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Decoding Fibrosis

OTUD6A in tubular epithelial cells mediates angiotensin II-induced kidney
injury by targeting STAT3
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Abstract

Kidney fibrosis is a prominent pathological feature of hypertensive kidney diseases (HKD). Recent studies have highlighted the
role of ubiquitinating/deubiquitinating protein modification in kidney pathophysiology. Ovarian tumor domain-containing protein 6
A (OTUD6A) is a deubiquitinating enzyme involved in tumor progression. However, its role in kidney pathophysiology remains
elusive. We aimed to investigate the role and underlying mechanism of OTUD6A during kidney fibrosis in HKD. The results
revealed higher OTUD6A expression in kidney tissues of nephropathy patients and mice with chronic angiotensin II (Ang II)
administration than that from the control ones. OTUD6A was mainly located in tubular epithelial cells. Moreover, OTUD6A defi-
ciency significantly protected mice against Ang II-induced kidney dysfunction and fibrosis. Also, knocking OTUD6A down sup-
pressed Ang II-induced fibrosis in cultured tubular epithelial cells, whereas overexpression of OTUD6A enhanced fibrogenic
responses. Mechanistically, OTUD6A bounded to signal transducer and activator of transcription 3 (STAT3) and removed K63-
linked-ubiquitin chains to promote STAT3 phosphorylation at tyrosine 705 position and nuclear translocation, which then induced
profibrotic gene transcription in epithelial cells. These studies identified STAT3 as a direct substrate of OTUD6A and highlighted
the pivotal role of OTUD6A in Ang II-induced kidney injury, indicating OTUD6A as a potential therapeutic target for HKD.

NEW & NOTEWORTHY Ovarian tumor domain-containing protein 6 A (OTUD6A) knockout mice are protected against angioten-
sin II-induced kidney dysfunction and fibrosis. OTUD6A promotes pathological kidney remodeling and dysfunction by deubiquiti-
nating signal transducer and activator of transcription 3 (STAT3). OTUD6A binds to and removes K63-linked-ubiquitin chains of
STAT3 to promote its phosphorylation and activation, and subsequently enhances kidney fibrosis.

deubiquitinase; hypertensive kidney diseases; OTUD6A; STAT3; tubular epithelial cells

INTRODUCTION

Hypertension negatively affects 1 billion people worldwide.
The kidney is the primary organ of hypertension-induced tar-
geted injuries. Hypertensive kidney disease (HKD) is a highly
prevalent disease affecting more than 10% of people world-
wide and is associated with severe morbidity and mortality
(1). Kidney fibrosis is a prominent pathological feature and
the main prognostic factor of HKD. Alleviating kidney fi-
brosis has potential clinical significance for kidney dis-
eases; however, currently, effective therapies are limited
(2). Understanding the molecular mechanisms underlying

kidney fibrosis offers novel insights into developing new
therapeutic avenues for HKD.

A considerable amount of clinical and experimental stud-
ies implicate a fundamental role of renin-angiotensin (Ang)
system (RAS) in driving hypertensive renal fibrosis (3).
Angiotensin II (Ang II), the most crucial effector in the RAS,
is upregulated in various renal fibrosis models. Inhibitors of
Ang-converting enzyme are used as first-line medications to
prevent hypertensive renal fibrosis (4). Identifying regula-
tory molecules underlying Ang II-induced kidney injury car-
ries significant clinical value. The pathophysiology of kidney
fibrosis is multifactorial, of which protein modification is
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crucial in regulating kidney homeostasis and function (5).
The ubiquitin-proteasome system (UPS) is a pivotal intracel-
lular and nonlysosomal protein degradation system pro-
moted by ubiquitinating enzymes and counter-controlled by
deubiquitinating enzymes (DUBs; 6). DUBs are proteases
that regulate protein turnover by detaching ubiquitin from
proteins and are emerging therapeutic targets for various
diseases (7). They are classified into five families: ubiquitin-
specific protease (USP), ubiquitin carboxyl-terminal hydro-
lase (UCH), JAB1/MPN/MOV34 (JAMM), ovarian tumor pro-
tease (OTU), and Machado-Joseph (MJD; 8). Researches on
DUBs in kidney remolding are limited. Only recently, dysre-
gulated DUBs, purely from the USP family, such as USP7,
USP22, USP25, and USP28, were linked to kidney injury (9–
12). However, most substrates and pathways modulated by
DUBs from the other families except USP remain largely elu-
sive, hindering efforts to prioritize therapeutic targets for
kidney diseases. Ovarian tumor deubiquitinase 6 A
(OTUD6A) is a newly identified deubiquitinase from the out
family. A few studies revealed the role of OTUD6A in cancer
progression and inflammatory bowel disease (13–15). To
date, the potential function of OTUD6A in kidney homeosta-
sis and diseases remains elusive.

Our study provides the first direct evidence of the upregu-
lated level of OTUD6A in kidney tissues and cells challenged
by Ang II. We used OTUD6A knockout (OTUD6A�/�) mice
and revealed that OTUD6A deficiency attenuated Ang II-
mediated kidney dysfunction and fibrosis. The detailed
mechanistic studies demonstrated that OTUD6A bounded to
signal transducer and activator of transcription 3 (STAT3)
and cleaved K63-linked ubiquitin chains to enhance STAT3
phosphorylation at tyrosine 705 and nuclear translocation;
thereby, STAT3 was activated to elicit fibrosis in epithelial
cells. These studies indicate that OTUD6A plays a vital role
in kidney fibrosis, and the blockade of OTUD6A represents a
potential therapeutic strategy for HKD.

