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Ubiquitin-specific peptidase 10 attenuates
bleomycin-induced pulmonary fibrosis via modulating
autophagy depending on sirtuin 6-mediated AKT/mTOR
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Abstract Idiopathic pulmonary fibrosis (IPF), char-
acterized by fibroblast activation and collagen depo-
sition, is a progressive lung disease that lacks effec-
tive interventions. Ubiquitin-specific peptidase 10
(USP10) acts as a multifunctional player in inflam-
matory response and progression of cancers, the
effect on pulmonary fibrosis is unknown. Here, we
demonstrated downregulated expression of USP10
in fibrotic lung tissues of IPF patients. In the cur-
rent study, lung tissues were collected at the end of
weeks 1, 2, or 3 post bleomycin (BLM)-intratracheal
delivery. Consistently, USP10 expression levels were
reduced after BLM challenge in a time-dependent
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manner. Mice treated with lentivirus overexpressing
USP10 exhibited mitigative lung injury and reduced
collagen deposition. USP10 overexpression enhanced
autophagy in BLM-treated mouse lungs. Interest-
ingly, the protective effect of USP10 was attenuated
as the pulmonary autophagy flux was blocked by
autophagy inhibitor 3-methyladenine (3-MA). Pri-
mary human and mouse lung fibroblasts were treated
with pro-fibrotic TGF-B1 to verify the role of USP10
in vitro. Mechanically, the deubiquitinating enzyme
USP10 interacted with Sirtuin 6 (Sirt6) and inhibited
its degradation. Furthermore, USP10 overexpres-
sion inhibited the activation of Sirt6-mediated AKT/
mTOR pathway in both lung tissues and fibroblasts.
Our findings suggest that USP10 might attenuate pul-
monary fibrosis through the promotion of Sirt6/AKT/
mTOR-mediated autophagy. These data prioritize
USP10 as a therapeutic target for treating IPF.

Keywords USP10 - Pulmonary fibrosis -
Autophagy - Sirtuin 6 - AKT/mTOR promoting
autophagy activity

Introduction

Idiopathic pulmonary fibrosis (IPF), a progressive
fibrotic lung disease, characterized by fibroblast pro-
liferation, and deposition of collagen, leading to the
destruction of architecture and function (Richeldi et al.
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2017; Sgalla et al. 2018). Despite efforts to explore
treatment options aimed at halting or reversing the pro-
gression of IPF, available treatments are merely effec-
tive in providing short-term symptomatic relief without
eradicating factors responsible for IFP (Richeldi et al.
2011, 2014). Therefore, there exists an urgent need to
explore targets and develop efficacious medications for
retarding the progression of IPF, and an in-depth under-
standing of the relevant mechanisms is a crucial task.

Autophagy, is a process of degradation of cyto-
solic organelles and proteins through lysosome-
mediated degradation (Levine and Kroemer 2008).
Autophagy is considered an adaptive response for
maintaining homeostatic balance (Li et al. 2020b;
Neel et al. 2013). In fact, the function of autophagy
in pulmonary disease pathogenesis has been well-
documented in previous research (Araya et al. 2013a;
Ryter et al. 2012). Dysregulation of autophagy
participates in the pathogenesis of IPF (Nakahira
et al. 2016; Patel et al. 2012). In bleomycin (BLM)
-induced pulmonary fibrosis, both pharmacological
and genetic inhibition of autophagy processes exac-
erbate the fibrotic response (Singh et al. 2015). Fur-
thermore, the loss of autophagy leads to epithelial
cell senescence and myofibroblast differentiation,
thus affecting IPF progression (Araya et al. 2013b;
Hill et al. 2019). All these findings highlight the
potential of regulating autophagy as a promising
strategy for managing the progression of IPF.

To investigate the potential targets of IPF, we ini-
tially screened publicly available databases from the
Gene Expression Omnibus (GEO) datasets for gene
expression in IPF. Dataset GSE37635 caught our
attention with multiple time points of IPF. Among
the profiles identified in BLM-induced pulmonary
fibrosis, ubiquitin-specific peptidase 10 (USP10)
emerged as noteworthy due to its significant down-
regulation, leading to further exploration of USP10
as a potential therapeutic target for IPF. USP10,
a multifunctional cysteine protease, functions as
an anti-stress factor and plays a regulatory role in
diverse pathological and biological processes, such
as viral infections and oxidative stress (Takahashi
et al. 2013a, b). Notably, USP10 was found to inhibit
tubular epithelial cell apoptosis and activate the
NRF2/ARE pathway via Sirtuin 6 (Sirt6) (Gao et al.
2021). In addition, upregulation of USP10 can sup-
press myocardial fibrosis and prevent cardiomyocyte
apoptosis in cases of cardiac dysfunction (Lu et al.
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2021; Zhang et al. 2020). Given the well-established
role of USP10 in anti-fibrosis, we here aimed to
explore the role of USP10 in lung fibrotic process.

