples were loaded and separated on 
SDS-PAGE gels, and then transferred onto PVDF membranes. Next, 5 % 
nonfat milk was applied for blocking the PVDF membranes at room 
temperature for 1 h. The primary antibodies (dilution rate: 1:1000) were 
incubated with the PVDF membranes at 4 ◦C overnight. On the next day, 
the corresponding secondary antibodies (dilution rate: 1:5000) were 
incubated with the PVDF membranes for 1 h at room temperature. An 
enhanced chemiluminescence detection system (Bio-Rad, Hercules, CA, 
US) was used to determine the expression of target proteins. Densito
metric analysis was conducted utilizing the ImageJ software.

2.17. Real-time quantitative polymerase chain reaction (RT-qPCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract 
RNA from the kidney tissues, mPTCs and HK2 cells. RNA concentration 
was determined with a NanoDrop One spectrophotometer (Thermo 
Fisher Scientific). Then, a HiScript II Q RT SuperMix for qPCR (Vazyme, 
Nanjing, China) was employed to reverse transcribe RNA to cDNA. RT- 
qPCR system was prepared utilizing a SYBR Green Premix Kit (Vazyme, 
Nanjing, China) and conducted on a Roche LightCycler 96 system 
(Roche, Switzerland). Table S2 listed the primer sequences. GAPDH or 
18s was used as the internal control.

2.18. Statistical analysis

Statistical analyses were performed utilizing the GraphPad Prism 8 
software (La Jolla, CA, USA). Data are presented as the mean ± SEM. 
Student's t-test or one-way ANOVA was used for statistical analysis. P <
0.05 was considered statistically significant.

3. Results

3.1. USP13 was downregulated in AKI

First, we performed immunofluorescence staining to observe the 
localization and expression of USP13 in normal human and mouse 
kidneys. Colocalization of USP13 and lotus tetragonolobus lectin (LTL), a 
marker of proximal tubules, confirmed USP13 expression in renal 
tubular epithelial cells (Fig. 1A). We then examined USP13 expression in 
kidney biopsy samples from AKI patients. Fig. 1B showed a marked 
reduction in USP13 expression in the kidney tissues of AKI patients, 
compared to that in the normal controls (Fig. 1B). Simultaneously, we 
also observed decreased USP13 expression in cisplatin-treated mouse 
kidneys, as evidenced by immunohistochemical and western blotting 
analyses (Fig. 1C, D). Consistently, in mouse renal epithelial cells treated 
with cisplatin, USP13 was also markedly downregulated (Fig. 1E). The 
reduction in USP13 levels may contribute to or inhibit AKI progression.

3.2. USP13 knockdown aggravated cisplatin- and FA-induced AKI

During the mice breeding, we observed a severe impact of homozy
gous Usp13 KO on the fertility. Thus, to investigate the role of USP13 in 
AKI, we performed experiments using Usp13 het mice. In this study, we 
subjected Usp13 het mice to cisplatin treatment (25 mg/kg, 72 h) to 
induce AKI (Fig. 2A). In mice treated with cisplatin, serum BUN and Cys- 
C levels were significantly higher in Het mice than in WT mice (Fig. 2B). 
Moreover, USP13 knockdown aggravated cisplatin-induced patholog
ical kidney damage (tubular dilation, brush border loss, and cast for
mation), as determined through PAS staining (Fig. 2C). In addition, the 
levels of the tubular injury marker proteins NGAL and KIM-1 were 

Fig. 1. USP13 is downregulated in AKI. (A) Immunofluorescence co-staining of USP13 with LTL in normal human and mice kidneys, red: USP13, green: LTL, blue: 
DAPI, scale bars: 20 μm. (B) Immunohistochemical staining of USP13 in the kidney biopsy samples from AKI patients and normal controls, scale bars: 20 μm (n = 4–5 
in each group). (C) Immunohistochemical staining of USP13 in cisplatin-treated mice kidney tissue, scale bars: 20 μm (n = 7 or 8). (D) Western blot analysis of USP13 
expression in the kidneys of mice challenged by cisplatin (n = 6 in each group). (E) Western blot analysis of USP13 in cisplatin-treated mouse renal epithelial cells (n 
= 3 in each group). Data are expressed as means ± SEM. Student's t-test was used to determine the p-values. *p < 0.05, **p < 0.01.
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higher in Het + Cis mice than that in WT + Cis mice (Fig. 2D, E). 
Moreover, TUNEL staining suggested that USP13 knockdown promoted 
cell apoptosis, supported by increased TUNEL-positive cells (Fig. 2F). 
Additionally, we utilized FA to induce kidney injury in het mice, further 
validating the role of USP13 in different AKI models. Consistently, Het 
+ FA mice displayed aggravated renal function loss, kidney pathological 
damage, and tubular injury, compared to WT + FA mice (Fig. S1). These 
results suggest that loss of USP13 function can accelerate AKI 
progression.

