
Acta Pharmaceutica Sinica B 2025;15(3):1643e1658
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
USP25 ameliorates vascular remodeling by
deubiquitinating FOXO3 and promoting
autophagic degradation of FOXO3
Yanghao Chena,b,y, Bozhi Yea,b,y, Diyun Xua,b,y, Wante Lina,b,
Zimin Fanga,b, Xuefeng Quc, Xue Hanc, Wu Luob, Chen Chena,
Weijian Huanga, Hao Zhoua, Gaojun Wua, Yi Wangb,d,*,
Guang Lianga,b,c,*
aDepartment of Cardiology and the Key Laboratory of Cardiovascular Disease of Wenzhou, the First Affiliated
Hospital, Wenzhou Medical University, Wenzhou 325000, China
bChemical Biology Research Center, School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou
325035, China
cSchool of Pharmaceutical Sciences, Hangzhou Medical College, Hangzhou 310059, China
dSchool of Pharmacy, Hangzhou Normal University, Hangzhou 311121, China
Received 28 April 2024; received in revised form 8 July 2024; accepted 26 July 2024
KEY WORDS

Deubiquitinase;

USP25;

Endothelial-to-
*

y

Pee

http

221

Ac
mesenchymal

transition;

Vascular remodeling;

FOXO3;

Angiotensin II;

Autolysosome;

LC3B
Corresponding authors.

E-mail addresses: wzmcliangguang@1

These authors made equal contribution

r review under the responsibility of C

s://doi.org/10.1016/j.apsb.2024.12.033

1-3835 ª 2025 The Authors. Publishe

ademy of Medical Sciences. This is an
Abstract Long-term hypertension causes excessive vascular remodeling and leads to adverse cardio-

vascular events. Balance of ubiquitination and deubiquitination has been linked to several chronic con-

ditions, including pathological vascular remodeling. In this study, we discovered that the expression of

ubiquitin-specific protease 25 (USP25) is significantly up-regulated in angiotensin II (Ang II)-

challenged mouse aorta. Knockout of Usp25 augments Ang II-induced vascular injury such as fibrosis

and endothelial to mesenchymal transition (EndMT). Mechanistically, we found that USP25 interacts

directly with Forkhead box O3 (FOXO3) and removes the K63-linked ubiquitin chain on the K258 site

of FOXO3. We also showed that this USP25-mediated deubiquitination of FOXO3 increases its binding

to light chain 3 beta isoform and autophagosomic-lysosomal degradation of FOXO3. In addition, we

further validated the biological function of USP25 by overexpressing USP25 in the mouse aorta with

AAV9 vectors. Our studies identified FOXO3 as a new substrate of USP25 and showed that USP25

may be a potential therapeutic target for excessive vascular remodeling-associated diseases.
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1. Introduction

Aberrant and excessive remodeling of both small and large blood
vessels contributes to the development and complications of hy-
pertension1,2. A hallmark of this excessive remodeling is vascular
fibrosis that entails the deposition of extracellular matrix in the
arterial wall3. This increased collagen deposition is also noted in
experimental models of hypertensive vascular disease4. Angio-
tensin II (Ang II) administration in mice recapitulates structural
features of hypertensive vascular remodeling, including extracel-
lular matrix deposition5. Studies have shown that this Ang II ac-
tion is mediated in collaboration with transforming growth factor-
b1 (TGF-b1)6. Associated with vascular fibrosis is the direct insult
on endothelial cells, causing the cells to transition to a mesen-
chymal phenotype (EndMT)7. In this process, endothelial cells
lose their endothelial markers such as vascular endothelial-
cadherin (VE-cadherin) and induce the expression of mesen-
chymal genes such as Vim, Snai1, and Snai28. EndMT has also
been shown to promote vascular injury induced by Ang II and
inhibition of the EndMT process by a natural product schizandrin
B attenuates Ang II-induced vascular remodelling9. Our previous
study has reported that toll-like receptor 4 mediates Ang II-
induced inflammation and EndMT in vascular endothelium10.
Therefore, it is scientifically important to identify EndMT-related
regulatory molecules in the development of pathological vascular
remodeling, which may provide new potential targets for the
treatment of vascular remodeling-related diseases.

Recent studies link various human diseases to an imbalance in
protein homeostasis mediated by ubiquitination and deubiquiti-
nation. Ubiquitination involves ubiquitin activating enzymes E1,
E2, and ubiquitin ligase E3. Among these, E3 can affect the sta-
bility and activity of the substrates by linking different types of
ubiquitin chains on the substrate11. Countering the functions of
ubiquitinases are deubiquitination enzymes (DUBs), which can be
divided into five families12: ubiquitin-specific protease (USP),
ubiquitin C-terminal hydrolase (UCH), otubain protease (OTU),
Machado-Joseph disease protease (MJD)/Ataxin-3, and JAB1/
MPN/Mov34 metalloenzyme (JAMM). However, a thorough
exploration of potential DUBs and their roles in the pathophysi-
ology of vascular remodeling in hypertension necessitates further
investigation. Since the USP family is the largest family in DUBs
superfamily, we focused on the USP family and tried to identify
new DUB-related mechanisms in Ang II-induced vascular
remodeling. USP family has been reported to play important roles
in cell signal transduction, cell fate determination, inflammation
and immunity13. In the present study, we examined the expression
levels of USP family members in Ang II-challenged mouse aortas
and found that Ang II significantly increased expression of
USP25. USP25, a member of the USP family, is a key target for
drug development and has been reported to be involved in the
development of various diseases14,15. Our previous study reported
that USP25 alleviates pathological cardiac hypertrophy by deu-
biquitinating and stabilizing SERCA216. However, it remains
unknown whether USP25 is associated with vascular EndMT
process and its role in pathological vascular remodeling is unclear.
Here, we show that Ang II-mediated EndMTand vascular fibrosis
are increased in the absence of USP25. Mechanistically, we show
that USP25 binds directly to FOXO3 but not other major FOXO
proteins.We found cysteine 178 on USP25 is critical for the removal
of K63-linked ubiquitin chain on the lysine 258 of FOXO3, and the
subsequent binding of FOXO3 to autophagy-associated microtu-
bule-associated proteins light chain 3B (LC3B) for FOXO3 degra-
dation. The cultured endothelial cells were used to further verify that
USP25 affects the development of EndMT by regulating FOXO3. In
addition, restoration of USP25 in deficient mice prevents Ang II-
induced pathological processes. In summary,USP25 is identified as a
novel vascular endothelial cell regulatory protein that may serve as a
therapeutic target for vascular remodeling-related diseases.