As a deubiquitinase, USP10 has shown a diverse of
functions through interactions with varipus substrates
(Wang et al. 2020). According to Luo’s study, USP10
deubiquitinates and stabilizes its substrate Sirt6, result-
ing in the inhibition of hepatic steatosis and inflam-
mation (Luo et al. 2018). Emerging evidence has
confirmed that Sirt6 can alleviate IPF by suppressing
epithelial-mesenchymal transition and myofibroblast
differentiation (Tian et al. 2017; Zhang et al. 2019).
Moreover, Sirt6 induces autophagy by modulating the
autophagic flux in proteinuric kidney disease (Liu et al.
2017) and intervertebral disc degeneration (Chen et al.
2018). Consequently, it is hypothesized that the benefi-
cial effects of USP10 overexpression in response to IPF
may be attributed to its ability to induce autophagy and
regulate the Sirt6-mediated AKT/mTOR pathway.

In this study, we investigated whether and how
USP10 regulated pathobiology of IPF fibroblast. We
first detected the expression of USP10 in IPF patients
and BLM-induced mice and identified the protec-
tive effects of USP10 against IPF. In addition, human
and mice fibroblasts were used to further confirm
the underlying mechanisms. Mechanistically, USP10
mediated autophagy during IPF pathogenesis through
the Sirt6-mediated AKT/mTOR signaling pathway.
Collectively, these findings collectively indicate the
involvement of autophagy and USP10 in the progres-
sion of IPF, suggesting that USP10 may serve as a
promising therapeutic target for IPF.

Materials and methods
Human samples and database analysis

Lung samples from patients with IPF and normal sub-
jects were collected. This study was approved by the
Committee of the Fourth Affiliated Hospital of China
Medical University. Lung samples away from the
lung tumour from individuals were used as controls.
Six normal and six IPF samples were used to explore
USP10 expression. The transcriptome changes of
IPF was determined using the GEO database (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE37635), including mouse lungs at timepoint O
as a control (n =7); 1 (n =7), 2 (n =6), 3 (n =6),
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4 (n =6) or 5 (n =6) weeks after BLM-instillation.
The R software platform was applied to analyze the
data, and differentially expressed genes (DEGs) were
performed using limma package. DEGs between con-
trol and BLM treatment at weeks 1-5 were identified
by using a threshold of fold change >1 and adjust P
value <0.05. The downregulated DEGs at each week
were illustrated using the creation of heatmaps. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis were performed to
annotate common downregulated genes in IPF.

Animal model of BLM-induced lung fibrosis

C57/BL6 mice (6-8 weeks) were used to conduct
BLM-induced lung fibrosis. The experiments were
approved by the Animal Care and Use Committee
of The Fourth Affiliated Hospital of China Medi-
cal University. BLM-induced fibrosis was conducted
as shown in Fig. 2A. For the establishment of the
IPF model, mice were intratracheal (i.n.) instillation
with bleomycin sulfate (BLM; 3mg/kg. Macklin,
B802467, China) in 50 pL saline solution. Control
mice were received saline solution alone. Mice were
euthanized at the point of 1w, 2w, and 3w, and lungs
were harvested. The experimental mice were admin-
istered with 50 pL of lentivirus vector containing
USP10 encoding fragments (USP10Y, 5x 10% TU/
mL) or the corresponding lentivirus particles (5 x 10
TU/mL) via i.n. injections following BLM challenge.
In addition, mice were treated with the 3-methylad-
enine (3-MA, 30 mg/kg/day; Aladdin, 5142-23 -4,
China) until the conclusion of experiment to explore
the role of autophagy. The lung index was analyzed
by lung weight (mg)/body weight (g).

Quantitative real-time PCR (qQRT-PCR)

TRIpure buffer (BioTeke, RP1001, China) was used
to extract RNA. cDNA was reversely transcribed from
RNA by the PCR system. The quantification of PCR-
amplification products were performed by SYBR
Green system (Solarbio, SY1020, China). mRNA
expression was determined by the method of 274A¢,
Primers are: mus fibronectin: 5’-CGTGCTATGACG
ATGGG- 3’ (F); 5’-CAGGTCTACGGCAGTTGT- 3’
(R), mus collagen type I alphal (COL1 Al): 5°-CGC
CATCAAGGTCTACTGC- 3* (F); 5-GAATCCATC

GGTCATGCTCT- 3’ (R), mus USP10: 5’-CACCCG
AATTTATCCTTG- 3° (F); 5-TCTGCGTTAGAG
TTGCTTT- 3’ (R), and mus a-smooth muscle actin
(a-SMA): 5°-GGGAGTAATGGTTGGAAT- 3’ (F);
5’-TCAAACATAATCTGGGTCA- 3’ (R).