MATERIALS AND METHODS

Reagents

Ang II (No. HY-13948) and stattic (No. HY-13818) were
obtained fromMed ChemExpress (New Jersey). Small interfer-
ing RNA {siRNA, [small interfering RNA-ovarian tumor do-
main-containing protein 6A (si-OTUD6A) and small interfering
RNA-negative control (si-NC)]} was purchased from Ribobio
(Guangzhou, PR China; Supplemental Table S1). Plasmids
(Flag-OTUD6A, His-STAT3, HA-Ub, HA-K48, HA-K63) were
from Genechem (Shanghai, PR China). Antibodies against
STAT3 (No. sc-8019, 1:1,000), AQP1 (aquaporin 1; No. sc-25287,
1:200), Ub (Ubiquitin; No. sc-8017, 1:200), and WT1 (Wilms tu-
mor 1; No. sc-7385, 1:1,000) were purchased from Santa Cruz
Biotech (Texas). The antibody against p-STAT3 (phosphoryl-
ated STAT3) (Y705; No. AP0705, 1:1,000) was from Abclonal
Technology (Boston). Antibodies against collagen type 1 (Col-1;
No. ab138492, Abcam, 1:1,000), alpha-smooth muscle actin
(a-SMA; No. 67735-1-Ig, Proteintech, 1:1,000), and Lamin B1
(No. ab133741, Abcam, 1:1,000) were from Abcam (Cambridge,
UK). Antibodies against OTUD6A (No. 24486-1-AP, 1:1,000),
Desmin (No. MA5-13259, Invitrogen Life Technology, 1:200)
was purchased. IgG-Tag (No. 30000-0-AP, 1:1,000), FLAG-Tag

(No. 20543-1-AP, 1:1,000), HA-Tag (No. 51064-2-AP, 1:1,000)
were from Proteintech Biotechnology (PR China). NcmECL
Ultra (No. P10010) was from NCM Biotech (Suzhou, PR China).
Antibodies against b-actin (No. MA1-140, 1:1,000) were from
Invitrogen Life Technology (Carlsbad, CA). The hematoxylin-
eosin staining (H&E) assay kit (No. G1120), periodic acid-
Schiff (PAS) kit (No. G1280), picrosirius red (No. S8060),
and Masson’s trichrome stain kit (No. G1340) were from
Solarbio Life Sciences (Beijing, PR China). 4’,6-diamidino-2-
phenylindole (DAPI; No. 36308ES11) was from Yeasen,
Shanghai, China. The detailed information for antibodies is
shown in Supplemental Table S2.

Human Kidney Samples

Six patients with primary IgA nephropathy were obtained
from the Renal Disease Center of the First Affiliated
Hospital of Zhejiang Medical University. According to the
2016 Oxford classification (16), the patients were divided
into the T0 group (interstitial fibrosis 0%–25%) and the T1
group (interstitial fibrosis >25%). Paraffin sections were
obtained for immunohistochemical staining. This experi-
ment was approved by the Ethics Committee in Clinical
Research (ECCR) of the First Affiliated Hospital of Zhejiang
University to use clinical biopsy specimens (Approval No.:
2023IIT No. 27), and informed consent was obtained from
the patients. All studies followed the Declaration of
Helsinki of 1975, amended in 2008 (17). The patient infor-
mation is shown in Supplemental Table S3.

Animal Experiments

The whole body OTUD6A�/� mice in the C57BL/6J back-
ground were provided by Professor Fuping You (Peking
University, Beijing, PR China). In the present study, hetero-
zygous OTUD6A mice were hybridized to produce homozy-
gous OTUD6A�/� and wild-type (WT) littermate animals.
OTUD6A�/� and WT mice were maintained in a specific
pathogen free (SPF) environment with 12 h of light and
adequate access to food and water. The mouse feeding and
experimental procedures received approval from the Ethics
Examination and Approval Committee of the Animal
Experimental Center of The First Affiliated Hospital of
Wenzhou Medical University (WYDW-2021-0073). To iden-
tify the mouse genotypes, cDNA was extracted from the
mouse tail, and primers for the OTUD6A�/� and WT type
were used to identify mouse genotypes. Detailed experimen-
tal procedures used in amplification and the sequence of the
primers are shown in Supplemental Table S4.

For Ang II-induced kidney fibrosis model, 12 OTUD6A�/�

and 12 WT mice aged 6–8 wk were randomized into four
groups, with six mice in each group. We adopted all animal
experiments in male mice to eliminate the possible effects of
estrogen and testosterone on kidney fibrosis upon the Ang II
challenge. The mice were injected with Ang II (1 μg/kg/min)
or saline with a subcutaneously implanted osmotic mini-
pump in the back of the mouse (No. Alzet MODEL 1004) for
4 wk (18). The incision of the mice was observed daily. The
blood pressure was measured and recorded every 3 days.
The model was confirmed to be successful when the sys-
tolic blood pressure was greater than 150 mmHg and main-
tained for 4 wk. Then all mice were euthanized under
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anesthesia, and their serum and kidney tissues were
extracted for further examination. Serum kidney function
biomarkers, including blood urine nitrogen and serum cre-
atinine, were examined by commercial kits (Jian Cheng
Bioengineering Institute, Nanjing, PR China).

Histological Analysis and Immunohistochemistry

The kidney tissue was fixed by 4% formaldehyde, dehy-
drated, transparent, and embedded with paraffin. Finally,
the kidney tissue was cut into 6 μM thick samples for subse-
quent experiments. The slices were stained with H&E, PAS,
picrosirius red, and Masson’s trichrome, according to the
manufacturer’s specifications. Paraffin sections were stained
with 0.1% Sirius red and 1.3% picric acid-saturated aqueous
solution to assess type IV collagen deposition.

The sections were subjected to antigen retrieval in 0.01
mol/L citrate buffer for immunohistochemistry and blocked
with 3% H2O2. Then the sections were stained with anti-
OTUD6A (1:400), anti-p-STAT3 (1:200), and anti-a-SMA
(1:400). Slides were washed with PBS for three times and
incubated with secondary antibody (PV9000, ZSGB-BIO,
Beijing, PR China) at room temperature for 0.5 h. Next, dia-
minobenzidine generated color and counterstained the sec-
tions with Mayer’s hematoxylin. Images were taken with a
digital camera (Nikon, Japan), and the percentage of positive
area per unit was evaluated.

Regarding the statistical analysis of picrosirius red, Masson
staining sections, and immunohistochemistry sections, at
least four fields from each sample were obtained at�200mag-
nifications, respectively. The positive areas were analyzed
using ImageJ-Fiji (19). Large blood vessels were excluded from
the analysis of the picrosirius red positive area using Gimp
2.10.10 (GNU Image Manipulation Program; 20). The percent-
age of the tissues consisting of interstitial collagen was calcu-
lated as the ratio of picrosirius red positively stained area over
the total tissue area. Regarding the immunohistochemistry
staining, the percentage of positive area was calculated as the
ratio of positively stained area over the total tissue area.