3.3. Pharmacological inhibition of USP13 exacerbated cisplatin-induced 
AKI

Based on the effects of USP13 genetic interference on AKI, we used 

spautin-1, a reported USP13 inhibitor, to further verify its role in 
cisplatin-induced AKI. Consistent with the exacerbated renal injury 
observed in USP13 het mice, spautin-1 treatment further deteriorated 
renal function, pathological kidney damage, tubular injury, inflamma
tory response, and cell apoptosis (Fig. 3). Collectively, these results 
indicated that both genetic loss and pharmacological inhibition of 
USP13 aggravated cisplatin or FA-induced AKI.

3.4. USP13 overexpression alleviated cisplatin-induced AKI

To better understand the effects of USP13 on cisplatin-induced AKI, 
we overexpressed USP13 in the kidneys of WT mice using tail vein in
jection of plasmids (Fig. 4A). A variety of studies, including our pre
liminary work, have verified the feasibility of this technique [39,40]. 

Fig. 2. USP13 knockdown aggravated cisplatin-induced AKI. (A) Western blot analysis of USP13 in the kidneys of WT and Het mice (n = 6). (B) Analysis of serum 
BUN and Cys C in WT and Het mice challenged by cisplatin. (C) Representative images of renal PAS staining in cisplatin-challenged WT and Het mice and analysis of 
tubular injury score, scale bars: 50 μm. (D) Western blot analysis of NGAL expression in cisplatin-treated WT and Het mice. (E) RT-qPCR analysis of NGAL and KIM-1 
expression in cisplatin-treated WT and Het mice. (F) Representative images of renal TUNEL staining in cisplatin-challenged WT and Het mice and quantification of 
TUNEL-positive cells, scale bars: 20 μm. Data are expressed as means ± SEM (n = 7 in WT + Saline group, n = 9 in WT + Cis group, n = 6 in Het + Saline group, and 
n = 12 in Het + Cis group). Student's t-test and one-way ANOVA were used to determine the p-values. #/*p < 0.05, ##/**p < 0.01, ###p < 0.001, ####/****p 
< 0.0001.
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These mice were subjected to cisplatin treatment to induce AKI. 
Compared to mice in the Vector+Cis group, mice in the USP13 + Cis 
group showed decreased levels of BUN and Cr, indicating that USP13 
may protect renal function (Fig. 4B). In agreement with the improve
ment in renal function of mice in the USP13 + Cis group, USP13 over
expression alleviated pathological kidney damage, tubular injury, 
inflammation, and cell apoptosis, as evidenced through PAS staining, 
western blotting, RT-qPCR, and TUNEL staining (Fig. 4C-G). These data 
suggested that USP13 protected against cisplatin-induced kidney injury.

3.5. USP13 knockdown or overexpression aggravated or attenuated 
cisplatin-induced renal epithelial cell injury

Considering the damage caused by cisplatin to tubular epithelial 
cells, we explored the role of USP13 in cisplatin-challenged mPTCs. We 
first transfected mPTCs with USP13 siRNA to knock down USP13 
expression, and then treated the cells with cisplatin (Fig. 5A). CCK8 
assay showed that USP13 knockdown markedly decreased cell viability 
and further exacerbated cisplatin-induced cell death (Fig. 5B). In 
agreement with the reduced cell viability, flow cytometric analysis 
verified that cisplatin induced prominent cell death, and USP13 