Western blot analysis

Lysis buffer (Solarbio, R0010, China) containing
PMSF was used to lyse lung tissues and fibroblasts.
BCA Protein Assay Kits were used to calculate pro-
tein levels. Proteins were run on SDS gels, trans-
ferred to PVDF membranes. Blots were developed
with primary antibodies after blockage. Antibodies
used including: USP10 (ABclonal, A8748, 1:1000,
China), LC3II/LC3I (ABclonal, A5618, 1:1000), p62
(ABclonal, A11250, 1:1000), AKT (Affinity, AF6261,
1:1000, China), p-AKT (Affinity, AF0016, 1:1000),
COL1 Al (ABclonal, A22090, 1:1000), Fibronec-
tin (ABclonal, A16678, 1:1000), a-SMA (Affinity,
AF1032, 1:1000), mTOR (Affinity, AF6308, 1:1000),
p-mTOR (Affinity, AF3308, 1:1000), Sirt6 (ABclonal,
A18468, 1:1000). After incubation with second anti-
bodies for 1 h, bands were developed with ECL solu-
tion and analyzed using Gel-Pro-Analyzer.

Immunofluorescence (IF) staining

Paraffin-embedded samples were deparaffinised,
blocked with 1% BSA, and incubated with USP10
(1:50, Santa cruz, sc- 365828, China) combined
with anti-Sirt6 primary antibody (1:50, Protein-
tech, 13,572-1-AP, USA) or anti-Vimentin (1:50,
ABclonal, A19607). The sections were then incubated
with a mixture of secondary antibodies (FITC-conju-
gated and Cy3-labeled antibodies) for 90 min at 37
°C. The fixed fibroblasts were cultured with Triton X-
100 and blocked. After being incubated with primary
antibodies against a-SMA (1:50, ABclonal, A17910)
and Vimentin (1:50, ABclonal, A19607), cells were
developed with Cy3-labeled goat anti-rabbit IgG
(1:200). The sections were incubated with USP10
(1:50, Santa cruz, sc- 365828) combined with anti-
Sirt6 primary antibody (1:50, Proteintech, 13572-1-
AP) and developed with Cy3-labeled goat anti-mouse
IgG or FITC-labelled goat anti-rabbit IgG. Slides
were stained with DAPI. Following sealed tablets
with anti-fluorescence quenching agents, images were
acquired with a fluorescent microscope (Olympus).
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Histological examination

The lung samples were embedded and sectioned
at 5-pm for histological analysis. Hematoxylin and
eosin (H&E) staining was performed to visualize the
inflammatory status and morphological changes of
the tissues. Masson staining was prepared to deter-
mine the collagen content and distribution using an
optical microscope (Olympus). In addition, autophagy
in the mice lung tissues and fibroblasts was charac-
terized by transmission electron microscopy (TEM)
microscopy (H- 7650, Hitachi, Japan).

Immunohistochemistry analysis (IHC)

IHC staining was used to determine the expression of
a-SMA. The fixed sections were blocked with non-
specific antigen and cultured with an anti-a-SMA
antibody (1:50; ABclonal, A17910) overnight at 4 °C.
After being incubated with HRP-labeled secondary
antibody (1:500), slides were developed with DAB.
Following counterstain, representative stained pic-
tures were captured under a microscope (Olympus).

Primary lung fibroblasts culture

Primary human lung fibroblasts (HLF) from lung
samples were derived from consenting donors (n =3)
and isolated as previously described (Li et al. 2020a).
Briefly, lungs were mechanical dispersal and incu-
bated with 1 mg/mL collagenase IV for 1-2 h. Cells
were harvested by centrifugation and redispersed in
DMEM containing 10% FBS, 100 pg/mL strepto-
mycin, and 50 pg/mL penicillin. Early passages were
used, and fibroblasts were incubated with Vimentin
(Fig. S1A). Primary mouse lung fibroblasts (MLF)
were obtained from iCell (MIC-iCell-a010, China)
and cultured in the primary fibroblast culture system
(iCell; PriMed-iCell- 003) at 37 °C. Fibroblasts were
incubated with Vimentin (Fig. 6A).

Fibroblasts were treated with 10 ng/mL mouse
recombinant TGF-f1 (Sino Biological, 80,116-
RNAH, China) for 24 h to induce fibroblast activation.
Lentivirus containing USP10 encoding fragments
(USP10™) and empty vector (Vector) were con-
structed and infected fibroblasts for 48 h. Fibroblasts
were harvested and treated with TGF-p1 and/or 3-MA
(2 mM) for another 24 h and collected for assays.

@ Springer

Statistics analysis

GraphPad software was used to analyze obtained
data. P < 0.05 was considered statistically significant.
All data were expressed as mean =+ SD. Differences
among groups were 151 analyzed by Student’s t test
and one-way analysis of variance.