Cell Culture and Transfection

The NRK-52E (normal rat kidney epithelial cell) cells
were from the Shanghai Institute of Biochemistry and Cell
Biology (Shanghai, PR China), and cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) that contains 10% fetal
bovine serum, 100 U/mL penicillin, and 100 U/mL strepto-
mycin. According to the previous reports, NRK-52E cells
were challenged with 1 μM Ang II to develop in vitro HKD
model (21–23). The mouse embryonic fibroblast cells (NIH/
3T3) cells were from the Shanghai Institute of Biochemistry
and Cell Biology (Shanghai, PR China). A DMEM medium
with 4.5 g/L glucose containing 10% fetal bovine serum and
1% penicillin/streptomycin was used to culture the cells.
When the cell density in the six-well plate reached 60%, we
transfected 1 μg plasmid using Opti-MEMTM medium (No.
31985070, Thermo Fisher Scientific, Germany) containing 2
μL Lipofectamine 3000 and 2 μL P3000 (No. L3000-015,
Thermo Fisher Scientific, Germany). siRNA (50 nM) were
transfected by using Opti-MEMTMmedium containing 2 μL
Lipofectamine 3000. The cells were transfected 24 h later
for subsequent experiments.

Immunofluorescence Staining

The NRK-52E cells grown on glass coverslips were
stimulated with or without Ang II for immunofluores-
cence experiments. Then the cells were fixed by methanol
and blocked with 5% bovine serum albumin. The cells
were incubated with antibodies at 4�C overnight and fur-
ther with secondary antibodies (No. ab150077, Abcam,
1:200, and No. CL594-10594, Proteintech, 1:200) for 2 h at
room temperature. Finally, the cells were counterstained
with DAPI and imaged by the Nikon microscope imaging
system.

Western Blotting and Coimmunoprecipitation

Total proteins were isolated by radioimmunoprecipitation
(RIPA) lysis buffer (No. P0013C, Beyotime Biotechnology).
Then the concentration of proteins was determined with
equal amounts of protein separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred to
PVDF membranes. The membranes were blocked by 5% non-
fat dry milk and incubated with primary antibody overnight
at 4�C. Then, themembranewas incubatedwith the horserad-
ish peroxidase (HRP)-conjugated anti-mouse secondary anti-
body (No. SA00001-1, Proteintech, 1:2,000) and rabbit
secondary antibody (No. SA00001-2, Proteintech, 1:2,000) at
room temperature. Finally, protein content was determined
using the Bio-Rad protein assay (Bio-Rad, Munich, Germany).
The signals in themembrane were revealed by the electroche-
miluminescence reagent. The intensity analysis was per-
formed by the ImageJ-Fiji and normalized to b-actin, STAT3,
or Lamin B1.

For coimmunoprecipitation (Co-IP), proteins were extracted
from animal kidney tissue (10 mg) and primary NRK-52E cell
(1 � 107) samples with 0.4 mL RIPA buffer. Then, 200 μL pro-
tein lysate (1 mg/mL) was treated with 30 μL protein A þ G
agarose beads (No. P2012, Beyotime Biotechnology, PR China)
on a vibrator at 4�C for 1 h. The supernatant was transferred to
the new tube to remove proteins bound explicitly to magnetic
beads after centrifugation at 4�C for 10 min. A portion of the
lysate was retained as an input sample. The corresponding pri-
mary antibody (1 μg) was then added to the lysate and incu-
bated overnight on a vibrator at 4�C. Subsequently, 30 μL
protein A þ G agarose beads were added to the lysate and
incubated at 4�C for 2 h. The supernatant of protein lysate was
discarded after centrifugation at 1,500 g for 5 min. The mag-
netic bead mixture obtained in the previous step was washed
with PBS for five times, then the magnetic bead mixture was
treated with Tris-glycine sample loading buffer containing 2�
sodium dodecyl sulfate (SDS), followed by a heat treatment at
100�C for 10 min. Finally, after centrifugation at 14,000 g for 1
min, the supernatant was used for the subsequent Western
blot procedure.

Extraction of Cytoplasmic and Nuclear Proteins

NRK-52E cells were prepared in 10 cm dishes for extrac-
tion of the cytoplasmic and nuclear proteins. Nuclear and
cytoplasmic proteins were isolated using NE-PER nuclear
and cytoplasmic extraction reagents (No. P0028, Beyotime
Biotechnology, PR China), according to the manufacturer’s
protocol.
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Real-Time Quantitative PCR

Total RNA from kidney tissue and NRK-52E cells were iso-
lated and purified with TRIzol reagent (No. R401-01, Vazyme,
PR China) and reverse-transcribed to cDNA using PrimeScript

RT reagent kit (No. DRR037A, Takara, Japan). Quantitative
polymerase chain reaction (PCR) was carried out with SYBR
Green reagent kits (No. DRR037A, Takara, Japan). PCR was
subjected to 30 cycles, including 1 min each for 94�C (denatu-
ration), 60�C (annealing), and 72�C (elongation), and finally

Figure 1. OTUD6A was upregulated in kidney tissues of both mice challenged with Ang II and patients with nephropathy as compared with the control
ones. A: representative immunoblots for OTUD6A levels in Ctrl and Ang II-infused kidney tissues. B: representative immunohistochemical staining of
OTUD6A in kidney biopsy samples obtained from patients with nephropathy of different tubular atrophy/interstitial fibrosis (T0 and T1) (scale bar ¼ 50
μm). C: quantification of the protein levels of OTUD6A in mice kidney tissues (Normalized to b-actin; n ¼ 6). D: quantification of OTUD6A protein level in
kidney biopsy samples obtained from patients with nephropathy of different tubular atrophy/interstitial fibrosis (T0 and T1; n ¼ 3). E: immunofluorescent
staining of mouse kidney samples for OTUD6A (green) and markers of kidney epithelial cells [AQP1 (aquaporin-1); red], and mesangial cells and injured
podocytes (desmin; red), and podocytes [WT1 (Wilms tumor-1); red]. Slides were counterstained with 40,6-diamidino-2-phenylindole (DAPI; scale bar¼ 25
μm). F and G: representative immunoblots and quantitative analysis for OTUD6A protein levels in primary NRK-52E cells challenged by Ang II
(Normalized to b-actin; n¼ 3). Ns, not significant, �P< 0.05, ��P< 0.01, and ���P< 0.001. Ang II, angiotensin II; Ctrl, control; NRK cell, normal rat kidney
epithelial cell; OTUD6A, ovarian tumor domain-containing protein 6 A.
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extension at 72�C for 10 min. Primers were from Sangon
Biotech (Shanghai, PR China), as shown in Supplemental
Table S4.