Fig. 3. USP13 inhibition exacerbated cisplatin-induced AKI. (A) Analysis of serum Cr and BUN levels in mice treated with spautin-1 or vehicle, with or without 
cisplatin treatment. (B, C) Analysis of tubular injury score and representative images of renal PAS staining in cisplatin-challenged mice with or without spautin-1 
treatment, scale bars: 50 μm. (D) Western blot analysis of NGAL and KIM-1 expression in cisplatin-challenged mice treated with or without spautin-1 treatment. 
(E) RT-qPCR analysis of inflammatory factors IL-6, TNFα, and MCP-1 expression in cisplatin-challenged mice with or without spautin-1 treatment. (F) Representative 
images of renal TUNEL staining in cisplatin-challenged mice with or without spautin-1 treatment, and quantification of TUNEL-positive cells, scale bars: 20 μm. Data 
are expressed as means ± SEM (n = 7–9 in each group). One-way ANOVA was used to determine the p-values. #/*p < 0.05, ##/**p < 0.01, ****p < 0.001, 
####/****p < 0.0001.
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knockdown led to increased cell death (Fig. 5C, D). USP13 knockdown 
alone induced significant cell death in vitro, indicating that USP13 may 
greatly affected cell survival and death pathways via unknown mecha
nisms. However, this phenomenon was not observed in the kidney tis
sues of Usp13 het mice, possibly owing to cellular crosstalk in vivo, 
which may prevent USP13 function loss-induced cell death. Addition
ally, western blotting confirmed increased apoptosis in mPTCs trans
fected with USP13 siRNA, as shown by the reduced expression of BCL-2, 
a well-known apoptotic marker in injured kidneys [41,42] (Fig. 5E). 
Furthermore, RT-qPCR results showed that USP13 knockdown further 
promoted the upregulation of the tubule injury marker NGAL and pro- 
inflammatory factors IL-6, TNFα, and MCP-1 (Fig. 5F). 

Simultaneously, HK-2 cells were also used to assess the function of 
USP13. Consistently, USP13 knockdown further aggravated cisplatin- 
induced cell death and inflammation in HK2 cells (Fig. S2).

Based on the detrimental effects of USP13 downregulation on 
cisplatin-induced AKI, we explored whether USP13 overexpression 
could provide renal protection. Similarly, mPTCs were transfected with 
USP13 plasmids, and western blotting confirmed the successful over
expression of USP13 (Fig. 5G). CCK8, flow cytometry, western blotting, 
and RT-qPCR results showed that USP13 overexpression markedly 
restored cell viability, inhibited cell death, and mitigated the inflam
matory response in mPTCs challenged by cisplatin (Fig. 5H-L). These 
data indicated that USP13 upregulation could protect against cisplatin- 

Fig. 4. USP13 overexpression alleviated cisplatin-induced AKI. (A) RT-qPCR analysis of USP13 expression in the kidneys of mice injected with USP13 or 
scrambled plasmids (n = 3 in each group). (B) Analysis of serum Cr and BUN in cisplatin-treated mice with or without USP13 overexpression (n = 8 in each group). 
(C, D) Analysis of tubular injury score and representative images of renal PAS staining in cisplatin-challenged mice with or without USP13 overexpression, scale bars: 
100 μm (n = 8 in each group). (E) Western blot analysis of tubular injury marker NGAL expression in cisplatin-treated mice with or without USP13 overexpression (n 
= 8 in each group). (F) RT-qPCR analysis of inflammatory factors IL-6 and IL-18 in cisplatin-treated mice with or without USP13 overexpression (n = 7 or 8 in each 
group). (G) Representative images of renal TUNEL staining in cisplatin-challenged mice and quantification of TUNEL-positive cells, scale bars: 20 μm (n = 7 or 8 in 
each group). Data are expressed as means ± SEM. Student's t-test and one-way ANOVA were used to determine the p-values. #/*p < 0.05, ##/**p < 0.01, ###/***p <
0.001, ####/****p < 0.0001.
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Fig. 5. USP13 knockdown or overexpression aggravated or attenuated cisplatin-induced renal epithelial cell injury. (A) Western blot analysis of USP13 
expression in mPTCs transfected with USP13 siRNA or negative control (NC). (B) CCK8 assay for cell viability in cisplatin-induced mPTCs transfected with USP13 
siRNA or NC. (C, D) Flow cytometric analysis for cell apoptosis in cisplatin-induced mPTCs transfected with USP13 siRNA or NC. (E) Western blot analysis of BCL-2 
expression in cisplatin-induced mPTCs transfected with USP13 siRNA or NC. (F) RT-qPCR analysis of NGAL and pro-inflammatory factors (IL-6, TNFα, and MCP-1) in 
cisplatin-induced mPTCs transfected with USP13 siRNA or NC. (G) Western blot analysis of USP13 expression in mPTCs transfected with USP13 or scrambled 
plasmids. (H) CCK8 assay for cell viability in cisplatin-induced mPTCs transfected with USP13 or scrambled plasmids. (I, J) Flow cytometric analysis for cell apoptosis 
in cisplatin-induced mPTCs transfected with USP13 or scrambled plasmids. (K) Western blot analysis of BCL-2 expression in cisplatin-induced mPTCs transfected with 
USP13 or scrambled plasmids. (L) RT-qPCR analysis of pro-inflammatory factors MCP-1, IL-1β, IL-18, and IL-6 in cisplatin-induced mPTCs transfected with USP13 or 
scrambled plasmids. Data are expressed as means ± SEM (n = 3 in each group). Student's t-test and one-way ANOVA were utilized to determine the p-values. #/*p <
0.05, **p < 0.01, ###/***p < 0.001, ####/****p < 0.0001.
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induced renal injury by inhibiting cell death and attenuating inflam
mation, whereas USP13 downregulation advanced the progression of 
cell injury.