Results
Identification of DEGs in BLM-injured mice

We first determined transcriptome changes of IPF based
on GSE37635 datasets (Blaauboer et al. 2013). This
dataset encompassed analysis of lung tissues from con-
trol and mice with 1-5 weeks BLM treatment. Expres-
sion of DEGs at different time points of IPF was com-
pared with control as shown in Fig. S2A. Notably, a
significant difference in gene expression was observed
at 1-week post-BLM treatment, with a gradual decrease
in the number of DEGs in subsequent weeks, and there
were only 3 DEGs at week 5 post-BLM. Subsequently,
GO and KEGG analyses elucidated the functional pro-
cess associated with DEGs at week 3 post-BLM treat-
ment. DEGs were predominantly centered on inflamma-
tion and immune response, encompassing functions such
as response to chemokine and regulation of autophagy
(Fig. S2B; right panel). Furthermore, the enriched
KEGG pathways at week 3 were predominantly associ-
ated with cytokine-cytokine receptor interaction and the
AKT/mTOR signaling pathway (Fig. S2B; left panel).
Attention was directed towards the downregulated DEGs
and the expression of DEGs annotated in Fig. S2C. These
selected DEGs were associated with signal transduction
pathways, such as NF-kappaB signaling pathway, regula-
tion of autophagy, and cellular response to interleukin- 1
(Fig. S2D). USP10 was selected as a potential target for
IPF, and we further determined the impact of USP10 on
the progression of IPF.

USP10 is downregulated in the lungs of IPF patients
and BLM-injured mice

We first detected USP10 expression in healthy and IPF
lungs, and the results showed that USP10 was down-
regulated in human lungs of IPF patients (Fig. 1A). We
checked tissues from IPF patients by co-immunostaining
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of USP10 and Vimentin, a fibroblast marker, and inter-
estingly found that USP10 was co-expressed with
Vimentin (Fig. 1B). As shown in Fig. 2B, the expres-
sion value of USP10 was decreased in lung tissues
after 1, 2, and 3 weeks of BLM treatment in the public
dataset. BLM-induced pulmonary fibrosis in mice was
conducted. Consistently, USP10 expression was gradu-
ally decreased following BLM treatment for 1, 2, and 3
weeks (Fig. 2C). A significant increase in Vimentin was
observed in response to BLM treatment, confirming the
presence of fibrosis. Notably, alongside the upregulation
of Vimentin, the expression of USP10 was downregu-
lated and colocalized with Vimentin (Fig. 2D).

USP10 relieves BLM-induced lung injury

Given the observed decrease of USP10 in IPF patients
and mice, the biological significance of USP10 was
determined. Mice with USP10 overexpression were gen-
erated following BLM treatment and then administrated
with autophagy inhibitor 3-MA. As expected, USP10

was increased in USP10 vector-injected mice, and
3-MA treatment did not impact the expression of USP10
(Fig. 3A). BLM treatment increased the lung index,
and USP10 overexpressed mice exhibited a reduced
lung index value after BLM treatment for 3 weeks
(Fig. 3B). The lung sections from BLM-treated mice
showed increased alveolar septal thickening, excess col-
lagen, and fibrosis lesions, as demonstrated by histologi-
cal assessments (Fig. 3C, D). Importantly, the fibrotic
lesions were markedly suppressed with USP10 overex-
pression. The protective effect of USP10 overexpression
was reversed by the autophagy inhibitor 3-MA.

USP10 promotes autophagy and attenuates lung
fibrosis in BLM-induced lungs

The expression of a-SMA was remarkably upregu-
lated in BLM-treated mice (Fig. 4A). Immunofluo-
rescence staining of tissues in USP10 overexpressed
mice showed that USP10 expression was increased

(A) Lung tissues from patients Lung tissues from patients
CTL IPE
0.006- N
53 kD » ‘- ] anti-USP10 E ]
@ J
37 kD » ‘ S S S s o ti-GAPDH <C 0.004-
# # # # R B % '
53 kD > | S anti-USP10 © 0.002-
o !
1%}
37 kD > | G A e S | anti-GAPDH ] ’j%
0.000 T T
#4 #5 #6 #4 #5 #6 CTL IPE
(B) Lung tissues from patients of IPF
. USP10/DAPI

Vimentin/DAPI

#1

Fig.1 USP10 is downregulated in the lungs of IPF patients.
(A) Western blot and Real-time PCR of USP10 in lungs from
IPF patients and healthy individuals showed that USP10
expression was downregulated. Each bar represents the mean
+SD; “p< 0.05 vs. CTL group. (B) Representative images of

USP10/Vimentin

Overlay

double-labeled immunofluorescence staining of USP10 (red)
and Vimentin (green) in the lung sections from patients with
IPF. Blue indicates nucleus marked with DAPI. USP10, ubiq-
uitin-specific peptidase 10; IPF, idiopathic pulmonary fibrosis;
CTL, control
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Fig. 2 USP10 expression is decreased in the lungs from
BLM-induced mice. (A) Schematic chart showing the induc-
tion of BLM-induced IPF and experiment protocol. (B) USP10
expression values in GSE37635 datasets (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE37635) based on
the GEO database (https://www.ncbi.nlm.nih.gov/geo/geo2r/)
showed that USP10 expression was downregulated in BLM-
induced mice lung tissues at the indicated times. Each bar rep-
resents the mean +SD; “p < 0.05 vs. CTL group. (C) Western
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blot and Real-time PCR of USP10 in lungs from BLM-treated
mice showed that USP10 expression was downregulated in
lung tissues at the indicated times. Each bar represents the
mean +SD; “p< 0.05 vs. CTL group. (D) Representative
images of double-labeled immunofluorescence staining of
USP10 (red) and Vimentin (green) in pulmonary tissues. Blue
indicates nucleus marked with DAPI. USP10, ubiquitin-spe-
cific peptidase 10; BLM, bleomycin; IPF, idiopathic pulmo-
nary fibrosis; GEO, Gene Expression Omnibus; CTL, control