Liquid Chromatograph-Mass Spectrometer Analysis

NIH/3T3 cells were transfected with plasmids expressing
Flag-tagged OTUD6A. After 24 h, the cells were lysed with a
Co-IP lysis buffer. The samples were then enriched with Flag
antibody and protein A þ G agarose beads at 4�C over-
night before being eluted with PBS three times. Next, the
samples were subjected to SDS-PAGE gel and Coomassie
blue staining. The excised gel segments were subjected to
liquid chromatograph-mass spectrometer (LC-MS/MS) and
analyzed by H-wayen Biomedical Science and Technology
Co Ltd (Shanghai, PR China).

Statistical Analysis

Data are presented as the means ± standard deviation (SD)
and analyzed using GraphPad Pro Prism 8.0 (GraphPad, San
Diego, CA; 24). The student’s t test was adopted to analyze the
difference between two groups. Furthermore, the data were
analyzed by one-way ANOVA to compare the difference
betweenmultiple groups. P values less than 0.05 were statisti-
cally significant.

RESULTS

OTUD6A Expression Was Elevated in Kidney Tissues of
Mice Challenged with Ang II and Patients with Kidney
Fibrosis

We used the well-established Ang II-induced hyperten-
sion mice model to evaluate the role of OTUD6A. The
results revealed that as compared with mice in the control
group, mice administered with Ang II for 4 wk had ele-
vated levels of OTUD6A in kidney tissues (Fig. 1A). To fur-
ther evaluate the possible role of OTUD6A in renal
fibrosis, we analyzed the OTUD6A level in fibrotic kidney
samples from patients with nephropathy. The patients
were divided into the T0 group (interstitial fibrosis 0%–

25%) and the T1 group (interstitial fibrosis >25%) accord-
ing to the 2016 Oxford classification. The immunostaining
results demonstrated that the OTUD6A level was higher in
the T1 group than in the T0 group. These data indicated a
potential link between OTUD6A and tubular atrophy/in-
terstitial fibrosis levels in human kidney tissues (Fig. 1B).
Quantification of OTUD6A expression further confirmed
increased OTUD6A protein level in kidney tissues of mice
infused with Ang II and patients with nephropathy as
compared with the controls (Fig. 1, C and D).

To identify the source of OTUD6A in the kidney tissues,
we used AQP1 to mark kidney epithelial cells, Desmin to
mark mesangial cells and injured podocytes, and WT1 to
label podocytes. Our findings revealed that OTUD6A im-
munoreactivity mainly colocalized to AQP1-expressing
cells rather than Desmin and WT1-expressing cells.
Therefore, the kidney tubular cells were the primary
source of increased OTUD6A in kidney tissues following
Ang II administration (Fig. 1E). We further confirmed these
findings in normal rat kidney (NRK)-52E kidney tubular
epithelial cells. Immunoblotting showed that OTUD6A lev-
els were significantly increased following Ang II challenge
in NRK-52E cells (Fig. 1, F and G; Supplemental Fig. S1).
These results suggested that elevated OTUD6A expression
in kidney tubular cells correlated with local kidney inju-
ries in humans and mice, potentially related to kidney
remodeling.

OTUD6A Deficiency Protected Mice against Ang
II-Induced Kidney Dysfunction and Fibrosis

To explore the role of OTUD6A in kidney dysfunction,
we utilized OTUD6A�/� mice. The immunostaining stain-
ing also confirmed that mice administered with Ang II
presented elevated OTUD6A level in kidney tissues
(Supplemental Fig. S2). WT and OTUD6A�/� mice were
administrated with saline or Ang II for 4 wk. Both WT
and OTUD6A�/� mice challenged with Ang II showed
increased blood pressure compared with saline-infused
mice, suggesting that blood pressure in response to Ang
II was not affected by OTUD6A deficiency (Supplemental
Fig. S3). OTUD6A deficiency prevented Ang II-induced
kidney dysfunction, as evidenced by decreased serum
creatinine ratio and blood urea nitrogen levels (Fig. 2, A
and B).

Gross examination of kidney tissues from mice further
showed that OTUD6A deficiency protected mice against
Ang II-induced kidney fibrosis. H&E staining confirmed
that Ang II-induced tubular injury in WT mice was
reflected by tubular dilation, epithelia flattening, and tu-
bular loss, which were attenuated in OTUD6A�/� mice.
PAS staining revealed that Ang II increased mesangial
cell proliferation and thickening of basement mem-
branes, which was attenuated by OTUD6A knockout.
Sirius red and Masson’s trichrome staining further
showed enhanced collagen deposition and fibrosis in kid-
ney tissues upon Ang II challenge in mice, which were
suppressed in OTUD6A�/� mice (Fig. 2, C–E). Consistent
with the histological examination, levels of fibrosis-asso-
ciated factors kidney collagen 1 (Col-1) and alpha-smooth
muscle actin (a-SMA) following Ang II-infusion were