3.6. MCL-1 was a deubiquitinating substrate of USP13 and reduced MCL- 
1 aggravated mitochondrial dysfunction in cisplatin-induced AKI

MCL-1 has been identified as a USP13 substrate [16]. Based on the 
anti-apoptotic role and mitochondrial regulation of MCL-1, we hy
pothesized that USP13 may target MCL-1 to regulate mitochondrial 
function in cisplatin-induced kidney injury. Immunofluorescence 
revealed the mitochondrial localization of USP13 and its colocalization 
with MCL-1. This was supported by the colocalization of USP13 with the 
mitochondrial outer membrane protein TOM20 and MCL-1 in mPTCs 
(Fig. 6A). To observe the interaction between USP13 and MCL-1, we 
conducted molecular docking and computer simulations. The predicted 
binding sites in humans and mice are shown in Fig. 6B (Fig. 6B). Co- 
immunoprecipitation further validated USP13-MCL-1 interaction in 
mPTCs and 293T cells (Fig. 6C and Fig. S3A). In addition, western 
blotting showed that USP13 knockdown or overexpression decreased or 
increased MCL-1 protein levels, respectively, in vitro and in vivo, 

indicating the regulation of USP13 on MCL-1 expression (Fig. 6D and 
Fig. S3B, C). As a DUB, USP13 protects its substrates from proteasomal 
degradation. Therefore, the proteasome inhibitor, MG132, was used to 
evaluate the effect of USP13 on MCL-1 stability. As previous studies have 
indicated that MG132 could affect the expression of cytosolic proteins 
including GAPDH and β-actin, we used nuclear membrane protein 
LaminB1 as an internal control here [43,44]. As shown in Fig. 6E, the 
knockdown or inhibition of USP13 induced a significant decline in MCL- 
1 protein levels, whereas proteasome suppression by MG132 signifi
cantly restored MCL-1 expression, indicating that USP13 loss leads to 
increased MCL-1 degradation via the proteasomal pathway (Fig. 6E). 
Furthermore, an in vivo MCL-1 ubiquitination assay revealed that 
USP13 reduced the levels of ubiquitinated MCL-1 (Fig. 6F). These data 
demonstrate that MCL-1 is a deubiquitinating substrate of USP13.

MCL-1 has been documented to regulate cell apoptosis and mito
chondrial function [28]. Therefore, we explored the function of MCL-1 
in cell death and mitochondrial function in cisplatin-treated mPTCs. 
We first transfected mPTCs with MCL-1 siRNA and performed western 
blotting and RT-qPCR to confirm the successful knockdown of MCL-1 
(Fig. S3D, E). Flow cytometry showed that MCL-1 knockdown signifi
cantly induced and aggravated cisplatin-induced cell death (Fig. S3F). 