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37635
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37635
https://www.ncbi.nlm.nih.gov/geo/geo2r/

Cell Biol Toxicol (2025) 41:73

Page 7 of 17 73

in fibroblasts, as demonstrated by colocated with
Vimentin (Fig. 4B). Accordingly, the fibrotic-
related proteins, COL1 Al, fibronectin, and a-SMA,
were largely preserved in the lungs of BLM-induced
mice, but there was a reduction in these levels with

(A) Vector - = + - -

UsPlov - - - 4+ +
R
53KD > s W W (anti-USP10

37 KD »| s ams S S s | anti-GAPDH

BLM-3w

(B) ]

US910 overexpression (Fig. 4C). Notably, the afore-
mentioned alterations were reversed following treat-
ment with 3-MA.

Given that autophagy inhibitor abrogated the
role of USP10 in fibrosis, we inferred that USP10

] ecCTL
3 10+ - uBLM

£ 1. ® BLM + Vector

25 [* v BLM + USP10M

- A BLM + USP10" + 3-MA

(C) H&E staining
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Fig. 3 USP10 overexpression ameliorates the symptoms of
pulmonary fibrosis in BLM-induced mice. (A) Western blot
results confirmed that overexpressed USP10 in the lung tis-
sues, indicating that the lentivirus vector was constructed
successfully. (B) Effect of USP10 on lung index of BLM-
induced mice. “p< 0.05 vs. CTL, *p< 0.05 vs. BLM + Vec-
tor group, p < 0.05 vs. BLM +USP10" group. (C, D) H&E

and Masson images indicated that the alveolar wall became
thicker and excess collagen was deposited in lung tissues from
BLM-treated mice. USP10 overexpression alleviated collagen
deposition, and 3-MA treatment aggregated these symptoms.
USP10, ubiquitin-specific peptidase 10; BLM, bleomycin; IPF,
idiopathic pulmonary fibrosis; CTL, control. Lv, lentiviral vec-
tor
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might affect autophagy activity in IPF. We inves-
tigated the expression of autophagy-related
marker proteins, including LC3II (autophago-
some marker) and p62 (a degradation substrate
of autophagy). As indicated in Fig. 4D, LC3II/
LC3I level was increased and p62 expression was
decreased in BLM-induced lung tissues. USP10
overexpression further increased the LC3II/LC3I
ratio and suppressed p62 expression, suggesting
that USP10 activated autophagy. To confirm the
activation of autophagy, TEM was performed to
investigate the formation of lysosomes in BLM-
induced lungs. As shown in Fig. 4E, overex-
pressed USP10 activated autophagy by promoting
lysosome formation.

USP10 interacts with Sirt6 and mediates Sirt6-related
AKT/mTOR signaling pathway

In lung tissues with IPF, the levels of USP10-
targeted gene Sirt6 were found to be increased.
Moreover, USP10 was found to co-express with
Sirt6, as illustrated in Fig. SA. Sirt6 expression
was further confirmed by Western blot assay
(Fig. 5B). The activation of Sirt6-related AKT/
mTOR signaling was examined, and AKT/mTOR
pathway was activated by BLM treatment, evi-
denced by increased phosphorylation of AKT and
mTOR without changing the level of total AKT
and mTOR (Fig. 5B). Interestingly, USP10-over-
expressed mice exhibited decreased expression
levels of p-AKT and p-mTOR. Collectively, these
results indicate that pulmonary USP10 overexpres-
sion alleviates the activation of the Sirt6-mediated
AKT/mTOR signaling pathway.

USP10 inhibits TGF-p1-induced fibrogenesis in MLF

After treatment with TGF-p1, USP10 expression
was examined in MLF, revealing a downregulation
of USP10 (Fig. 6B, C). The lentivirus vector con-
sisting of USP10 or empty vector was conducted
and infected fibroblasts to investigate USP10 func-
tion. TGF-B1 challenge reduced a notable decrease
in USP10 expression in MLF, while its expression
increased after USP10 overexpression (Fig. 6E).
Immunofluorescence staining showed that the
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expression of a-SMA was significantly upregulated
following TGF-B1 treatment, and USP10 inhibited
TGF-p1-induced a-SMA expression (Fig. 6D). Cul-
tured MLF with TGF-p1 resulted in a rapid eleva-
tion in fibrotic markers. USP10 induction blocked
the induction of these factors (Fig. 6F). In light of
these findings, it can be inferred that USP10 func-
tions as an anti-fibrotic factor capable of thwarting
pulmonary fibrosis.