Figure 2. OTUD6A deficiency attenuated Ang II-induced kidney dysfunction and fibrosis. WT and OTUD6A�/� mice were infused with saline (Sham) or
Ang II for 4 wk. Male mice aged 6–8 wk were randomized into four groups, with six mice in each group. A and B: measures of kidney function showing
BUN and serum creatinine ratio level (n ¼ 6). C: fibrosis in kidney tissues was determined by staining with hematoxylin-eosin (H&E), periodic acid-Schiff
(PAS), Sirius red, and Masson in sections of kidney (scale bar, 50 μm for H&E and PAS, Sirius red, and Masson staining). Black arrows indicating the colla-
gen deposition and fibrosis. D and E: quantification of Sirius red and Masson staining scores (n ¼ 6). F: representative immunoblots of Col-1 and a-SMA
in kidney tissues from WT or OTUD6A�/� mice under Ang II treatment. G and H: quantification of Col-1 and a-SMA in kidney tissues (Normalized to
b-actin; n ¼ 6). I and J: representative immunohistochemical staining and quantification of a-SMA in kidney tissues of mice (scale bar ¼ 50 μm; n ¼ 6).
K and L: mRNA levels of fibrosis-associated genes including Col1a and Acta2 in kidney tissues of mice (Normalized to WT-Sham group; n¼ 6). All quanti-
tative data are presented as means ± SE; �P< 0.05, ��P< 0.01, and ���P< 0.001. a-SMA, alpha-smooth muscle actin; Ang II, angiotensin II; BUN, blood
urea nitrogen; Col-1, collagen 1; WT, wild type;OTUD6A�/�, ovarian tumor domain-containing protein 6 A knockout.
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significantly lower in OTUD6A�/� mice as compared with
the WT mice (Fig. 2, F–H). Furthermore, immunohisto-
chemical staining also confirmed that Ang II enhanced
a-SMA level in kidney tissues, which was attenuated in
OTUD6A�/� mice (Fig. 2, I and J). In addition, Ang II

increased mRNA levels of fibrosis genes in kidney tissues,
including Col1a and Acta2. Such induction was relieved in
OTUD6A�/� mice (Fig. 2, K and L). Taken together,
OTUD6A deficiency protected mice against Ang II-induced
kidney fibrosis.
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OTUD6A Regulated Kidney Fibrotic Responses in NRK-
52E Cells

To explore the role of OTUD6A in kidney remodeling, we
enhanced OTUD6A level upon transfection with OTUD6A
overexpression plasmid into NRK-52E cells (Fig. 3, A and B)
and reduced OTUD6A level with siRNA transfection of NRK-
52E cells (Fig. 3, C and D). The results further confirmed that
Ang II-induced increase in the protein levels of fibrosis-asso-
ciated factors, including Col-1 and a-SMA, which was further
enhanced by OTUD6A overexpression (Fig. 3, E and F) but
reduced upon transfection with OTUD6A siRNA (Fig. 3, G
and H). The gene level of Col-1 and a-SMA followed a similar
trend in NRK-52E cells (Fig. 3, I–L). These results showed
that OTUD6A was essential in regulating Ang II-induced fi-
brosis in kidney tubular epithelial cells.

OTUD6A Inhibited K63-Linked Ubiquitination of STAT3
and Promoted STAT3 Activation

DUBs regulate protein degradation or function by deubi-
quitinating substrate proteins. We used immunoprecipitation
along with mass spectrometry to confirm substrate proteins
regulated by OTUD6A (Fig. 4A). Of the potential OTUD6A
binding proteins, we identified five potential substrates for
deubiquitination of OTUD6A. Given that STAT3 played a cru-
cial role in modulating Ang II-induced hypertensive kidney
injury and remodeling upon abnormal activation, and only
STAT3 is restricted to kidney cells, we speculated that STAT3
might act as a candidate substrate of OTUD6A in regulating
kidney remodeling (Fig. 4B; 25). Representative MS spectra of
STAT3 were demonstrated in Fig. 4C. STAT3 is constitutively
activated by phosphorylation of tyrosine 705 or serine 727 res-
idues. Studies have confirmed rapid tyrosine 705 STAT3 phos-
phorylation in response to Ang II in NRK-52E cells, whereas
serine 727 phosphorylation of STAT3 was not reported in kid-
ney remodeling (25). Our results further confirmed that
increased tyrosine 705 phosphorylated STAT3 expression was
positively related to the tubular atrophy/interstitial fibrosis
level in kidney tissues from patients with nephropathy (Fig.
4D; Supplemental Fig. S4; 16). To confirm the potential inter-
action between OTUD6A and STAT3, we transfected NIH/3T3
and NRK-52E cells with Flag-tagged OTUD6A. The results
revealed that STAT3 interacted with OTUD6A in NIH/3T3
and NRK-52E cells (Fig. 4, E and F). Our results also
revealed that OTUD6A immunoreactivity mainly colocal-
ized to STAT3 in NRK-52E cells (Fig. 4G). We further found
that the interaction of OTUD6A and STAT3 in kidney tis-
sue was significantly enhanced under Ang II stimulation
(Fig. 4H). More importantly, the ubiquitination of STAT3

was enhanced in Ang II-infused OTUD6A�/� mice as com-
pared with the WT mice under Ang II stimulation, suggest-
ing the in vivo deubiquitylation of STAT3 by OTUD6A (Fig.
4I). Furthermore, the immunofluorescence staining con-
firmed the colocalization of OTUD6A and STAT3 in kidney
tissues (Supplemental Fig. S5).

To investigate the mechanism by which OTUD6A regu-
lates STAT3 activity, we cotransfected STAT3 (His-
tagged) and OTUD6A (Flag-tagged) plasmids in NIH/3T3
cells. The cells were exposed with carbobenzoxy-L-
leucyl-L-leucyl-L-leucinal (MG132) to prevent proteaso-
mal degradation of STAT3 protein. The results revealed
that OTUD6A decreased the ubiquitination of STAT3
(Fig. 4J). To clarify the mechanism by which OTUD6A
regulates STAT3 activity, we cotransfected STAT3 (His-
tagged), OTUD6A (Flag-tagged), and mutated ubiquitin
plasmids with only K48 and K63 active sites retained in
NIH/3T3 cells. The cells were then exposed to MG132 to
prevent proteasomal degradation of STAT3. The results
indicated that the HA-K63 plasmid was sufficient to
decrease the ubiquitination of STAT3 in the presence of
OTUD6A at similar levels with HA-Ub (Fig. 4K). Our
study identified a novel role for OTUD6A in activating
STAT3 by inhibiting K63-linked ubiquitination.