Fig. 6. MCL-1 was a deubiquitinating substrate of USP13 and reduced MCL-1 aggravated mitochondrial dysfunction in cisplatin-induced renal tubular 
epithelial cell injury. (A) Immunofluorescence co-staining of USP13 with TOM20, MCL-1 with TOM20, USP13 with MCL-1 in mPTCs, scale bars: 20 μm. (B) The 
binding modes of the complex USP13 with MCL-1 in humans and mice, humans: USP13 was colored in cyan and MCL-1 was colored red, mice: USP13 was colored in 
green and MCL-1 was colored blue. (C) Co-IP analysis of the interaction between USP13 and MCL-1 in mPTCs. (D) Western blot analysis of MCL-1 expression in 
mPTCs transfected with USP13 si-RNA or plasmids. (E) Western blot analysis of MCL-1 expression in mPTCs with proteasome inhibitor MG132 treatment after USP13 
knockdown or inhibition. (F) In vivo ubiquitin assay for the ubiquitinated level of MCL-1 in 293T cells. (G) Flow cytometric analysis of mitoROS or MMP in cisplatin- 
induced mPTCs with or without MCL-1 knockdown. (H) Luciferase assay for cellular ATP content in cisplatin-induced mPTCs with or without MCL-1 knockdown. (I) 
RT-qPCR analysis of mitochondrial respiratory chain genes in cisplatin-treated mPTCs with or without MCL-1 knockdown. Data are presented as means ± SEM (n = 3 
in each group). Student's t-test and one-way ANOVA were used to determine the p-values. #/*p < 0.05, **p < 0.01, ****p < 0.0001.
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Considering the essential role of MCL-1 in the mitochondria, we next 
explore how MCL-1 influences mitochondrial function in cisplatin- 
treated renal epithelial cells. As shown in Fig. 6G and H, cisplatin 
treatment resulted in increased mitoROS, decreased MMP, and reduced 
ATP content, which were further exacerbated by MCL-1 knockdown 
(Fig. 6G, H). A previous study indicated that MCL-1 deletion could 
decrease the expression of mtDNA-encoded COX1 and COX2, which may 
be explained by a reduction of mtDNA [28]. Consistently, our RT-qPCR 
results revealed that downregulation of MCL-1 facilitated the decline of 
mitochondrial respiratory chain-related genes in cisplatin-stimulated 

mPTCs (Fig. 6I). Furthermore, the lack of MCL-1 also disrupted mito
chondrial dynamics, represented by the marked downregulation of 
mitochondrial fusion proteins including OPA1 and mitofusin 1/2 
(MFN1/2), as well as fission proteins including DRP1, mitochondrial 
fission factor (MFF), and fission, mitochondrial 1 (FIS1), at the protein 
and mRNA levels (Fig. S3G, H). These data indicated that MCL-1 
reduction resulting from USP13 downregulation accelerated cisplatin- 
induced renal tubular cell injury by promoting cell death and mito
chondrial dysfunction.

Fig. 7. MCL-1 overexpression ameliorated cisplatin-induced AKI. (A) Immunohistochemical staining of MCL-1 in cisplatin-treated mice kidney tissues, scale 
bars: 20 μm. (B) Western blot analysis of MCL-1 expression in the kidneys of cisplatin-challenged mice (n = 6 in each group). (C) Western blot analysis of MCL-1 in 
cisplatin-treated mouse renal epithelial cells (n = 3 in each group). (D) RT-qPCR analysis of MCL-1 expression in the kidneys of mice injected with scrambled or MCL- 
1 plasmids (n = 5). (E) Measurements of serum Cr and BUN in cisplatin-induced mice with or without MCL-1 overexpression. (F) Representative images of renal PAS 
staining in cisplatin-induced mice injected with MCL-1 or scrambled plasmids and analysis of tubular injury score, scale bars: 50 μm. (G) Western blot analysis of 
tubular injury marker NGAL expression in cisplatin-induced mice injected with MCL-1 or scrambled plasmids. (H) RT-qPCR analysis of NGAL and inflammatory 
factors (IL-6, TNFα, and MCP-1) in cisplatin-induced mice with or without MCL-1 overexpression. (I) Representative images of renal TUNEL staining in cisplatin- 
induced mice injected with MCL-1 or scrambled plasmids and quantification of TUNEL-positive cells, scale bars: 20 μm. Data are expressed as means ± SEM (n 
= 8–9 in each group). Student's t-test and one-way ANOVA were used to determine the p-values. *p < 0.05, ##/**p < 0.01, ###/***p < 0.001, ####/****p < 0.0001.
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3.7. MCL-1 overexpression ameliorated cisplatin-induced AKI

