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Deubiquitinating enzyme USP11 promotes renal tubular cell
senescence and fibrosis via inhibiting the ubiquitin degradation
of TGF-f receptor 11

Jia-yun Ni', Xin Wang', Hong-yan Xie', Ning-hao Yang', Jing-yao Li', Xi-ang Sun', Heng-jiang Guo', Li Zhou', Wei Zhang’, Jun Liu" and
Li-min Lu'?

Transforming growth factor-31 (TGF-B1) is regarded as a key factor in promoting renal fibrosis during chronic kidney disease (CKD).
Signaling transduction of TGF-f1 starts with binding to TGF-$ type Il receptor (Tgfbr2), a constitutively activated kinase that
phosphorylates TGF-B type | receptor (Tgfbr1), and then activates downstream Smad2/3 or noncanonical pathways. Previous
studies show that cellular senescence is associated with the progression of CKD, and accelerated tubular cell senescence is
implicated in promoting renal fibrosis. In the present study we investigated the renal parenchymal cell senescence in fibrosis from
the sight of posttranslational regulation and focused on Tgfbr2, the important gatekeeper for TGF-B1 downstream signaling. In
mice with unilateral ureteral obstruction (UUO) and folic acid (FA)-induced fibrotic kidneys, we found that Tgfbr2 was markedly
elevated without obvious change in its mRNA levels. As an important member of deubiquitinating enzymes, ubiquitin-specific
protease 11 (Usp11) was also significantly increased in fibrotic kidneys, and co-distributed with Tgfbr2 in tubular epithelial cells.
Pretreatment with Usp11 inhibitor mitoxantrone (MTX, 30 mg-kg™'-d™', i.p.) twice a week, for 2 weeks significantly attenuated the
elevation of Tgfbr2, activation in downstream senescence-related signaling pathway, as well as renal senescence and fibrosis. In
cultured mouse tubular epithelial cells (MTECs), treatment with angiotensin Il (Ang-ll, 1077, 10-° M) dose-dependently elevated
both Tgfbr2 and Usp11 levels. Inhibition or knockdown on Usp11 attenuated Ang-ll-induced elevation in Tgfbr2 level, and
attenuated the activation of downstream senescent-related signaling pathway and as well as cell senescence. We conducted Co-IP
experiments, which revealed that Usp11 was able to interact with Tgfbr2, and inhibition of Usp11 increased the ubiquitination of

Tgfbr2. Taken together, these results demonstrate that the elevation of Usp11 under pathological condition is implicated in
promoting renal fibrosis. Usp11 promotes the development of renal fibrosis by deubiquitinating Tgfbr2, reducing Tgfbr2
ubiquitination degradation, and then facilitating the activation of downstream senescent signaling pathway.
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INTRODUCTION
Chronic kidney disease (CKD) is currently considered as a
worldwide health concern and a major threat to human health
[1, 2]. Any kind of CKD is characterized by renal fibrosis whatever
the original pathogenies, and will inevitably progress into the end-
stage renal disease if no appropriate intervention is taken. Renal
fibrosis is a consequence of disturbed extracellular matrix protein
production and degradation, which leads to excessive sedimenta-
tion of extracellular matrix in renal interstitium and loss of renal
parenchyma cells [3, 4]. Evidences from different studies have
revealed that renal fibrosis is not only a morphological
characteristic, but also an independent risk for the development
of CKD.

Renal fibrosis can be induced by various factors such as hypoxia,
oxidative stress, growth hormones, and inflammatory cytokines.
Among them, TGF-1 is widely accepted as the most important

fibrogenic initiator, which mediates the fibrotic effects of different
factors, such as inflammatory factors, Ang-ll, endothelin 1,
ischemia, high glucose etc [5].