OTUD6A Increased Ang II-Induced Kidney Fibrosis by
Regulating STAT3 Phosphorylation

Regarding the interaction between OTUD6A and STAT3,
we further explored whether OTUD6A modulates STAT3 in
Ang II-induced kidney fibrosis. We observed increased
Tyr705 p-STAT3 level following OTUD6A overexpression.
However, the total STAT3 protein level was not affected (Fig.
5A and Supplemental Fig. S6). Thus, we hypothesized that
OTUD6A enhanced the activation of Tyr705 p-STAT3.

We further upregulated OTUD6A in NRK-52E cells and
exposed the cells to 1 μMAng II for 1 h. OTUD6A overexpres-
sion in NRK-52E cells exacerbated Ang II-induced p-STAT3
expression without affecting the total STAT3 level (Fig. 5B
and Supplemental Fig. S7). Conversely, OTUD6A knockdown
abolished Ang II-induced p-STAT3 level in NRK-52E cells
(Fig. 5C and Supplemental Fig. S8). These data showed that
OTUD6A functionally targeted STAT3 phosphorylation.
STAT3 activation is mainly mediated by phosphorylation
and nuclear translocation. We then explored whether
OTUD6A regulated STAT3 nuclear translocation. The results
confirmed that STAT3 nuclear translocation was enhanced
upon OTUD6A overexpression in NRK-52E cells, as con-
firmed by immunoblotting and immunostaining results (Fig.
5,D and E, and Supplemental Fig. S9).

Figure 3. OTUD6A regulated kidney fibrotic responses in NRK-52E cells. A and B: representative immunoblots and quantitative analysis of OTUD6A in
NRK-52E cells transfected with OTUD6A overexpression plasmids (Normalized to b-actin; n ¼ 4). C and D: representative immunoblots and quantitative
analysis for OTUD6A in NRK-52E cells transfected with OTUD6A siRNA (Normalized to b-actin; n ¼ 5). E and F: representative immunoblots and quanti-
tative analysis of Col-1, a-SMA, and OTUD6A in NRK-52E cells transfected with OTUD6A overexpression plasmids and exposed with 1 μM Ang II
(Normalized to b-actin; n¼ 3). G and H: representative immunoblots and quantitative analysis of OTUD6A, Col-1, and a-SMA in NRK-52E cells transfected
with OTUD6A siRNA and exposed with 1 μM Ang II (Normalized to b-actin; n ¼ 3). I and J: real-time quantitative polymerase chain reaction (qPCR) assay
evaluating fibrosis-associated factors including col-1 and Acta2 in NRK-52E cells transfected with OTUD6A overexpression plasmids and exposed with 1
μM Ang II (Normalized to the EV group; n ¼ 6). K and L: real-time quantitative polymerase chain reaction (qPCR) assay evaluating fibrosis-associated fac-
tors including col-1 and Acta2 in NRK-52E cells transfected with OTUD6A siRNA and exposed with 1 μM Ang II (Normalized to the Si-NC group; n ¼ 6).
Mean ± SE; �P < 0.05, ��P < 0.01 and ���P < 0.001. a-SMA, alpha-smooth muscle actin; Ang II, angiotensin II; Col-1, collagen 1; EV, empty vector; NRK-
52E, normal rat kidney-52E; OTUD6Aoe, ovarian tumor domain-containing protein 6 A overexpression; Si-NC, small interfering RNA-negative control; Si-
OTUD6A, small interfering RNA-ovarian tumor domain-containing protein 6 A.
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We then explored whether OTUD6A deficiency modulated
STAT3 activation in kidney tissues of Ang II-infused mice.
The results showed that Ang II elicited STAT3 phosphoryla-
tion inWTmice, which was further suppressed inOTUD6A�/�

mice (Fig. 5, F–H). The immunohistochemistry also revealed

reduced STAT3 phosphorylation in OTUD6A�/� mice (Fig. 5I
and Supplemental Fig. S10). Finally, we explored whether
STAT3 regulates OTUD6A during kidney metabolism. We
challenged NRK-52E cells with Ang II in the presence or ab-
sence of STAT3 inhibitor stattic. Stattic selectively inhibits
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activation and nuclear translocation of STAT3 (26, 27). The
results revealed that stattic prevented p-STAT3 level in NRK-
52E cells challenged with Ang II for 1 h without affecting the
OTUD6A level (Fig. 5, J and L). Further, stattic reduced both
protein andmRNA levels of Col-1 and a-SMA in NRK-52E cells
upon Ang II exposure for 24 h without affecting the level of
OTUD6A (Fig. 5, K and M, and Supplemental Fig. S11). Taken
together, these results provided strong evidence that OTUD6A
enhanced STAT3 Tyr-705 phosphorylation and nuclear trans-
location to regulate the kidney fibrosis. A schematic illustra-
tion of themain findings is shown in Fig. 6.

DISCUSSION

DUBs are proteases that regulate protein turnover and
emerging therapeutic targets for various diseases (8).
Although substantial evidence supported the importance of
OTUD6A in tumor progression (14, 15), few studies have
reported the role and function of OTUD6A in kidney fibrosis.
For the first time, we revealed that OTUD6A was highly up-
regulated in the kidneys of patients with chronic kidney dis-
ease and Ang II-infused mice. OTUD6A�/� mice, when
challenged with the same Ang II regimen, showed sup-
pressed kidney dysfunction and fibrosis compared with the
control mice. Mechanistically, OTUD6A coimmunoprecipi-
tated and costained with STAT3. OTUD6A removed K63
ubiquitination to promote STAT3 phosphorylation and nu-
clear translocation. Moreover, OTUD6A deletion alleviated
the aberrant profibrogenic factors in Ang II-stimulated tubular
epithelial cells, whereas OTUD6A overexpression enhanced
the fibrosis process. Thus, our findings established OTUD6A
as a novel regulator of STAT3 in regulating kidney remodeling
and highlighted OTUD6A as a potential therapeutic target for
HKD.