2. Materials and methods

2.1. General reagents

Angiotensin II (Ang II; Cat# HY-13948), 3-methyladenine (3-MA;
Cat# HY-39312), chloroquine (CQ; Cat# HY-17589A), and bafi-
lomycin A1 (Baf A1; Cat# HY-100558) were purchased from
MedChemExpress (NJ, USA). Antibodies against USP25 (Cat#
sc-398414) and FOXO4 (Cat# sc-373877) were purchased from
Santa Cruz Biotech (TX, USA). Antibodies against
SNAI1þSLUG (Cat# ab180714), VE-Cadherin (Cat# ab33168),
CD31 (Cat# ab9498), Lamin B (Cat# ab133741), transforming
growth factor-b1 (TGF-b1; Cat# ab179695), collagen I (Col-1;
Cat# ab34710), and alpha-smooth muscle actin (a-SMA; Cat#
ab7817) were obtained from Abcam (Cambridge, UK). Antibodies
against GAPDH (Cat# 5174), FOXO1 (Cat# 2880), FOXO3 (Cat#
2497), and VIMENTIN (Cat# 5741) were purchased from Cell
Signaling Technology (MA, USA). IgG (Cat# B900610) and an-
tibodies against FOXO3 (Cat# 66428-1-lg), CD31 (Cat# 11265-1-
AP), FOXO6 (Cat# 19122-1-AP), Flag (Cat# 20543-1-AP), HA
(Cat# 51064-2-AP), His (Cat# 66005-1-lg), LAMP1 (Cat# 21997-
1-AP), LAMP2 (Cat# 66301-1-lg), LC3B (Cat# 18725-1-AP)
were obtained from Proteintech (Hubei, China).

2.2. Angiotensin-II induced model of vascular dysfunction

Animal experiments were initiated following approval of the animal
use protocol by the Animal Policy and Welfare Committee of
WenzhouMedical University (approval ID: WYYY-AEC-YS-2022-
287). All animals received humane care according to the National
Institutes of Health (USA) guidelines. Usp25 knockout mice on
C57BL/6 background and the littermate wide-type C57BL/6 mice
were provided by Prof. Jian Yuan of Tongji University. In the present
study, heterozygous Usp25 mice were hybridized to produce ho-
mozygous Usp25 KO and wild-type littermate animals. The mice
used in experiments are littermates.Micewere housedwith a 12 h:12
h lightedark cycle at a constant room temperature and fed a standard
rodent diet in a specific-pathogen-free facility. All animal experi-
ments were performed and analyzed by blinded experimenters.
Treatment groups were assigned in a randomized fashion.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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To generate a hypertensive vascular dysfunction model, mice
were implanted with osmotic pump (Cat# 1004; Alzet, USA)
delivering saline as Sham or 1 mg/kg/min Ang II for 4 weeks.
Experiments were initiated in male 8-week-old mice weighing
approximately 18e22 g, randomly divided to different treatment
groups. We compared WT-Sham, Usp25�/� Sham, WT-Ang II,
and Usp25�/� Ang II (nZ 6). Then, we induced the expression of
Usp25 in Usp25�/� mice by administering adeno-associated virus
serotype 9 (AAV9) encoding Usp25 (AAV9-Usp25; Genechem,
Shanghai, China) via tail vein injection. Control mice received
AAV9 negative vector. Mice were administered AAV9 at 2 � 1011

vg/mouse/month. Four weeks later, Ang II was infused and
maintained for 4 weeks. For these studies, we compared WT-Ang
II þ AAV9-Vector, Usp25�/� Ang II þ AAV9-Vector, Usp25�/�

Ang II þ AAV9-Usp25. At the end of the experiment, all mice
were anesthetized with a 50 mg/kg dose of 1% pentobarbital so-
dium (Cat# P3761; SigmaeAldrich, MO, USA) by intraperitoneal
injection. Blood and aortic samples were collected. The aortas
were fixed in 4% paraformaldehyde or snap-frozen in liquid
nitrogen.

2.3. Histological analyses

Aortas harvested from mice were embedded in the Optimal Cut-
ting Temperature (OCT) medium. Tissues were sectioned at 5 mm
thickness and used for routine hematoxylin and eosin (H&E; Cat#
G1120; Solarbio, Beijing, China) and Masson’s trichrome staining
(Cat# G1340; Solarbio, Beijing, China). Brightfield images were
taken. Frozen tissues sections were used for immunofluorescence
staining. For this, tissues were fixed in cold methanol for 10 min,
permeabilized with 0.25% Triton X-100 for 10 min, and then
blocked in 5% bovine serum albumin for 30 min. Primary anti-
bodies were added and slides were kept at 4 �C overnight. Next
day, primary antibody solution was removed, and slides were
washed. Then, fluorophore-conjugated secondary antibodies were
applied for 1 h at room temperature. Finally, anti-fluorescence
quencher kit with DAPI (Cat# SP-8500-15; Vector Laboratories,
USA) was used. Fluorescence images were captured using Nikon
epi-fluorescence microscope (Nikon, Japan) equipped with a
digital camera. For chromogen-based immunohistochemistry,
slides were processed as outlined above. For detection, we used
horseradish peroxidase-labeled secondary antibodies (Beyotime,
Shanghai, China) for 2 h at room temperature. Diaminobenzidine
(DAB) solution was then added. Slides were counterstained with
hematoxylin. We used image J software to measure vessel wall
thickness, the overlapping area, and the ratio of positive area for
collagen and TGF-b1 in the vessel. In brief, four points (at 3, 6, 9
and 12 o’clock) were selected from the slide to measure the
thickness of the vessel wall and then get the averaged data. In
addition, we calculated overlapping areas and the ratio of positive
area for collagen and TGF-b1 in vessels using the “Threshold”
tool in this software.

2.4. Transcriptome sequencing

Total RNA from aortas was isolated using RNAiso Plus (Cat#
9108; Takara, Japan). Samples were sent to LC-Bio (Hangzhou,
China) for genome-wide transcriptome analysis. Differentially
expressed genes with a fold change > 2 or fold change < 0.5 were
selected with a P value < 0.05. Gene set enrichment analysis of
signaling pathways (GSEA, https://www.gsea-msigdb.org/gsea/
index.jsp) was performed by LC-Bio (https://www.lc-bio.cn/).
2.5. Cell culture studies

Murine aortic endothelial cells (MAECs) were isolated as reported
previously17. Briefly, we first removed the aorta from C57BL/6
mice, quickly removed the perivascular adipose tissue and
connective tissue, and cut the aorta into 1 mm vascular rings.
Subsequently, we cut the vascular ring open with ophthalmic
scissors and placed it endothelium down on a 6-well culture plate
pre-coated with growth factor reduced matrigel (Cat# 0827035;
ABW, Shanghai, China). Tissues were cultured in endothelial
cell culture medium (Cat# 1001; ScienCell, USA) supplemented
with 1% endothelial cell growth supplement, 5% fetal bovine
serum (FBS), and 1% penicillin/streptomycin. After 5e7 days,
vascular networks were visible under the light microscope and
tissue segments were removed. We then removed the tissue sec-
tions and continued to culture MAECs for 3 days. Cells were
passaged onto new culture plates without Matrigel and used for
studies.