TGF-B1 exerts its biological effects via binding to TGF-f31
receptor on the cell membrane. TGF-B1 receptor is a heterodimer
of subunits TGF-f type | receptor (Tgfbr1) and Il (Tgfbr2). Tgfbr2 is
the subunit that recognizing TGF-B1 in extracellular fluid. When
Tgfbr2 binds with TGF-f31, it recruits and phosphorylates Tgfbr1
and then activates downstream canonical (Smad-dependent) and
non-canonical (non-Smad-dependent) intracellular signaling
pathways. The fibrosis-facilitating effects of TGF-B1 depend on
the change of TGF-B1 expression as well as the sequential
activation of its downstream signaling. Compared with the
change of TGF-B1 expression, the regulations on each down-
stream signaling molecule under pathological situations are far
from elucidated [6-8].
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In the TGF-B1 downstream signaling pathway, the stability of
multiple molecules can be regulated by different ways, including
the ubiquitin-proteasome system (UPS) [9-12]. UPS is the major
intracellular and non-lysosomal protein degradation system. It
includes substrates, ubiquitin molecule, ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2), ubiquitin-
ligase enzymes (E3), 26S proteasomes, and Deubiquitinating
enzymes (DUB) [12-14]. DUBs are the enzymes which cleave
ubiquitin from proteins and other molecules by hydrolyzing the
ester bond, peptide bond, or iso-peptide bond at the carboxyl
terminus of ubiquitin, thus negatively regulate ubiquitination-
mediated protein degradation [14-16]. Usp11 belongs to the
ubiquitin-specific protease enzyme subfamily in DUB [17]. It has
been observed that Usp11 can control the ubiquitination of Tgfbr2
and was involved in the progression of pulmonary fibrosis [18].

Cellular senescence refers to the phenomenon that the cell
loses duplicating ability and permanently exits cell cycle following
repeatedly duplication [19-21]. Cellular senescence is the basis of
ageing in multicellular organisms, but unlike ageing, cellular
senescence is a physiological phenomenon which runs through
entire lifetime of the organism. Different from quiescent cells,
senescent cells cannot re-enter the cell cycle when subjected to
stimuli, thus it will ultimately affect the functions of an organ.
Senescent cells are characterized by morphological changes,
chromatin remodeling, altered gene expression profile, and the
appearance of senescence-associated secretory phenotype (SASP)
[22]. Under pathological conditions, such as stress, the accelerated
cellular senescence may lead to insufficiency in parenchymal cells,
and is considered as a reason for pathological remodeling and
functional deterioration of the organs. Thus, revealing the
mechanism of accelerated cellular senescence under pathological
conditions is considered as a new window for exploring effective
manipulating strategy for degenerative diseases [23]. Previous
studies have observed that cellular senescence is associated with
the progression of CKD, and the accelerated tubular cell
senescence is implicated in promoting renal fibrosis [24, 25].

In the present study, we aimed to investigate the mechanism of
renal parenchymal cell senescence in fibrosis from the sight of
posttranslational regulation and focused on the gatekeeper for
TGF-1 downstream signaling Tgfbr2.

MATERIALS AND METHODS

Animal models

Male C57BL/6J mice (6-8 weeks old, 20-25 g in bodyweight) were
purchased from Animal Department of Fudan University (Shang-
hai, China). UUO mice were established as previously described
[26]. After the mice were anesthetized, the left ureter was exposed
and ligated. The sham group was operated in the same procedure
except the left ureter ligation. Mice were administered with either
saline or Usp11 inhibitor mitoxantrone (MTX) (MedChemExpress,
Monmouth Junction, NJ, USA) via the intraperitoneal injection at a
dose of 3 mg/kg bodyweight 2 weeks before UUO surgery, twice a
week [27-29]. At 14 days, the mice were euthanized for the renal
tissue harvesting. Folic acid (FA) mice received a single
intraperitoneal injection of FA (250 mg/kg bodyweight; Sigma;
Saint Louis, MO, USA) dissolved in a 0.3 M sodium bicarbonate
solution and were euthanized at 21 days for the renal tissue
harvesting. All animal experiments were conducted following the
Guidance for Care and Use of Laboratory Animals of Fudan
University. The protocols complied with the Criteria of the Medical
Laboratory Animal Administrative Committee of Shanghai and
were approved by the Ethics Committee for Experimental
Research of Shanghai Medical College, Fudan University.