Although almost 100 putative DUBs have been confirmed,
research on DUBs in maladaptive kidney remolding remains
scarce (8). Only recently, dysregulated DUBs, purely from
the USP family, have been identified in various models of
kidney injury. USP11, USP7, USP22, and USP28 were proven
to promote kidney injury by promoting partial epithelial-to-
mesenchymal transition and tubulointerstitial fibrosis (9, 10,
12, 28). Conversely, USP25 and USP9X showed protective
effects against kidney diseases (11, 29). Drugs targeting
USP30 are in clinical development for kidney disease (30).
However, the role and majority of substrates regulated by
DUBs remain elusive, impeding efforts to prioritize specific

therapeutic targets for kidney injuries. OTUD6A belongs to
the OTU family of DUBs, which was initially reported as an
oncogene and proved to promote breast and prostate tumori-
genesis via deubiquitinating TopBP1 and c-Myc (14, 15).
Recently, one study revealed that OTUD6A promoted intesti-
nal inflammation and colitis via NOD-like receptor thermal
protein domain associated protein 3 (NLRP3) deubiquityla-
tion (13). In the present study, our results showed increased
expression of OTUD6A in both kidney tissues of mice after
Ang II administration and in the kidney samples of patients
with nephropathy.

Moreover,OTUD6A�/� mice were more resistant to Ang II-
induced kidney injury than the WT mice, as reflected by
reduced kidney dysfunction and fibrosis. The Ang II-induced
hypertension in mice was at the same level in OTUD6A�/�

mice as the WTmice, suggesting that the protective effect of
OTUD6A deficiency is independent of regulating blood pres-
sure. Furthermore, the in vitro studies in kidney tubular epi-
thelial cells revealed consistent findings, as OTUD6A overe-
xpression was responsible for upregulating Ang II-induced
fibrotic factors, whereas OTUD6A knockdown attenuated
Ang II-elicited fibrosis. These results suggest a novel role of
OTUD6A in kidney remodeling.

STAT3 regulates various cellular and molecular activities.
Existing studies have confirmed the negative role of dysregu-
lated STAT3 activation in various kidney diseases (31, 32).
However, therapeutic applications of small-molecule STAT3
inhibitors against kidney injury are still limited. Therefore,
identifying the upstream regulatory protein of STAT3 and
clarifying its regulatory mechanism in a particular pathology
is of great clinical significance. Previous studies revealed
that STAT3 activation by Ang II is independent of angioten-
sin II receptor type 1 (25). Other signaling pathways initiated
by Ang II may convey STAT3 activation (21). The function
and degradation of proteins depend mainly on the ubiquity-
lation and deubiquitylation status (8). However, researches
on the ubiquitylation and deubiquitylation regulation of
STAT3 were limited. Only a few studies reported that A20
regulated STAT3-driven antimicrobial signaling via modu-
lating its ubiquitination (33), and USP28 deubiquitinated
STAT3 in a K48-linked manner (12). The deubiquitylating
enzymes that regulate STAT3 remain largely elusive. Our
results revealed that STAT3 activation was enhanced in the
kidney samples of patients with nephropathy and mice chal-
lenged with Ang II administration. Although the mecha-
nisms of STAT3 activation in kidney dysfunction remain

Figure 4. OTUD6A interacted directly with STAT3 and promoted STAT3 activation through deubiquitylation. A: schematic illustration of quantitative pro-
teomic screen to identify proteins binding to OTUD6A. B: five potential substrates for deubiquitination of OTUD6A from MS analysis. C: MS/MS spectrum
of the peptide showing SAFVVER from STAT3. Single-letter abbreviations: S, Ser; A, Ala; F, Phe; V, Val; E, Glu; R, Arg; m/z, mass/charge ratio. D: repre-
sentative immunohistochemical staining of p-STAT3 in kidney biopsy samples obtained from IgA patients with nephropathy of different tubular atrophy/
interstitial fibrosis (T0 and T1) (scale bar ¼ 25 μm). E and F: NIH/3T3 and NRK-52E cells were transfected with His-tagged STAT3 and Flag-tagged
OTUD6A. Anti-STAT3 antibody was used for CO-IP. Levels of flag-tagged OTUD6A were detected by IB. Coimmunoprecipitation of OTUD6A and
STAT3 in NIH/3T3 cells (E) and NRK-52 cells (F) (n ¼ 3). G: immunofluorescent staining showing colocalization of OTUD6A and STAT3 in NRK-52E cells
challenged with Ang II. Endogenous OTUD6A was immunoprecipitated by anti-OTUD6A antibody (scale bar ¼ 20 μm). H: representative immunoblots
of Co-IP of OTUD6A and STAT3 in kidney tissues from mice treated with Ang II (control ¼ IgG; n ¼ 3). I: ubiquitinated STAT3 was detected by immuno-
blotting to clarify the in vivo ubiquitination pattern of STAT3 regulated by OTUD6A (n ¼ 3). J: NIH/3T3 cells were transfected with His-STAT3, HA-Ub,
and Flag-OTUD6A. Cells were then exposed to MG132. Ubiquitinated STAT3 was detected by immunoblotting using an His-specific antibody (control¼
IgG; n ¼ 3). K: immunoprecipitation of STAT3 in NIH/3T3 cells that cotransfected with overexpression plasmids of His-STAT3, HA-Ub, HA-K48, and HA-
K63 and then subjected to MG132. Ubiquitinated STAT3 was detected by immunoblotting via using an His-specific antibody to clarify the ubiquitination
pattern of STAT3 regulated by OTUD6A (n ¼ 3). Ang II, angiotensin II; CO-IP, coimmunoprecipitation; IB, immunoblotting; MG132, carbobenzoxy-L-
leucyl-L-leucyl-L-leucinal; NIH/3T3, mouse embryonic fibroblast cells; NRK cell, normal rat kidney epithelial cell; OTUD6A, ovarian tumor domain-contain-
ing protein 6 A; STAT3, signal transducer and activator of transcription 3; Ub, Ubiquitin. Figure created with BioRender.com and used with permission.
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unclear, our present study confirmed that OTUD6A pro-
moted STAT3 phosphorylation.