Next, we examine whether MCL-1 protects against renal damage in 
cisplatin-challenged mice. In agreement with USP13 reduction in AKI, 
MCL-1 was significantly downregulated in cisplatin-treated mouse kid
neys and mPTCs, as evidenced via IHC and western blotting (Fig. 7A-C). 
Similarly, we overexpressed MCL-1 via tail vein injection of MCL-1 
plasmids, and RT-qPCR analysis confirmed the high expression of 
MCL-1 in the kidneys (Fig. 7D). Consistent with the results in mice 
overexpressing USP13, high MCL-1 expression significantly ameliorated 
cisplatin-induced renal function decline, pathological kidney damage, 
tubular injury, renal inflammation, and apoptosis (Fig. 7E-I). Summar
ily, in cisplatin-induced AKI, MCL-1 functioned as a downstream sub
strate of USP13 and exerted renoprotective effects.

3.8. USP13 knockdown deteriorated mitochondrial function in cisplatin- 
treated mPTCs

Given the regulation of MCL-1 in mitochondrial function, we 
examined whether USP13, an upstream modulator of MCL-1, displayed 
similar effects. Consistent with the results in cells transfected with MCL- 
1 siRNA, USP13 knockdown exacerbated mitochondrial dysfunction. As 
shown in Fig. 8A and B, USP13 knockdown further aggravated cisplatin- 
induced ATP reduction, MMP decrease, and ROS overproduction 
(Fig. 8A, B). Additionally, USP13 knockdown markedly inhibited the 
expression of mitochondrial respiratory chain-associated genes, and 
reduced the capacity for mitochondrial respiration (Fig. 8C-E). More
over, knockdown of USP13 also disturbed mitochondrial dynamics, as 
shown by the downregulated expression of mitochondrial fusion- and 
fission- related genes (Fig. 8F, G). Taken together, these findings 

suggested that USP13 loss impaired mitochondrial function and exac
erbated cisplatin-induced tubular epithelial cell injury.

4. Discussion

Owing to their high energy demand, renal tubular epithelial cells are 
particularly susceptible to various stimuli, making them prone to injury. 
Therefore, exploring novel targets to protect the renal tubular epithelial 
cells from injury may prevent or delay AKI progression. In the present 
study, we explored the role and potential mechanism of USP13 in AKI. 
USP13 knockdown or inhibition accelerated kidney damage by aggra
vating MCL-1 reduction-mediated mitochondrial dysfunction and cell 
death, whereas USP13 overexpression attenuated kidney injury.

Protein ubiquitination and deubiquitination are involved in various 
pathologies including AKI. Mounting evidence has shown that several 
DUBs (USP25 [45], USP14 [46], and USP7 [47]) have detrimental ef
fects on kidney injury, whereas USP36 [48] and USP10 [49] show renal 
protection. Based on the controversial roles of these USPs in AKI, we 
discussed how USP13, another member of the USPs family, acted in AKI. 
Increasing evidence has revealed a role for USP13 in inflammation, 
oxidative stress, and apoptosis, all of which contributes to the devel
opment of renal injury. In arthritic mice and cell models, USP13 over
expression significantly inhibited inflammation, ROS generation, and 
cell apoptosis [50]. Additionally, single immunoglobulin interleukin-1 
(IL-1)-related receptor (Sigirr), an anti-inflammatory receptor, has 
been considered as a USP13 substrate [51]. Under LPS stimulation, 
USP13 expression was significantly reduced and mice deficient of Usp13 
exhibited increased inflammatory cell infiltration, which was partly 
reversed by Sigirr overexpression [51,52]. Consistently, myeloid- 
specific deficiency of Usp13 promoted LPS-induced expression and 