Cell culture

The mouse renal proximal tubular epithelial cell line (MTECs) was
obtained from Prof. Lan’s lab, Chinese University of Hong Kong.
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The cells were cultured in DMEM-F-12 medium (Cytiva; Logan, UT,
USA) supplemented with 10% FBS (Gibco; Grand Island, NY, USA)
and 1% penicillin—streptomycin (Gibco; Grand Island, NY, USA) in a
humidified incubator with 5% CO, at 37 °C. After starved overnight
in a serum-free medium, cells were treated with Ang-Il (Millipore;
Billerica, MA, USA) at a concentration of 10~ and 10~° M for 48 h.
Usp11 inhibitor MTX (2.5 umol/L) was added to cells for 0.5 h after
Ang-ll treatment.

Western blot

Kidney tissue or cells were lysed in lysis buffer containing 2%
SDS following centrifugation. The supernatant was separated on
SDS-polyacrylamide gels and then electrophoretically trans-
ferred to polyvinylidene fluoride membrane (Millipore; Billerica,
MA, USA). The membrane was blocked with 5% non-fat milk for
2h. Proteins were detected with primary antibody against
Fibronectin (F3648; Sigma-Aldrich; Saint Louis, MO, USA), o-
smooth muscle actin (a-SMA) (14395-1-lg; Proteintech; Chicago,
MA, USA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(60004-1-lg; Proteintech; Chicago, MA, USA), Tgfbr2 (66636-1-Ig;
Proteintech; Chicago, MA, USA), Usp11 (ab109232; Abcam;
Cambridge, MA, USA), Klotho (AF1819; R&D Systems; Minnea-
polis, MN, USA), y-H2AX (9718S; Cell Signaling Technology;
Beverly, MA, USA), P53 (2524S; Cell Signaling Technology;
Beverly, MA, USA), P21 (sc-6246; Santa Cruz Biotechnology;
Santa Cruz, CA, USA), P16 (ab51243; Abcam; Cambridge, MA,
USA), p-Smad3 (9520S; Cell Signaling Technology; Beverly, MA,
USA), Smad3 (9513S; Cell Signaling Technology; Beverly, MA,
USA), ubiquitin (10201-2-AP; Proteintech; Chicago, MA, USA). The
bands were visualized by an ECL detection kit and quantitated
by densitometric analysis using the ImageJ software.

RNA extraction and real-time quantitative PCR

Total RNA was extracted using the TRIzol reagent (Thermo Fisher
Scientific; Waltham, MA, USA). For mRNA quantification, cDNA was
synthesized using PrimeScript™ RT reagent Kit (Takara; Kyoto, Japan)
and quantitative PCR was performed on Applied Biosystems 7300
Plus using SYBR Green PCR master mix (Toyobo; Osaka, Japan). The
sequences of the primer pairs are: 5-CGTTTCCGGGACCAGAAT
CC-3’ (forward) and 5-CATCGCCGTCCGTTCTCTTC-3’/ (reverse) for
Usp11; 5-ACGTTCCCAAGTCGGATGTG-3' (forward) and 5’-ACAGCTT
AGGTGGATGGATGC-3’ (reverse) for Tgfbr2; 5'-CTTTGGTATCGTGG
AAGGACTC-3" (forward) and 5-AGTAGAGGCAGGGATGATGT-3’
(reverse) for GAPDH. The relative abundance of target mRNA was
normalized to the GAPDH.

Renal histology and immunohistochemistry staining

Mouse kidneys fixed in 10% formalin were embedded into paraffin
and cut into 4-um thick sections. H&E staining, Masson'’s trichrome
staining and Sirius Red staining were conducted following a
protocol described previously. The tubular injury was assessed by
H&E staining based on tubular changes including tubule dilation,
epithelial swelling, loss of brush borders, and protein cast
formation. Masson’s trichrome staining and Sirius Red staining
were used to evaluate interstitial fibrosis. Fibrotic areas in five
discretionary fields of each mouse were quantified. The average
percentage of fibrotic area relative to the total area was regarded
as fibrotic score. The mouse kidneys were stained using specific
anti-Usp11 antibody (ab109232; Abcam; Cambridge, MA, USA) and
anti-Tgfbr2 antibody (66636-1-lg; Proteintech; Chicago, MA, USA).