USP10 promotes autophagy and attenuates fibrosis in
MLF

Upon treatment with TGF-p1, the level of LC3II/
LC3I was significantly decreased, and p62 was
increased notably. Conversely, USP10 overexpres-
sion promoted autophagy activity (Fig. 7A). To delve
deeper into autophagic response, TEM was employed
and the results revealed that only empty single-layer
vacuoles were noted in the TGF-f1-treated fibro-
blasts, and double-membrane structures containing
organelle components, characteristics of autophago-
somes, were identified in USP10-treated fibroblasts
(Fig. 7B). Furthermore, our observations revealed
the activation of the AKT/mTOR signaling pathway
following pre-treatment with TGF-B1. Interestingly,
USP10 overexpression demonstrated the capability to
decrease levels of p-mTOR and p-AKT, thereby sus-
taining autophagic activity (Fig. 7C, D).

We then evaluated the fibrotic indicators in TGF-
p1/3-MA-treated MLF. As indicated in Fig. 7E,

Fig. 4 USP10 overexpression promotes autophagy induc-
tion in BLM-induced lung tissues. (A) Immumohistochemical
staining showing that a-SMA was highly expressed in BLM-
treated mouse lung slices, USP10 overexpression decreased
a-SMA expression. (B) Representative images of double-
labeled immunofluorescence staining of USP10 (red) and
Vimentin (green) in mouse lung tissues in different groups.
Blue indicates nucleus marked with DAPI. (C) Fibrotic pro-
teins including COL1 A, fibronectin, and a-SMA increased in
the BLM-treated mice. USP10 overexpression reversed fibrotic
protein expression. (D) BLM treatment resulted in marked
upregulation of LC3II and downregulation of p62 protein lev-
els. USP10 overexpression reversed the marker of autophago-
some expression. (E) Representative images of autophago-
somes examined using a TEM analysis in mouse lung slices.
Scale bar =Ipm. USPI10, ubiquitin-specific peptidase 10;
BLM, bleomycin; a-SMA, a-smooth muscle actin; COL1 A,
collagen type I alphal; TEM, transmission electron microscope
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Fig. 5 Effect of USP10 on Sirt6-mediated AKT/mTOR sign-
aling pathway. (A) Representative images of double-labeled
immunofluorescence staining of USP10 (red) and Sirt6 (green)
in pulmonary tissues. Blue indicates nucleus marked with
DAPI. (B) Western blot results exhibited that Sirt6, p-AKT,

the decreased levels of COL1 Al, fibronectin, and
o-SMA in fibroblasts transfected with USP10 were
reversed upon 3-MA treatment. Immunofluorescence
staining of lung fibroblasts further revealed that the
expression of a-SMA was markedly reduced follow-
ing USP10 overexpression and was enhanced in fibro-
blasts treated with 3-MA (Fig. 7F).

Knockdown of Sirt6 abrogates USP10
overexpression-mediated effects

We inferred that USP10 exerted function in IPF
through the regulation of Sirt6. Hence, the expres-
sion of USP10 and Sirt6 was detected in MLF.
Results of immunofluorescence represented the
co-localization of USP10 and Sirt6 fluorescence as
shown in Fig. 8A. Moreover, gain-function stud-
ies revealed that USP10 overexpression led to an
increase in Sirt6 protein level (Fig. 8B). The stabil-
ity of Sirt6 protein was measured by using cyclohex-
imide (CHX), and the results indicated that Sirt6
stability was enhanced by USP10 overexpression
(Fig. 8C).
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USP10 overexpression inhibited the expression of p-AKT and
p-mTOR. USP10, ubiquitin-specific peptidase 10; Sirt6, Sir-
tuin 6; BLM, bleomycin

MLF were co-infected with lentivirus carry-
ing shSirt6 and USP10 vector. Sirt6 expression was
increased by USP10 overexpression, however, this
effect was counteracted by interference with Sirt6
(Fig. 8D). The rescue experiment elucidated that inter-
ference on Sirt6 expression reversed the augmenting
impact of USP10 overexpression on autophagic pro-
teins LC3-II/LC3-1 (Fig. 8E). Interference of Sirt6
expression mitigated the reduction in levels of p-AKT
and p-mTOR in fibroblasts overexpressing USP10
(Fig. 8F, G). Thus, these data suggested that the effect
of USP10 on fibrosis depends on Sirt6.