Fig. 8. USP13 knockdown deteriorated mitochondrial function in cisplatin-treated mPTCs. (A) Luciferase assay for cellular ATP content in cisplatin-induced 
mPTCs with or without USP13 knockdown. (B) Flow cytometric analysis for MMP or mitoROS of cisplatin-induced mPTCs with or without USP13 knockdown. (C, D) 
Seahorse analysis for oxygen consumption rate of mPTCs transfected with USP13 siRNA or NC (n = 5 or 6). (E) RT-qPCR analysis of mitochondrial respiratory chain 
genes in cisplatin-induced mPTCs with or without USP13 knockdown. (F) Western blot analysis of DRP1 and OPA1 in cisplatin-induced mPTCs with or without 
USP13 knockdown. (G) RT-qPCR analysis of MFN1/2, OPA1, DPR1, MFF, and FIS1 in mPTCs transfected with USP13 siRNA or NC. Data are expressed as means ±
SEM (n = 3 in each group). Student's t-test and one-way ANOVA were used to determine the p-values. #/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001, ####p < 0.0001.
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excretion of inflammatory factors [53]. In line with these investigations, 
our data indicated that USP13 overexpression inhibited the expression 
of pro-inflammatory factors and cell apoptosis to attenuate cisplatin- 
induced AKI, whereas knockdown or inhibition of USP13 displayed 
the opposite effects. However, some studies have shown that USP13 
promotes inflammation. In response to extracellular ATP, paxillin 
functions as an adaptor factor, bridging the plasma membrane channel 
P2X7 receptor and the NLRP3 inflammasome to facilitate NLRP3 
inflammasome activation, during which USP13 serves as a helper in 
paxillin-mediated NLRP3 deubiquitination [54]. Moreover, in contrast 
to the reduction of USP13 in LPS-treated lungs, USP13 is upregulated in 
the brains of rats subjected to ischemia-reperfusion injury. Pretreatment 
with the USP13 inhibitor spautin-1 attenuates cerebral IR injury by 
reducing NLRP3, the autophagy-related protein Beclin1, and the 
pyroptosis executor GSDMD-N expression [55]. Considering the di
versity of inflammatory signaling pathways, USP13 may play opposing 
roles in different pathological states.

MCL-1 is a member of the BCL-2 family, and its anti-apoptotic 
properties play important roles in many kinds of diseases. Research 
has demonstrated that MCL-1 could antagonize apoptosis or induce 
mitophagy to protect neuronal cells in Alzheimer's and Parkinson's dis
ease models [56–58]. In addition, MCL-1 ameliorated liver injury and 
fibrosis in bile duct-ligated mice, which was attributed to its anti- 
apoptotic role [59]. In terms of kidney injury, MCL-1 was observed 
downregulated in cisplatin and indomethacin-treated renal epithelial 
cells, and MCL-1 rescue by proteasome inhibitors could promote cell 
survival [60–62]. Consistent with these previous studies, we observed a 
significant reduction in MCL-1expression in cisplatin-treated mouse 
kidneys and renal epithelial cells. As no in vivo studies have described 
the detailed function of MCL-1 in injured kidneys, we overexpressed 
MCL-1 in the kidneys of mice to examine whether MCL-1 protected 
against kidney injury. The results showed that MCL-1 overexpression 
markedly restored renal function, mitigated renal tubular injury, pre
vented the upregulation of inflammatory factors, and suppressed 
apoptosis. However, in a previous study, MCL-1 overexpression in he
matopoietic cells did not display protective effects but accelerated the 
onset of lymphadenopathy, splenomegaly, and autoimmune diseases in 
Faslpr/lpr mice by increasing lymphoid populations [63]. This suggests 
that the anti-apoptotic role of MCL-1 may be beneficial or detrimental 
under different conditions. Additionally, it was recently reported that 
USP13 deubiquitinated and stabilized MCL-1 to promote tumor cell 
survival in several tumor types [11,16]. In the present study, USP13- 
mediated MCL-1 stabilization in renal tubular epithelial cells pro
tected against renal injury.

In addition to inhibiting apoptosis, MCL-1 is also indispensable for 
maintaining normal mitochondrial structure and function. MCL-1 has 
two mitochondrial sub-localizations: the outer mitochondrial membrane 
isoform (MCL-1OMM) functions like other BCL-2 anti-apoptotic factors, 
while the mitochondrial matrix isoform (MCL-1matrix) is essential for 
normal inner mitochondrial membrane structure, oxidative phosphor
ylation, assembly of F1F0-ATP synthase oligomers, and mitochondrial 
fusion and fission [28]. In the present study, MCL-1 loss not only 
induced renal epithelial cell apoptosis but also impaired mitochondrial 
respiration, and ATP generation, and disturbed mitochondrial dy
namics, confirming the irreplaceable role of MCL-1 in mitochondrial 
homeostasis. Mitochondrial dysfunction is a key mechanism that con
tributes to AKI progression. Mounting evidence has demonstrated 
mitochondrial structural damage accompanied by functional loss 
including MMP decrease, ROS generation, mtDNA loss, ATP exhaustion, 
as well as impaired respiratory function in injured kidneys [34,64,65]. 
Our study supported these findings and revealed that USP13 knockdown 
aggravated the loss of mitochondrial function. Mitochondria are or
ganelles that maintain a dynamic balance via fusion and fission. Mito
chondrial fusion is primarily mediated by MFN1/2 and OPA1, whereas 
mitochondrial fission is primarily dependent on DRP1 and FIS1 [66]. In 
cisplatin-, IR injury-, and cecal ligation and puncture-induced kidneys, 