RNA interference

Usp11 siRNA (5-UUAUCUCAUCUUGAAAGAGUG-3’) was designed
and synthesized by Biotend (Shanghai, China). MTECs were
transfected with Usp11 siRNA (25 pumol/L) or non-silencing
negative siRNA (25 umol/L) using Lipofectamine RNAIMAX reagent
(13778030; Thermo Fisher Scientific; Waltham, MA, USA) according
to the manufacturer’s instructions.
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Fig. 1

The Tgfbr2 protein level but not mRNA level was elevated in tubular epithelial cells in UUO or FA-induced fibrotic kidneys.

a Representative Western blot of Tgfbr2 in UUO mice kidneys. b Quantitative data for Tgfbr2 in mice kidneys at 7 and 14 d after UUO (n = 6).
**¥P < 0.001, ****P < 0.0001 vs Sham. ¢ Representative Western blot of Tgfbr2 in FA mice kidneys. d Quantitative data for Tgfbr2 in mice
kidneys at 21 d after FA treatment (n = 6). ***P < 0.001 vs Con. e Immunohistochemistry staining of Tgfbr2 in sham and UUO mice at 14 d after
surgery. Scale bars: 50 pm. f gPCR analysis for Tgfbr2 mRNA in the kidneys at 7 d, 14 d after UUO (n = 6). Ns, P> 0.05 vs Sham. g qPCR analysis
for Tgfbr2 mRNA in the kidneys at 21 d after FA (n =6). Ns, P> 0.05 vs Con. Con control, FA folic acid, UUO unilateral ureteral obstruction.

Coimmunoprecipitation (Co-IP)

Cells were lysed in a mild cell lysate (P0013; Beyotime; Shanghai,
China). After centrifugation at 14,000xg for 10min at 4°C,
the supernatants were incubated with anti-Usp11 (ab109232;
Abcam; Cambridge, MA, USA) or anti-Tgfbr2 (66636-1-lg; Protein-
tech; Chicago, MA, USA) overnight at 4 °C and then precipitated
by the Protein A/G PLUS-Agarose (Santa Cruz, Dallas, TX, USA).
The IP complexes were washed and eluted for immunoblot
analysis.

Senescence-associated (-galactosidase (SA-f3-gal) staining

Frozen sections (3 um) were used for detection of SA-B-gal activity
according to the manufacturer’s instructions (C0602; Beyotime;
Shanghai, China).
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Statistical analysis

Data are shown as the mean+SEM. The analysis of data was
performed by SPSS 19.0 (Chicago, IL, USA). Comparisons among
groups were performed by one-way ANOVA with post hoc analysis
using Tukey's test. P<0.05 was considered as statistically
significant.

RESULTS

Tgfbr2 was increased in UUO or FA-induced fibrotic kidneys
Western blot result showed that Tgfbr2 was significantly increased
in the obstructed kidneys of UUO mice compared with sham-
operated mice (Fig. 1a, b). The elevation of Tgfbr2 was also
observed in FA-induced renal fibrosis animals (Fig. 1c, d).
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Fig. 2 Usp11 was elevated in tubular epithelial cells in UUO or FA-induced fibrotic kidneys. a qPCR analysis for Usp11 mRNA in the
kidneys at 7 d, 14 d after UUO (n = 6). **P < 0.01 vs Sham. b Representative Western blot of Usp11 in UUO mice kidneys. ¢ Quantitative data for
Usp11 in mice kidneys at 7 and 14 d after UUO (n = 6). **P < 0.01 vs Sham. d gqPCR analysis for Usp11 mRNA in the kidneys at 21 d after FA
(n=26). **P <0.01 vs Con. e Representative Western blot of Usp11 in FA mice kidneys. f Quantitative data for Usp11 in mice kidneys at 21 d
after FA treatment (n = 6). ***P < 0.001 vs Con. g Immunohistochemistry staining of Usp11 in sham and UUO mice at 14 d after surgery. Scale
bars: 50 pm. h Immunohistochemistry staining of Usp11 in Sham and FA mice at 21d after surgery. Scale bars: 50 pm. Con control, FA folic acid,

UUO unilateral ureteral obstruction.