USP10 inhibits TGF-p1-induced fibrogenesis in HLF

We further determine whether USP10 affected IPF
in TGF-Bl-induced HLF. Consistent with MLF,
USP10 was decreased after treatment with TGF-
Bl and increased in USPI10-overexpressed HLF
(Fig. S1B, C). Fibrotic markers were increased in
TGF-p1-treated fibroblasts and reduced after induc-
tion of USP10 (Fig. S1D). Furthermore, the promo-
tion impact of USP10 on autophagy response was
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Fig. 6 Anti-fibrotic function of USP10 in mouse lung fibro- DAPI. (E) Western blot results indicated that USP10 was
blasts. (A) Identification of mouse lung fibroblasts; the cells downregulated by TGF-f1 treatment and reversed after over-
were observed to display fusiform. (B) Real-time PCR of expression of USP10. (F) Real-time PCR results exhibited that
USP10 showing that USP10 was decreased in MLF after COLI1 A, fibronectin, and a-SMA were highly upregulated by
treatment with TGF-B1. Each bar represents the mean +SD; TGF-f1 treatment. USP10 overexpression inhibited the expres-
"p< 0.05 vs. CTL group. (C) Western blot of USP10 in MLF sion of COL1 A, fibronectin, and a-SMA. Each bar repre-
after TGF-p1 treatment. (D) Immunofluorescence staining sents the mean +SD; "p< 0.05 vs. CTL group; *p< 0.05 vs.
of a-SMA in the TGF-B1-treated fibroblasts. a-SMA expres- TGF-p1 + Vector group. USP10, ubiquitin-specific peptidase
sion was increased after TGF-p1 treatment and decreased by 10; a-SMA, a-smooth muscle actin; COL1 A, collagen type I
USP10 overexpression. Blue indicates nucleus marked with alphal. MLF, mouse lung fibroblasts
demonstrated In HLF, as indicated by increased overexpression inhibited AKT/mTOR activation

levels of LC3II/LC3I and decreased p62 (Fig. S1E). (Fig. S1F, G). The interaction between USP10 and
The activation of the AKT/mTOR pathway was Sirt6 was further detected in HLF. Likewise, USP10
confirmed in TGF-Bl-induced HLF, and USP10 was co-expressed with Sirt6 (Fig. S1H), and USP10
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«Fig. 7 Effect of USP10 on fibrosis and autophagy in TGF-
B1-treated mouse lung fibroblasts. (A) TGF-pl treatment
resulted in the downregulation of LC3II and upregulation of
p62 protein levels. USP10 overexpression reversed the marker
of autophagosome expression. (B) Representative images of
autophagosomes examined using a TEM analysis in MLF.
Scale bar =500 nm. (C, D) Western blot results exhibited
that p-AKT and p-mTOR were highly upregulated by TGF-
Bl treatment. USP10 overexpression inhibited the levels of
p-AKT and p-mTOR. (E) Fibrotic proteins including COL1
A, fibronectin, and a-SMA increased in the TGF-p1-treated
fibroblast following USP10 overexpression. 3-MA treatment
reversed fibrotic protein expression. Each bar represents the
mean +SD; “p< 0.05 vs. TGE-B1 + Vector group; *p< 0.05
vs. TGF-B1 +USP10Y group. (F) Immunofluorescence stain-
ing of a-SMA in TGF-f1-treated mouse lung fibroblast fol-
lowing USP10 overexpression, and 3-MA treatment increased
a-SMA expression. USP10, ubiquitin-specific peptidase 10;
a-SMA, a-smooth muscle actin; COL1 A, collagen type I
alphal; TEM, transmission electron microscope. MLF, mouse
lung fibroblasts

was positively correlated with Sirt6, as evidenced
by upregulated Sirt6 expression in USP10-overex-
pressed HLF (Fig. S1I).

Discussion

Public datasets and results from our findings demon-
strated that USP10, a ubiquitin-specific protease, was
downregulated in IPF. This study characterized the
anti-fibrotic property of USP10 in BLM-induced IPF-
like mice and TGF-pl-induced fibroblasts. USP10
overexpression might protect against lung fibrosis by
promoting autophagic activity in primary lung fibro-
blasts through the Sirt6-mediated AKT/mTOR sign-
aling pathway. We explored whether and how USP10
protected against IPF and illustrated the possible
mechanisms.

BLM administration induces increased pulmo-
nary inflammation, loss of lung function, and fibrotic
changes in the murine lung tissues (Della Latta et al.
2015). Consistent with previously reported findings
(Raish et al. 2018), the results showed that BLM
administration caused IPF-like phenotypes in mice,
as evidenced by obvious histopathological changes,
elevated lung index, and collagen deposition. In
addition to inducing pathological alterations, BLM
also leads to downregulation of pulmonary USP10
expression. Interestingly, the downregulation of
USP10 in lung tissues was time-dependent according

to the current study from our data and GEO data-
set, suggesting that USP10 might be related to IPF
development. BLM induction for one week leads to
inflammatory responses, and more severe fibrotic
scarring and collagen deposition from week 1
through week 3 following BLM induction (Chaud-
hary et al. 2006; Gupte et al. 2009). Our results indi-
cated that USP10 was downregulated during both
the inflammatory and fibrotic phases, and USP10
downregulation was based on a time-dependent
manner. More importantly, USP10 was significantly
downregulated for three successive weeks, but no
longer changed after three weeks in the dataset of
GSE37635. We here speculated that BLM injec-
tion for three weeks might cause severe fibrosis and
three-week treatment was commonly used to induce
fibrosis (Izumo et al. 2009; Suzuki et al. 2003). TGF-
p1, a major driver of tissue fibrosis, leads to patho-
logical fibrosis by promoting fibroblast infiltration
and proliferation, extracellular matrix deposition,
and inflammatory responses in almost all contexts
(Ren et al. 2023; Saito et al. 2022). In vitro study, we
selected TGF-p1-induced primary MLF and HLF to
mimic the IPF circumstance.