Murine aortic smooth muscle cells (MASMCs) were isolated
as reported previously18. Briefly, we first removed a 5 mm
segment of C57BL/6 mouse aorta. Then, we removed the
adventitia and cut open with ophthalmic scissors. The endothe-
lium was scraped with curved forceps to remove the endothelium.
The vascular tissue was cut into pieces and transferred to culture
dishes for 7e10 days. MASMCs were cultured in a DMEM/F12
medium (Cat# C11330500BT; GIBCO, Germany) supplemented
with 20% FBS and 1% penicillin/streptomycin. Cells were
passaged onto new culture plates and used for studies.

Human umbilical vein endothelial cells (HUVECs), HEK-
293T, and NIH/3T3 cells were purchased from the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China). A
DMEM medium (Cat# C11995500BT; GIBCO, Germany) with
4.5 g/L glucose containing 10% FBS and 1% penicillin/strepto-
mycin was used to culture the cells. Human vascular adventitial
fibroblasts (HVAFs) and Human vascular smooth muscle cells
(HVSMCs) were obtained from Pricella Life Science & Tech-
nology Co., Ltd. (Wuhan, China). All cells were placed in a hu-
midified incubator with 5% CO2 and 37 �C temperature.

Expression of wildtype Usp25 and various other constructs was
achieved by transfecting cells with plasmids using LipofectAMINE
3000 (Cat# L3000015; Invitrogen, USA). Plasmids were obtained
from Genechem and included: Flag-USP25, Flag-mut-USP25,
Flag-USP25-C178A, Flag-USP25-H608A, His-FOXO3, His-
FOXO3-K258R, HA-Ub, HA-K48, and HA-K63. To knockdown
the expression of Usp25, Lamp2, and Lc3b, cells were transfected
with si-USP25 (human, GCCAGUGCAUACUGUUUAATT;
mouse, GCCTCCATCAAATGCTCAA), si-LAMP2 (mouse, GCA
GAATGGGAGATGAATT), si-LC3B (mouse, CCCAGTGAT
TATAGAGCGA), respectively (Ribobio, Guangzhou, China).
Scrambled sequences were used as the negative control.

2.6. Usp25 knockout in NIH/3T3 cells

HEK-293T and NIH/3T3 cells were procured from the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China). We
cloned gRNA targeting the mouse Usp25 gene into lenticas9-blast
plasmid (Cat# 52962; Addgene, USA). gRNA sequence is shown
in Supporting Information Table S1. Pspax2, Pmd2.g, and len-
tiCas9-Blast-USP25 gRNA were then co-transfected into HEK-
293T cells. Cells were cultured for 48 h, and the supernatant
was collected to obtain lentivirus. We then infected NIH/3T3 fi-
broblasts and selected monoclonal cell lines by the blast method.

https://www.gsea-msigdb.org/gsea/index.jsp
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Expression of USP25 was verified by immunoblotting. Usp25
deficient cell lines were selected.

2.7. Coimmunoprecipitation assay

Lysates from tissues or cells were prepared. Primary precipitating
antibody was added to the samples. Samples were incubated
overnight on a shaker. The next day, agarose magnetic beads were
added to the samples and incubated for 6 h. Then, samples were
centrifuged, and supernatants removed. After cleaning the beads,
the process was repeated 5 times. Samples were boiled and used
for immunoblotting.

2.8. Western blot

Cell and tissue lysates were prepared in RIPA buffer (Cat#
P0013B; Beyotime Biological Technology, Shanghai, China) and
protein concentration was measured. Protein lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membranes.
Membranes were blocked in Tris-buffered saline (pH 7.4, con-
taining 0.05% Tween 20 and 5% non-fat milk) for 1 h at room
temperature and incubated with primary antibodies at 4 �C over-
night. Secondary antibodies were applied for 1 h at room tem-
perature. Immunoreactivity was visualized using enhanced
chemiluminescence reagent (Bio-Rad) and quantified using Image
J analysis software version 1.53. Values were normalized to
respective housekeeping proteins.

2.9. In vitro ubiquitination assay

Usp25 knockout NIH/3T3T cells were transfected with Flag, Flag-
USP25, or His-FOXO3, plus HA-K48/K63 Ub plasmids.
Immunoprecipitation was used to collect Flag-USP25 and K48/
K63 ubiquitinated FOXO3 from cell lysates were detected. PBS
and deubiquitination buffer (50 mmol/L TriseHCl, 5 mmol/L
MgCl2, 2 mmol/L DTT, 2 mmol/L ATP-Na2, 5% glycerol) were
used to wash immunoprecipitated samples. The ubiquitinated
FOXO3 was then incubated with Flag or Flag-USP25 in
the deubiquitination buffer for 2 h at 37 �C, followed by Western
blot analysis.

2.10. Prediction of ubiquitinated lysine sites in FOXO3

We used the UbiqSite (http://systbio.cau.edu.cn/ubiqsite/) and
GPS-Uber (http://gpsuber.biocuckoo.cn/online.php) for prediction
of ubiquitination sites on FOXO3. The top three scoring lysine
sites in the results were selected for analysis.

2.11. Real-time quantitative polymerase chain reaction (PCR)

Total RNA from samples was isolated using Trizol (Cat#
15596026; Thermo Fisher, USA). RNA was reverse-transcribed
using PrimeScript RT reagent (Cat# RR047A; Takara, Japan).
Real-time PCR was subsequently conducted using TB Green
Premix Ex Taq II (Cat# RR820A; Takara, Japan) on QuantStudio
RT PCR (Applied Biosystems, USA). Relative expression was
calculated by 2DDCt method with Actb normalization. Primer se-
quences used for qPCR are listed in Supporting Information
Table S2.
2.12. Immunogold electron microscopy

We quickly removed 1 mm of mouse aortic tissue and placed it in
a fixative, followed by alcohol dehydration, resin infiltration and
embedding of the sample. The 70e80 nm of slices was immu-
nolabelled with FOXO3 and immunogold antibodies, and finally
placed under a transmission electron microscope for observation
and image recording.