Immunohistochemistry result showed that Tgfbr2 was
mainly distributed in renal tubules (Fig. 1e). The changes of
Tgfbr2 in the obstructed kidneys were also measured by gPCR,
however, the result showed that there was no significant
difference in the mRNA levels of Tgfbr2 between UUO and
Sham mice (Fig. 1f). In consistent with the gPCR results, also no
significant difference in the mRNA level of Tgfbr2 was observed
in FA mouse kidney tissue when compared with control mice

(Fig. 19).
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Usp11 was increased in UUO or FA-induced fibrotic kidneys

Previous studies have demonstrated that deubiquitinating
enzyme Usp11 reduces Tgfbr2 degradation by deubiquitination
modification. Here, the expression of Usp11 in fibrotic mice was
detected by Western blot and qPCR. The results showed that both
Usp11 mRNA and protein levels were significantly increased in the
obstructed kidneys of UUO mice compared with sham-operated
mice (Fig. 2a—c). The elevation of Usp11 was also observed in FA-
induced renal fibrosis animals (Fig. 2d-f). Immunohistochemistry

SPRINGER NATURE
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Fig.3 Usp11 inhibitor mitoxantrone alleviated the elevation of Tgfbr2 and fibrotic-related gene expressions in UUO mice. a Experimental
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vehicle (saline). b Representative H&E stained kidney images. Scale bars: 50 pm. ¢ Quantitative determination of tubular injury score (n = 6).
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positive area. ***P < 0.001 vs Sham. *P < 0.01 vs UUO. g Representative Western blot. h Quantitative data of Usp11, Tgfbr2, fibronectin and a-
SMA from different groups (n = 6). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs Sham. *P < 0.05, *P <0.01, #*P <0.001 vs UUO. FN fibronectin,
H&E hematoxylin-eosin, Masson Masson'’s trichrome, MTX mitoxantrone, UUO unilateral ureteral obstruction, a-SMA a-smooth muscle actin.
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Fig. 4 Suppression of Usp11 attenuated Ang-ll-induced the expressions of Tgfbr2 and fibrosis-related genes in MTECs a Representatlve
Western blot of Usp11, Tgfbr2, and fibrosis-associated genes. Cells were treated with Ang-Il at a concentration of 10”7 and 10 ° M for 48 h.
b Quantitative data for Usp11, Tgfbr2 and fibrosis-associated genes after Ang-ll treatment (n=3). *P<0.05, **P<0.01, ***P <0.001,
****P<00001 vs Con. ¢ Representative Western blot of Usp11, Tgfbr2 and fibrosis-associated genes. Cells were pre-treated with Ang-ll
(107 M) for 48 h and then treated with MTX for 0.5 h. d Quantltatlve data for Usgﬂ 1, Tgfbr2 and fibrosis-associated genes after Ang-Il and MTX
treatment (n = 3). ***P < 0.001, ****P < 0.0001 vs Con. Ns, P> 0.05, *P < 0.05, *#P <0.001 vs Ang-ll. e Representative Western blot of Usp11,
Tgfbr2 and ﬁbr05|s associated genes. Cells were pre-treated with Usp11 siRNA (25 pmol/L) or NC siRNA (25 pmol/L) for 24 h and then exposed
to Ang-ll (10~ %M) for 48 h. f Quantitative data for Usp11, Tgfbr2 and fibrosis-associated genes after siRNA and Ang-ll treatment (n = 3).
**%p < 0,001 vs NC si-Usp11. #P <0.01, ##P < 0.001 vs Ang-Il + NC si-Usp11. Con control, FN fibronectin, MTX mitoxantrone, a-SMA «-smooth
muscle actin, MTEC mouse tubular epithelial cell.

result showed that Usp11 was mainly distributed in renal tubules component FN and renal fibrosis maker a-SMA was significantly

(Fig. 2g, h). increased in the obstructed kidneys. Administration of MTX

effectively attenuated UUO-induced activation of Usp11 and
Usp11 inhibitor MTX significantly enhanced the degradation of Tgfbr2. In the same time, the elevations of FN and a-SMA were
Tgfbr2 and alleviated fibrosis also significantly blunted (Fig. 3g, h).