STAT3 belongs to the transcription factor family. Upon
stimulation, cytoplasmic STAT3 is phosphorylated at Y705
or Y727 site (32). A previous study showed that Ang II-

induced STAT3 phosphorylation at Y705 promotes patholog-
ical kidney remodeling (34, 35). Consistent with the previous
studies, we identified increased levels of STAT3 Y705 phos-
phorylation in the kidneys from patients with nephropathy
as compared with the healthy controls. More importantly,
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OTUD6A detached K63-linked ubiquitination of STAT3 to
promote STAT3 Y705 phosphorylation in NRK-52E cells.
Taken together, our results indicated a new posttranscrip-
tional modification of STAT3. Although our study identified
STAT3 as an OTUD6A substrate, whether other substrates
were regulated by OTUD6A in the process of kidney remod-
eling needs further exploration. Researches in cancer pro-
vide exciting possibilities. A study identified dynamin-
related protein 1 (Drp1), a crucial regulator of mitochondrial
fission and function, as a substrate of OTUD6A in colorectal
cancer (36). More interestingly, Drp1 aggravated renal tubu-
lar epithelial cell apoptosis in kidney injury models (37).
Furthermore, OTUD6A promoted intestinal inflammation
and colitis through deubiquitylation of NLRP3 (13), which
was proved to be closely related to kidney injury (38).
Whether OTUD6A modulates Drp1 and NLRP3 involved in
kidney remodeling needs further exploration.

Undeniably, our study has certain limitations. First, dis-
tinct cell populations, including tubular cells, mesangial
cells, glomerular endothelial cells, podocytes, and immune
cells play important roles in the kidney metabolism and

disease progression (39). Although our results revealed that
OTUD6A is mainly located in renal tubular epithelial cells, it
is hard to exclude the contribution of OTUD6A in other kid-
ney cell types in Ang II-induced renal fibrosis, which should
be comprehensively explored in future studies. Second,
STAT3, mainly expressed in kidney tubular epithelial cells,
is also proved to regulate kidney cells such asmesangial cells
and podocytes (40). Whether OTUD6A-STAT3 axis works in
these cell types needs further exploration. Finally, no activa-
tor of OTUD6A is available at present. Mice should be
injected with adeno-associated virus (AAV) 9-encoding
OTUD6A vectors to further explore the in vivo regulatory
role of OTUD6A-STAT3 signaling pathway.

Collectively, the results of our study suggested that
OTUD6A played a pivotal role of in Ang II-induced kidney
injury. OTUD6A deficiency remarkably protected mice
against Ang II-induced kidney dysfunction and fibrosis.
Mechanistically, OTUD6A bounded to STAT3 and removed
K63 linked-ubiquitin chains to promote STAT3 phosphoryla-
tion and nuclear translocation, which then induced profi-
brotic gene transcription in epithelial cells. These studies

Figure 5. OTUD6A enhanced Ang II-induced kidney fibrosis by regulating STAT3 phosphorylation. A: representative immunoblots for p-STAT3 (Tyr-
705), STAT3, and OTUD6A in NIH/3T3 cells transfected with different amount of Flag-OTUD6A overexpression plasmids under Ang II treatment (n ¼ 3).
B: representative immunoblots for p-STAT3 (Tyr-705), STAT3, and OTUD6A in NRK-52E cells transfected with OTUD6A overexpression plasmids and
exposed to 1 μM Ang II for 1 h (n ¼ 3). C: representative immunoblots for p-STAT3 (Tyr-705), STAT3, and OTUD6A in NRK-52E cells transfected with
OTUD6A siRNA and exposed to 1 μM Ang II for 1 h (n ¼ 3). D: immunofluorescence staining showing nuclear and cytoplasmic localization of STAT3 (red)
in NRK-52E cells with various treatment. Cells were fixed and labelled with anti-STAT3 antibody. (n ¼ 3, scale bar ¼25 μm). E: NRK-52E cells were trans-
fected with OTUD6A-overexpressing vectors. Cells were then challenged with 1 μM Ang II for 1 h. Representative immunoblots of STAT3 and OTUD6A
in cytosolic and nuclear fractions (Normalized to b-actin and Lamin B1; n ¼ 3). F–H: representative immunoblots and quantitative analysis for p-STAT3
(Tyr-705) and STAT3 in kidney tissues fromWT orOTUD6A�/� mice under Ang II treatment (Normalized to b-actin and Lamin B1) (n¼ 6). I: representative
immunohistochemical staining image of p-STAT3 (Tyr-705) in kidney sections from WT orOTUD6A�/� mice under Ang II treatment. J and L: representa-
tive immunoblots and quantitative analysis for p-STAT3 (Tyr-705), STAT3, and OTUD6A expression in NRK-52 cells challenged with or without Ang II
and/or STAT3 inhibitor Stattic (Normalized to b-actin and STAT3) (n ¼ 3). K: representative immunoblots for Col-1, a-SMA, and OTUD6A expression in
NRK-52 cells challenged with or without Ang II and/or STAT3 inhibitor Stattic.M: relative gene expression of Col-1 and a-SMA in NRK-52 cells challenged
with or without STAT3 inhibitor Stattic under Ang II treatment (Normalized to the control group) (n ¼ 3). All quantitative data is presented as means ± SE;
Ns, not significant, �P < 0.05, ��P < 0.01, ���P < 0.001. a-SMA, alpha-smooth muscle actin; Ang II, angiotensin II; Col-1, collagen 1; Con, control; EV,
empty vector; NIH/3T3, mouse embryonic fibroblast cells; NRK-52E, normal rat kidney-52E; OTUD6A, ovarian tumor domain-containing protein 6 A;
OTUD6Aoe, OTUD6A overexpression; p-STAT3, phosphorylated signal transducer and activator of transcription 3; Si-NC, Small interfering RNA-negative
control; Si-OTUD6A, Small interfering RNA-OTUD6A; STAT3, signal transducer and activator of transcription 3.

Figure 6. Schematic illustration for the role of OTUD6A
on STAT3 during Ang II-induced kidney injury. STAT3 ac-
tivity is normally kept in check by ubiquitination. OTUD6A
deubiquitinates STAT3, thereby leading to STAT3 phos-
phorylation, nuclear translocation, and transcriptional acti-
vation of fibrosis-genes in the pathogenesis of Ang II-
induced kidney injury. a-SMA, alpha-smooth muscle actin;
Ang II, angiotensin II; Col-1, collagen 1; OTUD6A, ovarian
tumor domain-containing protein 6 A; STAT3, signal
transducer and activator of transcription 3.
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identified STAT3 as a direct substrate of OTUD6A and indi-
cated OTUD6A as a potential therapeutic target for HKD.
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