2.13. Cleavage under targets and tagmentation (CUT&Tag)
assay

We performed CUT&Tag assay using the NovoNGS CUT&Tag
3.0 High-Sensitivity Kit (N259-YH01, Novoprotein, China) ac-
cording to the instructions. In brief, cells were first collected in
90 mL wash buffer and mixed with 10 mL ConA beads for 10 min
at room temperature (RT). Subsequently, the cell samples were
treated with anti-FOXO3 antibody for 2 h and incubated with
secondary antibody for 1 h. Transposome pA-Tn5 was then
introduced and incubated with the cell samples for 1 h. DNA
fragments were isolated using Tagment DNA extraction beads and
dissolved in 37 mL TE buffer. The DNA was amplified using the
corresponding primers and subjected to qPCR analysis. Promoter
primer sequences are shown in Supporting Information Table S2.

2.14. Statistical analysis

All experiments were randomized and blinded. The data presented
in this study represent at least 3 independent experiments and pre-
sented as mean � standard error of mean (SEM). For in vitro ex-
periments, given that the values obtained for each experiment were
the average of a large number of cultured cells, we assumed that the
data were normally distributed according to the central limit theo-
rem. For the analysis of the in vivo experiments, since our sample
size equals 6, we first assessed the normality of the distribution of
each data using the ShapiroeWilk test. P > 0.05 indicated that the
data in each group were approximately normally distributed.
Comparisons between two groups were analyzed using Student’s t
test. When comparing data from more than two groups, we used
one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered statistically significant. Statistical analysis was per-
formed with GraphPad Prism 8.0 software (San Diego, CA, USA).

3. Results

3.1. Usp25 deletion aggravates vascular remodeling in Ang II-
challenged mice

To explore the potential relevance of DUBs in vascular remodel-
ing, we used an experimental model of chronic Ang II challenge.
Mice were administered Ang II for 4 weeks and aortas were
harvested. This 4-week Ang II infusion model in mice has been
reported to successfully induce aortas EndMT and remodeling19.
RNA sequencing of mouse aortas showed changes in the gene
expression of USP family members (Fig. 1A). We selected the top
10 USPs that appeared to be most upregulated and performed real-
time qPCR validation. From this, we identified Usp25 as signifi-
cantly increased in aortas of mice challenged with Ang II
(Fig. 1B). We also observed similar results for USP25 at the
protein level (Fig. 1C and D), indicating a relevance of USP25 in
this model. To investigate this potential role of USP25 in our

http://systbio.cau.edu.cn/ubiqsite/
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system, we utilized Usp25 knockout mice. These mice showed no
detectable levels of USP25 in the aorta (Supporting Information
Fig. S1), providing an appropriate experimental platform to
investigate the function. We administered Ang II in both wildtype
and Usp25�/� mice for 4 weeks and examined the blood pressure.
The results showed that Usp25 knockout did not affect blood
pressure profiles in both Sham and Ang II-infused mice
(Supporting Information Fig. S2). Hematoxylin and eosin (H&E)
staining of the aortas showed clear signs of excessive vascular
remodeling in Ang II-administered mice. Interestingly, Usp25
knockout mice showed more pronounced histopathological fea-
tures of vessel wall thickening compared to wildtype mice
(Fig. 1EeG). As the process of vascular remodeling is often
accompanied by excessive collagen deposition4, we then stained
the tissues with Masson’s trichrome. The outcomes confirmed that
Usp25 knockout mice exhibit increased vascular fibrosis upon
Ang II challenge (Fig. 1H and I). TGF-b1 immunoreactivity
paralleled Masson Trichrome staining (Fig. 1J and K), showing
that Ang II causes more TGF-b1 expression in Usp25 knockout
mice compared to wildtype mice. Notably, in the absence of Ang
II stimulation, no significant histopathological changes were
observed in the aorta of Usp25 knockout mice compared to the
WT mice. Collectively, we found that Usp25 deficiency exacer-
bated Ang II-induced vascular remodeling.

3.2. Usp25 deletion promoting endothelial EndMT in Ang II-
challenged mouse aortas

To further investigate the regulatory role of USP25 on vascular
remodeling, we isolated primary aortic endothelial and primary
smooth muscle cells separately and stimulated them with Ang II.
Surprisingly, isolated murine aortic endothelial cells (MAECs)
showed a time-dependent increase in USP25 upon Ang II expo-
sure (Fig. 2A and B). However, this phenomenon was not
observed in murine aortic smooth muscle cells (MASMCs)
(Fig. 2C and D). We performed immunofluorescence assay to
examine the USP25 distribution in vascular tissues of mice with or
without Ang II infusion. The results showed that the basal level of
USP25 in CD31þ endothelial cells was much higher than a-
SMAþ smooth muscle cells and VIMENTINþ fibroblasts in the
control mice. Notably, USP25 was significantly elevated in
endothelial cells but not in fibroblasts and smooth muscle cells
after Ang II challenge (Supporting Information Fig. S3AeS3C).
Endothelial cells, vascular fibroblasts, and vascular smooth muscle
cells are involved in the regulation of vascular remodeling and
vascular fibrosis20-23. We then utilized three human-derived cells
to examine the USP25 expression. Western blot assay showed that
USP25 expression level in HUVECs was significantly increased
after Ang II challenge, whereas no significant changes in USP25
levels were observed in HVSMCs and HVAFs (Fig. S3D). These
results indicate that vascular endothelial cells are the main source
of up-regulated USP25 in Ang II-induced arterial remodeling.

Subsequently, we examined the effects of Usp25 knockdown
on the function of three types of cells by qPCR. The results
showed that USP25 significantly exacerbated Ang II-induced
EndMT and fibrosis in HUVECs (Supporting Information
Fig. S4A), but had no significant effect on the function of
HVAFs and HVSMCs (Supporting Information Fig. S4B and
S4C). These results indicate that Usp25 knockout-mediated
exacerbation of vascular remodeling is mainly due to excessive
EndMT in endothelial cells. To further validate the effect of
USP25 on EndMT in in vivo experiments, we stained the aortas of
mice with CD31, together with VE-cadherin, VIMENTIN, or
SNAI1/SLUG (Fig. 2EeJ; Supporting Information Fig. S5). We
found that Ang II administration increases mesenchymal
phenotype-associated markers (VIMENTIN, SNAIl, and SLUG)
immunoreactivity and decreases endothelial phenotype-associated
markers (VE-cadherin) in CD31-positive endothelial cells in
aortic tissues from Ang II-challenged mice. As expected, Usp25
deficiency appeared to amplify these pathological changes. These
data collectively show that Usp25 deficiency exacerbated Ang II-
induced endothelial EndMT.