To identify the role of Usp11 on renal fibrosis, MTX, an Usp11
inhibitor, was injected intraperitoneally into UUO mice (Fig. 3a). Suppression of Usp11 blunted Ang-ll-induced the Tgfbr2

The obstructed kidneys displayed typical fibrosis characteristics, expression and related gene expressions in MTECs
which was evidenced as the loss of brush border, tubule dilatation To verify the result observed in vivo, cultured renal tubular epithelial
and cast formation by H&E staining analysis and extra interstitial cells were treated with Ang-ll, the major effector in renin-

extracellular matrix deposition by Sirius Red staining and Masson angiotensin system. As shown in Fig. 4a, b, Ang-ll induced
staining analysis. Inhibition of Usp11 by MTX significantly significant increases in Usp11 and Tgfbr2 expression in a dose-
alleviated the pathological changes in obstructed kidneys dependent manner, as well as the extracellular matrix component
(Fig. 3b-f). Western blot result revealed that the expression of fibronectin and renal fibrosis maker a-SMA. Western blot results
Usp11 and Tgfbr2 were significantly increased in the obstructed showed that pharmacological inhibition of Usp11 by MTX alleviated
kidneys. In addition, the expression of extracellular matrix Ang-ll-induced upregulation in Tgfbr2 and fibrosis-related genes
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Fig. 5 Usp11 decreased the ubiquitination of Tgfbr2. a Representative immunohistochemistry staining images of co-localization of Usp11
and Tgfbr2 in UUO kidneys. Scale bars: 20 pm. b Mice tubular epithelial cells were treated with Ang-ll for 48 h. Cell lysates were
immunoprecipitated with anti-Usp11 antibody and analyzed by immunoblotting with anti-Tgfbr2 antibody. ¢ Mice tubular epithelial cells
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Usp11antibody. d Cells were pre-treated with Ang-ll (100°M) for 48h and then treated with MTX for 0.5h. Cell lysates were

immunoprecipitated with anti-Tgfbr2 antibody and analyzed by immunoblotting with anti-Ubiquitin antibody. Con control, MTX

mitoxantrone, Ub Ubiquitin, UUO unilateral ureteral obstruction.

such as FN and a-SMA. However, MTX treatment had little effect on
the expression of USP11 (Fig. 4¢, d). In the same time, Western blot
results showed that knockdown on Usp11 markedly reversed the
increase of Usp11 induced by Ang-ll in MTECs. Meanwhile,
the increase of Tgfbr2 was attenuated by knockdown on Usp11.
Ang-ll-induced increases in FN and a-SMA were also reversed by
knockdown on Usp11 (Fig. 4e, f). These results suggested that
Usp11 was implicated in Ang-ll-induced Tgfbr2 expression in renal
epithelial cells.

Usp11 decreased the ubiquitination of Tgfbr2

Co-localization of Usp11 and Tgfbr2 was identified by IHC staining
on serial sections of kidney. The results showed that the elevation
of Usp11 protein was co-localized with Tgfbr2 in renal tubular
epithelial cells of UUO kidneys (Fig. 5a). Co-IP was further
conducted to verify the interaction between Usp11 and Tgfbr2.
The results showed that Usp11 was able to interact with Tgfbr2

SPRINGER NATURE

(Fig. 5b, c). Meanwhile, the results showed that MTX notably
reduced the expression of Tgfbr2, while the number of Ubiquitin
(Ub) molecules attached to Tgfbr2 was increased (Fig. 5d). These
results suggested that the inhibition of Usp11 increased the
ubiquitination of Tgfbr2.

Renal parenchymal cell senescence was exacerbated in UUO
kidneys and Ang-ll-treated MTECs

Cell senescence is considered as an accelerator of the functional
deterioration of organs. In this study, Western blot result showed
that the expressions of cell senescence markers, such as yH2AX,
P53, and P21 were increased in UUO kidneys, while Klotho, an
anti-aging factor, was downregulated (Fig. 6a—c). SA-B-gal staining
showed that the SA-B-gal positive staining area was also increased
in UUO kidneys (Fig. 6d, e). Similar results showed that the
expression of senescence markers, such as yH2AX, P53, and P21,
was increased in Ang-ll-treated MTECs (Fig. 6f, g). Cell SA-B-gal
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Inhibition of Usp11 attenuated cell senescence in UUO mice kidneys. a Representative Western blot from different groups.