DRP1 is reportedly upregulated, while OPA1 is downregulated, leading 
to mitochondrial fragmentation; conversely, knockdown or inhibition of 
DRP1 ameliorates mitochondrial dysfunction by depressing mitochon
drial fission [67,68]. However, in our study, after cisplatin treatment, 
both DRP1 and OPA1 levels in mPTCs were markedly reduced, which 
may be the result of excessive mitochondrial loss. In addition, disruption 
of mitochondrial dynamics was observed in mPTCs transfected with 
USP13 and MCL-1 siRNAs. These results suggested that USP13 regulated 
mitochondrial function via MCL-1.

A limitation of our study is that as a deubiquitinating enzyme, USP13 
may target other substrates in AKI, which requires further exploration. 
Many studies have revealed the role of USP13 in autophagy. Based on 
the importance of autophagy in AKI, autophagy-related substrates such 
as Beclin1, ATG5, and p62 may serve as downstream of USP13 in AKI, 
which needs to be explored [69–71]. Additionally, metabolic disorder is 
also associated with AKI development; under this circumstance, USP13 
may regulate lipid metabolism via FASN during AKI progression [72]. In 
addition to these known reported substrates, predication of protein- 
protein interactions and molecular docking may reveal novel USP13 
substrates. Another limitation is that the mechanism by which USP13 
expression is reduced has not yet been elucidated. Recent studies have 
described some factors that regulate USP13 activity, such as Beclin1 
[69], RAP80 [73], casein kinase 2 [74], and miR-135b [75], some of 
which may serve as upstream modulators of USP13 in AKI.

In summary, our study demonstrated that under cisplatin challenge, 
USP13 downregulation in renal epithelial cells failed to stabilize MCL-1, 
thereby resulting in MCL-1 reduction and consequent mitochondrial 
dysfunction and cell death, accelerating AKI progression. The findings of 
this study not only enhance our knowledge of the AKI pathogenesis but 
also broaden the spectrum of USP13 in diseases. Overall, these findings 
suggest that USP13 is a potential therapeutic target for AKI prevention 
and treatment.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbadis.2024.167599.

Abbreviations

AKI Acute kidney injury
BUN Serum blood urea nitrogen
CCK8 Cell counting kit 8
Cys C Cystatin C
DRP1 Dynamin-related protein 1
DUB Deubiquitinase
FIS1 Fission mitochondrial 1
Het Heterozygote
IF Immunofluorescence
IL-1/6/18 Interleukin-1/6/18
IHC Immunohistochemistry
IP Immunoprecipitation
KIM-1 Kidney injury molecule 1
KO Knockout
LPS Lipopolysaccharide
LTL Lotus tetragonolobus lectin
MCL-1 Myeloid cell leukemia 1
MFF Mitochondrial fission factor
MFN1/2 Mitofusin 1/2
mitoROS mitochondrial Reactive oxygen species
MMP Mitochondrial membrane potential
mPTC Mouse proximal tubule epithelial cell
NGAL Neutrophil gelatinase–associated lipocalin
NC Negative control
OCR Oxygen consumption rate
OPA1 Optic atrophy protein 1
PAS Periodic acid-schiff
TNF-α Tumor necrosis factor
TOM20 Translocase of outer mitochondrial membrane 20

Q. Wang et al.                                                                                                                                                                                                                                   BBA - Molecular Basis of Disease 1871 (2025) 167599 

12 

https://doi.org/10.1016/j.bbadis.2024.167599
https://doi.org/10.1016/j.bbadis.2024.167599


TUNEL TdT mediated dUTP nick end labeling
USP13 Ubiquitin-specific protease 13
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