3.3. USP25 interacts with FOXO3 through the USP domain

To understand the function of USP25 in Ang II-mediated vascular
changes, we profiled vascular mRNA from wildtype and Usp25
knockout mice administered Ang II. A large number of changed
genes were identified (Fig. 3A). Interestingly, GSEA analysis indi-
cated changes in the FOXO signaling pathway (Fig. 3B), which has
been reported to regulate vascular remodeling and EndMT24. We
then screened for genes involved in EndMT and show that Usp25
deficiency is associated with excessive Ang II-induced EndMT
processes (Fig. 3C). In addition, Fig. 3C also showed the Usp25
deficiency-induced changes of FOXO-targeted genes, further vali-
dating the effect of USP25 on the FOXO signaling pathway.

Since DUBs primarily carry out their function by binding to
their targets, we explored the possibility that USP25 may regulate
FOXO proteins via direct interaction. Commonly, FOXO family
contains 4 members, FOXO1, 3, 4, and 6. We prepared lysates
from Ang II-challenged aortas of wildtype mice and immuno-
precipitated USP25. Interestingly, immunoblotting showed
interaction of USP25 only with FOXO3 (Fig. 3D). Other FOXO
proteins screened did not show detectable levels, indicating that
USP25 may specifically bind to FOXO3. To confirm these re-
sults, we knocked out Usp25 by CRISPR/Cas9 in NIH/3T3 cells.
We then transfected these cells with Flag-USP25 and His-
FOXO3. Using this model, we validated that USP25 directly
associates with FOXO3 (Fig. 3E). In addition, immunoprecipi-
tation of USP25 in MAECs exposed to Ang II also confirmed this
interaction of USP25 with FOXO3 (Fig. 3F). We further deter-
mined the key domains in USP25 and FOXO3 proteins for
USP25eFOXO3 interaction. USP25 has four domains: a
ubiquitin-associated domain (UBA), two tandem ubiquitin-
interacting motifs (UIMs), and a ubiquitin-specific protease
domain (USP). We constructed four different USP25 mutants
(Fig. 3G) and transfected these in Usp25�/� NIH/3T3 cells. We
showed that USP25 was unable to bind FOXO3 when amino
acids 169 to 658 were missing (Fig. 3H). Using a similar method,
we showed that the FOXO3eUSP25 interaction disappeared
when FOXO3 lost its KIX domain, suggesting that FOXO3 in-
teracts with USP25 through the KIX domain (Supporting
Information Fig. S6). These findings collectively demonstrated
that USP25 binds to FOXO3 through the USP domain and KIX
domain, respectively.

3.4. USP25 promotes autophagic degradation of FOXO3

Deubiquitinating enzymes tend to influence their downstream
biological processes by regulating substrate protein stability or
activity. Therefore, we first examined the protein level of FOXO3
in the aortic tissues of Ang II-challenged WT and Usp25 knockout
mice and found that FOXO3 is increased in Usp25 knockout mice
(Fig. 4A and B). However, no significant difference was found in



Figure 1 Usp25 deletion aggravates vascular remodeling in Ang II-challengedmice. (A, B)Wildtype C57BL/6 (WT)micewere infused with Ang

II for 4 weeks. Control (sham) mice received saline. Aortas were harvested and RNA sequencing was performed. Figure showing a heat map of

deubiquitinating enzymes in the USP family (n Z 3). Top upregulated Usp genes are highlighted in the red box (A). mRNA levels of the top 10

upregulated Usp genes as determined by qPCR (B). Data was normalized to Actb (mean � SEM; n Z 6; ns Z not significant, *P < 0.05). (C, D)

Wildtype C57BL/6 (WT) mice were infused with Ang II for 4 weeks. Control (sham) mice received saline. Lysates from aortas were probed for

FOXO3 and USP25 proteins byWestern blot assay (C). GAPDHwas used as the loading control. Densitometric quantification of USP25 is shown in

(D) (mean�SEM; nZ 6; nsZ not significant, *P< 0.05). (E, F)WildtypeC57BL/6 (WT), andUsp25�/�micewere infusedwithAng II for 4weeks.

Control (sham)mice received saline. Aortas were harvested and examined. Representative low-power (E) and high-power (F) images ofH&E-stained

aortas from mice (scale barZ 200 mm in panel (E) and 50 mm in panel (F); MZmedia). (G) Quantification of medial thickness in mice determined

from H&E-stained sections (mean � SEM; nZ 6; nsZ not significant, *P < 0.05). (H, I) Aortic tissues were stained with Masson’s trichrome to

mark fibrosis. Representative staining images are shown in panel (H) (Scale bar Z 50 mm; E Z endothelium, A Z adventitia). Quantification of
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the mRNA level of Foxo3 (Fig. 4C). To confirm this inverse
relationship between USP25 and FOXO3, we transfected different
amounts of Flag-USP25 in both Usp25�/� NIH/3T3 and HUVECs
cells. The results showed that sequential decrease in FOXO3 as
USP25 increased (Fig. 4D and E; Supporting Information Fig.
S7A and S7B). Again, mRNA levels of Foxo3 were not found
to be altered (Fig. 4F; Fig. S7C). The results suggest that USP25
regulates the post-translational modification of FOXO3 and
negatively affects the protein stability of FOXO3.

We next examined proteasomal and autophagic lysosomal
pathway in regulating FOXO3 stability downstream of USP25. We
expressed USP25 in Usp25�/� NIH/3T3 cells and exposed the
cells to various proteasomal or lysosomal inhibitors. These in-
hibitors included proteasomal inhibitor MG132, and autophagy
inhibitors 3-methyladenine (3-MA), chloroquine (CQ), and bafi-
lomycin A1 (Baf A1). We show that MG132 had no significant
effect on the USP25-mediated degradation of FOXO3, while
autophagy inhibitors reversed this USP25-induced FOXO3
degradation (Supporting Information Fig. S8; Fig. 4G). In addi-
tion, treatment of mice with 3-MA also reversed USP25
overexpression-induced FOXO3 degradation in Ang II-challenged
mouse aortas (Supporting Information Fig. S9). Knockdown of
Usp25 also reduced Ang II-stimulated autophagic flux in endo-
thelial cells (Supporting Information Fig. S10). Next, we
expressed USP25 and FOXO3 in Usp25�/� NIH/3T3 cells and
exposed the cells to Earle’s balanced salt solution (EBSS) to
induce autophagy. Autophagic degradation of FOXO3 is acceler-
ated in EBSS-exposed cells when USP25 is expressed (Fig. 4H
and I). These results suggest that USP25 mediates the degradation
of FOXO3 mainly through the autophagic pathway. Moreover,
FOXO3 significantly co-localized with the lysosome marker
LAMP1 (Supporting Information Fig. S11A). The co-localization
of USP25 and LAMP1 was significantly increased after Ang II
treatment and was further enhanced upon overexpression of
USP25 in HUVECs (Fig. S11B). Immunogold electron micro-
scopy results further showed that FOXO3 was located in the
autophagic lysosomes of WT mouse endothelial cells, while dis-
appeared in the autophagic lysosomes of Usp25�/� endothelial
cells, indicating that USP25 promotes the autophagic translocation
and degradation of FOXO3 (Fig. S11C). Chaperone-mediated
autophagy is also an important mode of autophagic degradation,
mediated mainly through LAMP225. However, we found that
silencing LAMP2 did not inhibit the USP25-induced degradation
of FOXO3, indicating that the autophagic degradation of FOXO3
is independent of chaperone (Supporting Information Fig. S12).