b, ¢ Quantitative data of cell senescence markers from different groups (n = 6). ***P < 0.001, ****P <0.0001 vs Sham. *P <0.05, P <0.01,
###p < 0.001 vs UUO. d Representative SA-p-gal staining images from different groups. Scale bars: 50 pm. e Quantitative determination of SA-
p-gal positive area (n = 6). ****P < 0.0001 vs Sham. **#P < 0.001 vs UUO. MTX mitoxantrone, SA-p-gal Senescence-associated p-galactosidase,

UUO unilateral ureteral obstruction.

staining showed that the SA-B-gal positive staining in the
cytoplasm was also increased in MTEC after Ang-Il treatment
(Fig. 6h, i). These results suggested that cell senescence was
exacerbated in renal tubular epithelial cells during kidney fibrosis.

Inhibition of Usp11 attenuated renal cell senescence in UUO mice
To explore the role of Usp11 and Tgfbr2 elevation of the
senescence of fibrotic mouse kidney tissue, MTX was used to
inhibit the effect of Usp11. Western blot results showed that MTX
attenuated the changes in cell senescence-related gene expres-
sions, such as the increase in yH2AX, P53, P21, and decrease in
Klotho in UUO kidneys (Fig. 7a—c). SA-B-gal staining showed that
MTX reduced the SA-B-gal positive staining area in UUO kidneys
(Fig. 7d, e). These results suggested that the elevation of Usp11
and Tgfbr2 was implicated in cell senescence in UUO mice.

Interference of Usp11 alleviated Ang-ll-induced activation on cell
senescence-related Smad3/P53 pathway

To investigate the downstream pathway of Tgfbr2 regulated by
USP11 in cell senescence, Western blot results showed that the

SPRINGER NATURE

phosphorylation of Smad3 was increased, and the expression of
P53, P21, and P16 was also upregulated after Ang-Il treatment.
MTX attenuated the phosphorylation of Smad3 and blunted the
expression of P53, P21, and P16 (Fig. 8a-c). Meanwhile, cell SA-B-
gal staining showed that inhibition of Usp11 with MTX in MTECs
attenuated the increase in SA-B-gal positive staining induced by
Ang-ll treatment (Fig. 8d, e). In the same time, knocked down on
Usp11 in MTECs blunted the expression of cell senescence-related
genes such as yH2AX, P53, and P21 after Ang-ll treatment. The
increase in SA-B-gal positive staining induced by Ang-Il treatment
was also partially reversed by knockdown on Usp11 (Fig. 8f-i).
These results suggested that the elevation of Usp11 and Tgfbr2
facilitated cell senescence by activating Smad3/P53 signaling
pathway.

DISCUSSION

Cell senescence is a state in which the cells gradually lose the
endowed specific functions and proliferation ability. In multi-
cellular organisms, cellular senescence is the cellular basis of
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organismal ageing. Senescent cells are cell cycle arrested and
cannot re-enter the cell cycle as required, which will ultimately
impair the tissue renewal, and lead to functional deterioration.
Senescent cells are characterized by morphological changes,
chromosome DNA damage and chromatin remodeling, altered
gene expressions, and the appearance of SASP [25, 30]. Recent
studies have shown that various insults such as stress may result in
accelerated cell senescence. As a consequence, the accelerated
senescence will lead to tissue remodeling and functional
degeneration. Therefore, accelerated senescence is recently
considered as a reason for organ deterioration under pathological
conditions, especially in chronic degenerative diseases. Revealing
the relationship between cell senescence and injury is becoming a
hot area in research for years to come [20, 31].

Studies have shown that CKD patients exhibit characteristics of a
premature senescence syndrome, many factors that facilitate the
development of CKD, including oxidative stress, persistent inflam-
mation, are closely related to appearance of senescent phenotype
and decreased klotho expression [25, 32, 33]. Senescent cells exhibit
secretory phenotype, most of the cytokines secreted are pro-
inflammatory cytokines, which can further promote the progression
of renal fibrosis, thus accelerated cell senescence and inflammation
form a vicious circle in promoting renal fibrosis [25, 31]. Kidney is a
highly differentiated organ. Renal tubular cells, the most abundant
terminally differentiated cells in kidney, are the cells most likely to
transition into the senescent phenotype in CKD [34-37]. Studies
have shown that the appearance of senescent phenotype of tubular
epithelial cell is closely related to renal deterioration and fibrosis,
but the upstream mechanism in triggering cell senescence is still
unclear [24, 25, 38].