Impaired autophagy is thought to be a pathogenic
driver of IPF (Hosseinzadeh et al. 2018; Patel et al.
2012). As a physiological autophagy inducer, sper-
midine attenuates BLM-induced lung fibrosis by
promoting autophagy (Baek et al. 2020). Autophagy
induction by regulation of miR- 33 augments pro-
tection against BLM-induced pulmonary fibrosis
(Ahangari et al. 2023). In agreement with findings
reported by Cabrera et al. (Cabrera et al. 2015), we
found BLM administration activated autophagy.
However, Baek et al. reported no significant changes
in autophagic activity in BLM-induced lung tissues
(Baek et al. 2020). Moreover, autophagic activity was
suppressed in TGF-fBl-treated fibroblast, as previ-
ously described (Tsoyi et al. 2021) and in our finding.
Interestingly, evidence suggests that USP10 is asso-
ciated with autophagic activity (Jia and Bonifacino
2021), and USP10 overexpression alleviates chronic
liver disease by restoring autophagic activity and
promoting autophagic flux (Xin et al. 2023). Indeed,
overexpression of USP10 promoted autophagy activa-
tion, evidenced by the formation of autophagosomes
and expression of key autophagic molecules in BLM-
induced fibrotic lung tissue and TGF-p1-induced lung
fibroblasts.
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Fig. 8 Effect of USP10 on fibrosis and autophagy depends on
Sirt6. (A) Representative images of double-labeled immunoflu-
orescence staining of USP10 (red) and Sirt6 (green) in MLF.
Blue indicates nucleus marked with DAPI. (B) Western blot
results showed that Sirt6 expression was increased by TGF-f1
treatment and was further promoted by USP10 overexpres-
sion. (C) Stability testing uncovered that Sirt6 stability was

Mechanically, we revealed that USP10 might alle-
viate fibrogenesis by modulating the Sirt6-mediated
AKT/mTOR pathway, one of the classic autophagy-
related pathways (Heras-Sandoval et al. 2014).
USP10 regulated the ubiquitination and degradation
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promoted by USP10 overexpression. Results of Western blot
elucidated that USP10 overexpression enhanced the expression
of Sirt6 (D) and LC3II/LC3I ratio (E), and inhibited p-AKT
(F) and p-mTOR (G) levels. Interference of Sirt6 caused these
expression trends to be reversed. USP10, ubiquitin-specific
peptidase 10; Sirt6, Sirtuin 6

of downstream proteins (Yuan et al. 2010). Interest-
ingly, USP10 interacted with Sirt6 and mediated its
ubiquitination and stabilization (Liu et al. 2022).
USP10 was confirmed to co-locate and positively
correlated with Sirt6 in lung tissues and fibroblasts.
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In addition, USP10 inhibited the activation of AKT/
mTOR signaling (Lu et al. 2018). Consistently, the
suppression of the AKT/mTOR pathway by USP10
was detected in our study, and these data further con-
firmed that USP10 promoted autophagy in IPF.

To identify the potential target of IPF, publicly avail-
able microarray databases were performed to explore
gene expression in IPF. Dataset GSE37635 caught our
attention since this dataset compares multiple time points
of IPF. USP10 appeared as an appealing candidate fol-
lowing gene ontology analysis, and USP10 was associ-
ated with autophagy and cellular response to interleukin-
1, which were required for proper lung development. In
addition to USP10, some other genes may also be poten-
tial targets of IPF, and the role of these factors awaits fur-
ther investigation. Our current study at least explored the
potential role of USP10 in IPF. We are inspired by the
public dataset in IPF to screen potential factors. However,
we did not perform microarray analysis by ourselves. We
will further investigate the role of USP10 in IPF by ana-
lyzing our harvested samples. Another limitation of our
study was that although we revealed downregulation of
USP10 in IPF patients, it was limited by the small num-
ber of samples. Thus, we will collect more human lung
tissues in future studies to explore USP10 expression and
the clinical effects of USP10 on IPF.

Taken together, our results suggest that overex-
pression of USP10 might attenuate pulmonary fibro-
genesis by partially promoting autophagy via the
Sirt6-mediated AKT/mTOR pathway. This study
will enrich the underlying mechanism of the devel-
opment of IPF and show that the USP10 supplement
could be a novel strategy for lung fibrosis treatment.
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