To identify the active site on USP25 in regulating FOXO3, we
transfected Usp25�/� NIH/3T3 cells with Flag-USP25-C178A or
Flag-USP25-H608A (Supporting Information Fig. S13), based on
previous studies26, and examined FOXO3 expression. We showed
that the expression of wildtype USP25 and USP25eH608A both
reduced FOXO3 protein levels (Fig. 4J). USP25eC178A, how-
ever, did not change FOXO3 proteins. Similarly, under EBSS
exposure, we observed that USP25eC178A did not accelerate the
autophagic degradation of FOXO3 (Fig. 4K and L). These results
suggest that the cysteine at position 178 in USP25 plays a role in
the degradation of FOXO3.
collagen fromMasson’s trichrome-stained sections is shown in panel (I) (mea

immunohistochemical staining for TGF-b1 (brown) in aortas are shown in

Quantification of the positive area from immunohistochemical sections of TG

*P < 0.05). Student’s t-test (unpaired, two-tailed) for (B, D). One-way AN
3.5. FOXO3 interacts with LC3B

We then examined whether USP25 affects FOXO3 binding to key
autophagic proteins. Transfection of Usp25�/� NIH/3T3 cells with
His-FOXO3 and one of P62 or LC3B autophagy-associated proteins
showed that FOXO3 binds to LC3B but not P62 (Fig. 4M and N).
Immunofluorescence assay showed the co-location of FOXO3 and
LC3B (Supporting Information Fig. S14A). Ang II treatment
enhanced the co-localization between the FOXO3 and LC3B, which
was further increased by the transfection of USP25 plasmid in both
NIH/3T3 and HUVEC cells (Fig. 4O; Fig. S14B and S14C). How-
ever, FOXO3 and P62 still did not bind when overexpressing USP25
(Supporting Information Fig. S15). Moreover, after silencing LC3B,
USP25 was no longer able to significantly degrade FOXO3
(Supporting Information Fig. S16). Three autophagy inhibitors CQ,
Baf A1, and 3-MA were used to further examine the autophagic
degradation and LC3B interaction of FOXO3. NIH/3T3 cells trans-
fected with Flag-USP25 were treated with these inhibitors, respec-
tively. The results of immunofluorescence staining showed that the
levels of FOXO3 increased after treatment of three autophagy in-
hibitors. Interestingly, the co-localization of FOXO3 with LC3B
seems to be different among the three inhibitor-treated groups. Only
3-MA treatment decreased the FOXO3eLC3B interaction, sug-
gesting that the binding of FOXO3 to LC3B occurs at an early stage
of autophagosome formation (Supporting Information Fig. S17).
These results show that USP25 increases FOXO3 degradation
through the LC3B-mediated autophagic lysosomal pathway.

3.6. USP25 reverses K63-linked ubiquitination of lysine 258 on
FOXO3

K48 andK63 are the classical ubiquitin chain types but oftenmediate
different effects. We investigated the effect of USP25 on K48, K63,
and total ubiquitin on FOXO3 proteins. We found that USP25
removes the K63 ubiquitin chain on FOXO3 protein, without
affecting the K48 ubiquitin chain in NIH/3T3 cells (Fig. 5AeC). A
similar result was observed in HUVECs (Supporting Information
Fig. S18). This result was confirmed by in vitro deubiquitinating
assays using the extracted proteins (Fig. 5DeF). Mutating C178 on
USP25 prevents the removal of the K63 ubiquitin chain on FOXO3
while USP25eH608A retains the ability (Fig. 5G). Finally, we
explored which lysine sites on FOXO3 are affected by USP25. We
predicted the ubiquitination sites on FOXO3 using two databases:
UbiqSite and GPS-Uber (Fig. 5H and I). Lysine at position 258 of
FOXO3 represented the intersection of the two. We, therefore, con-
structed the corresponding FOXO3-K258R mutant plasmid.
Expression of this mutant FOXO3 with USP25 showed that USP25
no longer had a significant effect on the K63 ubiquitin chain of
FOXO3 (Fig. 5J), despite that the FOXO3-K258R still interact with
USP25 protein (Supporting Information Fig. S19). As expected,
USP25 showed no significant effect on the degradation curve of
FOXO3-K258R (Supporting InformationFig. S20). Interestingly, we
found that the K258R mutation also significantly reduced the inter-
action of FOXO3 with LC3B (Supporting Information Fig. S21). In
summary, we show that USP25 removes the K63-linked ubiquitin
chain from the lysine at position 258 of FOXO3.
n� SEM; nZ 6; nsZ not significant, *P< 0.05). (J, K) Representative

panel (J) (Scale bar Z 50 mm; E Z endothelium, A Z adventitia).

F-b1 is shown in panel (K) (mean� SEM; nZ 6; nsZ not significant,

OVA followed by Tukey post hoc test for (G, I, K).



Figure 2 Usp25 deletion promoting aortic EndMT in Ang II-challenged mice. (A, B) Murine aortic endothelial cells (MAECs) were exposed to

1 mmol/L Ang II for different time periods. Lysates were probed for USP25 (A). GAPDH was used as the loading control. Densitometric

quantification of USP25 is shown in (B) (mean � SEM; n Z 3; ns Z not significant, *P < 0.05). (C, D) Murine aortic smooth muscle cells

(MASMCs) were exposed to 1 mmol/L Ang II for different time periods. Lysates were probed for USP25 (C). GAPDH was used as the loading

control. Densitometric quantification of USP25 is shown in (D) (mean � SEM; n Z 3; ns Z not significant, *P < 0.05). (E, F) Representative

double immunofluorescence staining images showing expression of VIMENTIN (red) and CD31 (green) in panel (E). Sections were counter-

stained with DAPI (blue). Proportion of overlapping area is shown in (F) (Scale barZ 20 mm). (G, H) Representative double immunofluorescence

staining images showing expression of SNAI1þSLUG (red) and CD31 (green) in panel (G). Sections were counterstained with DAPI (blue).