Available evidence showed that DNA damage response induced
by sustained stress and telomere shortening may lead to the
activation of p53. As a tumor suppressor, p53 is able to initiate the
expression of p21, a cell cycle-associated protein which can lead
to cell cycle arresting and appearance of senescent phenotype
[39]. As an essential downstream signal molecule of TGF-f1,
Smads3 is a transcriptional co-activator of p53, so the activation of
TGF-B1 and the downstream signaling pathway will ultimately
relate to cell cycle arresting and senescence [20]. Here, in UUO or
FA-induced fibrotic mice, our results showed that the renal tubular
epithelial cells presented senescent phenotype. Meanwhile, the
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Smad3/p53 signaling pathway was activated; in cultured mouse
renal tubular epithelial cells, application of Ang-ll, the key effector
in RAS which facilitates renal fibrosis, also resulted in the
appearance of cell senescence, these results suggest that tubular
cell senescence is closely associated with renal fibrosis. In UUO or
FA-induced fibrotic kidneys, the protein level of Tgfbr2 was
elevated significantly and mainly distributed in renal epithelial
cells. However, an interesting phenomenon observed in the
experiment was that no significant elevation of the mRNA levels of
Tgfbr2 was observed in fibrotic kidneys, so we speculated that the
elevation of Tgfbr2 under pathological conditions might be
affected by post-translational regulation.

UPS is one of the major post-translational regulatory systems of
protein. Our results showed that as an important deubiquitinating
enzyme, Usp11 was not only significantly increased in fibrotic
kidneys, but also co-distributed with Tgfbr2 in renal tubular
epithelial cells. Co-IP and IP results showed that Usp11 was able to
interact with Tgfbr2 directly. The ubiquitination level of Tgfbr2 was
decreased following Ang Il treatment while knockdown on Usp11
was able to increase the ubiquitination level of Tgfbr2. These
results suggested that the elevated Usp11 decreased the
ubiquitination of Tgfbr2, and then resulted in the suppression in
Tgfbr2 degradation, thus elevated Tgfbr2 protein level during
renal fibrosis. After the inhibition of Usp11, the elevation of Tgfbr2
was significantly decreased, meanwhile, renal cell senescence and
renal fibrosis were alleviated. These results confirmed that Usp11-
related Tgfbr2 elevation was involved in renal senescence and
fibrosis. Therefore, our study demonstrated that tubular cell
senescence was altered during the progression of renal fibrosis,
which was associated with the elevation of Usp11 and Tgfbr2.
Pathological factors led to the elevation of Uspl11, which
decreased the ubiquitination of Tgfbr2 and increased its protein
level, and then promoted cell senescence via activating the
Smad3/P53 signaling pathway (Fig. 9).

Here, we identified that the elevations of Usp11 and Tgfbr2
were involved in renal cell senescence and the development and
progression of renal fibrosis under pathological conditions.
However, in our study, the upstream molecular mechanism in
regulating USP11 elevation under pathological conditions had not
been elucidated, also the E3 ubiquitin ligases that involved in the
regulation of Tgfbr2 ubiquitination remained unknown. Although
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our study demonstrated that elevated USP11 promoted renal
tubular cell senescence and the progression of renal fibrosis via
regulating Tgfbr2 under pathological conditions, it cannot be rule
out that there are other mechanisms contributing to renal fibrosis
by promoting renal parenchymal cell senescence.

In conclusion, our data demonstrated that pathological
stimulation can increase the expression of Usp11 in renal tubular
epithelial cells, which stabilizes Tgfbr2 and prevents its degrada-
tion by deubiquitination. The elevation of Tgfbr2 leads to
persistent activation of the downstream Smad3/P53 pathway,
and then promotes renal fibrosis through accelerating tubular
senescence. Above all, inhibition of Usp11 may become one of the
effective ways to protect against renal fibrosis.
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