Proportion of overlapping area is shown in (H) (Scale bar Z 20 mm). (I, J) Representative double immunofluorescence staining images showing

expression of VE-cadherin (red) and CD31 (green) in panel (I). Sections were counterstained with DAPI (blue). Proportion of overlapping area is

shown in (J) (Scale bar Z 20 mm). One-way ANOVA followed by Tukey’s post hoc test for (B, D, F, H, J).
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Figure 3 USP25 interacts with FOXO3 through theUSP domain. (AeC)Total aortic RNA fromwildtype andUsp25�/�mice challengedwithAng

II for 4 weeks was sequenced. Figure showing a volcano plot (A), GSEA analysis of FOXO pathway (B), and a heat map (C) of genes involved in

EndMTand FOXO signaling pathway (nZ 3). (D)Mouse aortic tissue lysates fromAng II-challenged wildtype micewere immunoprecipitated with

USP25 antibody. Levels of FOXO3 were determined by immunoblotting. IgG was used as the control for IP. (E)Usp25was knocked out in NIH/3T3

cells by CRISPR/Cas9. Cells were then transfected with Flag and His vectors or Flag-USP25 and His-FOXO3. Flag was immunoprecipitated. IgG

was used as the control. Interaction between USP25 and FOXO3 was detected by immunoblotting. (F) MAECs were exposed to 1 mmol/L Ang II for

48 h or not. USP25 was immunoprecipitated and FOXO proteins were detected by immunoblotting. IgG was used as the control for immunopre-

cipitation. Lysates prior to immunoprecipitation were used as input. (G) Schematic showing the structure of wildtype USP25 and various mutants

[pink Z USP domain; orange and green circles Z Ubiquitin-interacting motifs (UIMs), blue Z ubiquitin-associated domains (UBAs)]. (H)

Usp25�/� NIH/3T3 cells were transfected with His-FOXO3 and either Flag-wildtype USP25 or one of the mutants. Anti-flag was used for immu-

noprecipitation. His-tagged FOXO3 was determined by immunoblotting. IgG was used as the control for IP.
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3.7. USP25 impacts EndMT by regulating FOXO3 in
endothelial cells

FOXO3 has been reported as a cofactor for the transcriptional
activity of the TGFeSmad pathway, a regulator of EndMT27. To
explore how USP25eFOXO3 dynamics play a role in EndMT, we
first examined the effect of USP25 on FOXO3 content in endo-
thelial cells. We transfected MAECs with USP25 expression
vector and exposed the cells to Ang II. Our results showed that
USP25 significantly reduced the protein levels of FOXO3 in the
nucleus and cytoplasm (Fig. 6A). Subsequently, we silenced
Usp25 using siRNA and showed that Usp25 knockdown increased



Figure 4 USP25 promotes FOXO3 degradation by enhancing FOXO3eLC3B interaction. (A) Wildtype and Usp25�/� mice were challenged

with Ang II for 4 weeks. Lysates from aortas were probed for FOXO3 and USP25 proteins. GAPDH was used as the loading control. (B)

Densitometric quantification of USP25 and FOXO3 from Panel (A) (mean � SEM; n Z 3; *P < 0.05). (C) mRNA levels of Usp25 and Foxo3 in

aortic tissues of wildtype and Usp25�/� mice challenged with Ang II. Data was normalized to Actb (mean � SEM; n Z 6; ns Z not significant,

*P < 0.05). (D) Usp25�/� NIH/3T3 cells were transfected with Flag-USP25. Levels of FOXO3 and USP25 proteins were determined. (E)

Densitometric quantification of USP25 and FOXO3 from Panel (D) (mean � SEM; n Z 3; *P < 0.05). (F) mRNA levels of Usp25 and Foxo3 in

Usp25�/� NIH/3T3 cells transfected with Flag-USP25. Data was normalized to Actb (mean � SEM; nZ 3; ns Z not significant, *P < 0.05). (G)

Usp25�/� NIH/3T3 cells were transfected with Flag-USP25 or Flag-vector. Cells were then treated with 10 mmol/L MG132, 10 mmol/L 3-

methyladenine (3-MA), 50 mmol/L chloroquine (CQ), or 0.2 mmol/L bafilomycin A1 (Baf A1) for 6 h. Lysates were probed for USP25 and

FOXO3. GAPDH was used as the loading control. (H) Usp25�/� NIH/3T3 cells transfected with Flag-USP25 and His-FOXO3 were cultured in

Earle’s balanced salt solution (EBSS) for various time points. Flag-vector transfected cells were used as the control. Lysates were probed for His

(FOXO3) and Flag (USP25). GAPDH was used as the loading control. (I) Densitometric quantification of FOXO3 from Panel (H) (mean � SEM;
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Ang II-induced expression of SNAI1, SLUG, VIMENTIN,
COL1A1, and TGF-b1, and decreased the expression of VE-
cadherin, while overexpression of Usp25 maintained VE-
cadherin and reduced mesenchymal cell-associated and fibrosis-
associated proteins following Ang II exposure (Fig. 6B and C;
Supporting Information Fig. S22). These results were confirmed at
the mRNA level (Fig. 6D). Interestingly, we found that FOXO3
expression could reverse the effect of USP25 overexpression on
Ang II-induced EndMT (Fig. 6EeG). Next, we explored how
FOXO3 regulated the transcription of EndMT-related genes in
HUVECs with or without USP25 overexpression using CUT&Tag
assay. Our results showed that FOXO3 can bind to the promoter
regions of SANI1, SNAI2, and VIM genes in HUVECs, and the
enrichments of FOXO3 were significantly decreased when over-
expressing USP25. These results demonstrate that FOXO3 directly
up-regulates the transcription of EndMT-related genes and USP25
inhibits these gene transcriptions via reducing the FOXO3 level
(Supporting Information Fig. S23). The above results indicated
that USP25 regulates the Ang II-induced EndMT by regulating
FOXO3-mediated transcription of EndMT-related genes.

3.8. USP25 induction suppresses Ang II-induced vascular
remodeling

Gene therapy based on adeno-associated virus (AAV) vector has
been applied to clinical treatment28. To explore the effects of
restoring USP25 in vascular remodeling, we constructed AAV9-
Usp25 and administered to Usp25-deficient mice by tail vein in-
jection. This system increased USP25 expression in the aortas of
Usp25-deficient mice (Supporting Information Fig. S24). We then
challenged these mice with Ang II and examined the outcome.
H&E staining of aortas showed that restoration of USP25 in
Usp25-deficient mice suppresses Ang II-induced aortic vessel wall
histopathology and thickening (Fig. 7AeC). Masson’s trichrome
staining and TGF-b1 immunoreactivity staining also showed that
restoration of USP25 plays a protective role in Ang II-induced
fibrotic changes (Fig. 7DeG). Immunofluorescence staining of
the aortas showed that restoration of USP25 reduces the level of
aortic endothelial cells expressing EndMT markers upon Ang II
administration (Fig. 7HeM; Supporting Information Fig. S25).
These results show that restoration of USP25 in mice suppressed
Ang II-induced endothelial EndMT as well as vascular
remodeling.

4. Discussion

In this study, we identified Usp25 as a significantly upregulated
DUB in aortas of mice challenged with Ang II. Surprisingly,
Usp25 deficiency increased the deleterious response to Ang II in
mice, and restoration of USP25 expression in deficient mice
dampened excessive vascular remodeling. Mechanistically, we
found that the USP domain of USP25 can directly bind FOXO3,
n Z 3; ns Z not significant, *P < 0.05). (J) Usp25�/� NIH/3T3 cells we

H608A. Flag-vector was used as the control. Lysates were probed for FOX

USP25-C178A and His-FOXO3 were cultured in EBSS for various time

quantification of FOXO3 from Panel (K) (mean � SEM; n Z 3; ns Z
transfected with His-FOXO3 and HA-LC3B (M) or His-FOXO3 and HA-P

immunoprecipitation and HA-tag for immunoblotting. (O) Usp25�/� NIH

USP25. Cells were then treated with 0.2 mmol/L Baf A1 for 6 h. His-tag

Student’s t-test (unpaired, two-tailed) for (B, C, I, L). One-way ANOVA
which facilitates the binding of FOXO3 to LC3B and promotes
autophagosomeelysosomal degradation of FOXO3. The critical
role of USP25 in this process relates to USP25 cysteine 178 in
removing the K63-linked ubiquitin chain on the lysine 258 of
FOXO3. A schematic summary of the major findings is presented
in the graphic abstract.

Deubiquitinating enzymes are emerging as important players
in the regulation of vascular remodeling. Our group previously
reported that endothelial OTUD1 promotes Ang II-induced
vascular remodeling through deubiquitination of SMAD319. An
et al. showed that a novel deubiquitinating enzyme, cezanne,
regulates vascular smooth muscle cell proliferation and migration
in arterial remodeling by targeting the b-catenin pathway29. Yu
and colleagues30 reported that DUB cylindromatosis causes
adventitial fibroblasts to differentiate into myofibroblasts by
deubiquitinating nicotinamide adenine dinucleotide phosphate
oxidase 4. In our screening of Ang II-responsive USPs in the aorta,
we found significantly increased levels of Usp25. USP25 was first
identified as DUB by Valero et al.31, and has since been linked to
cancer, inflammatory-related diseases, and neurological dis-
eases14,32,33. However, studies have not yet linked USP25 to
vascular diseases, to our knowledge. This study, for the first time,
identifies a USP family member, USP25, as an essential regulator
of Ang II-induced vascular remodeling.

FOXO3 is identified as a USP25 target protein in our study.
FOXO3 has been reported to regulate a plethora of cellular ac-
tivities including apoptosis and oxidative stress, which is usually
afforded by FOXO3 acting as a PI3K/ATK pathway substrate or
interacting with SIRT proteins. Abdullah et al.34 found that
Eugenol can induce autophagy and apoptosis in breast cancer cells
by inhibiting the PI3K/AKT/FOXO3a pathway. Jacobs and col-
leagues showed that SIRT3 can interact with FOXO3 and increase
FOXO3-dependent gene expression to affect mitochondrial func-
tion35. In recent years, the roles of FOXO3 in various vascular
diseases have attracted much attention. In smooth muscle cells,
FOXO3 suppresses proliferation36, and in endothelial cells,
knocking out FOXO3 causes the emergence of signs of aging37.
Phosphorylated FOXO3 levels have also been shown in human
carotid atherosclerotic plaques38. In our study, we found that
USP25 protects vascular endothelial cells from Ang II-induced
injury by binding FOXO3 and regulating the target protein
levels. Interestingly, we find that USP25 interacts with FOXO3
through the USP domain and deubiquitinates FOXO3, which en-
hances the interaction of FOXO3 with LC3B and leads to FOXO3
degradation. With continued insult and overwhelmed USP25,
FOXO3 translocates to the nucleus to regulate the expression of
genes involved in EndMT. Therefore, we suggest that the
USP25eFOXO3 axis is an important regulatory mechanism in
Ang II-induced EndMT. Our study highlights endothelial FOXO3
as an important target in vascular remodeling and adds new un-
derstandings to the post-translational modification processes of
FOXO3.
re transfected with Flag-USP25, Flag-USP25-C178A, or Flag-USP25-

O3 and USP25. (K) Usp25�/� NIH/3T3 cells transfected with Flag-

points. Lysates were probed for His and Flag tags. (L) Densitometric

not significant, *P < 0.05). (M, N) Usp25�/� NIH/3T3 cells were

62 (N). Vectors alone were used as the control. His-tag was used for

/3T3 cells were transfected with His-FOXO3, HA-LC3B, and Flag-

was used for immunoprecipitation and HA-tag for immunoblotting.

followed by Tukey’s post hoc test for (E, F).



Figure 5 USP25 reverses the K63-linked ubiquitination of lysine 258 on FOXO3. (AeC) Usp25�/� NIH/3T3 cells were transfected with Flag-

USP25, His-FOXO3, and either HA-Ub (A), HA-K48 (B), or HA-K63 (C). Following transfection, cells were treated with 0.2 mmol/L Baf A1 for

6 h. Lysates were used for co-immunoprecipitation. Ubiquitinated FOXO3 was detected by immunoblotting. (D) Schematic showing the in vitro

deubiquitinating assay. (E, F) Usp25�/� NIH/3T3 cells transfected with various vectors were used for an in vitro deubiquitination assay. Cells

were exposed to 0.2 mmol/L Baf A1 for 6 h and ubiquitinated FOXO3 was detected. (G) Usp25�/� NIH/3T3 cells were transfected with His-

FOXO3, HA-K63, and either Flag-USP25, Flag-USP25-C178A, or Flag-USP25-H608A. Cells were then treated with 0.2 mmol/L Baf A1 for

6 h and K63-linked FOXO3 ubiquitination was detected. (H, I) FOXO3 ubiquitination. Figure showing a schematic of FOXO3 structure (H) and

predicted ubiquitination sites (I). (J) Usp25�/� NIH/3T3 cells were transfected with His-FOXO3-K258R and HA-K63. An additional group

included cells co-transfected with Flag-USP25. Following transfections, cells were treated with 0.2 mmol/L Baf A1 for 6 h. Ubiquitinated FOXO3

was detected.
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Figure 6 USP25 impacts EndMT by regulating FOXO3 in endothelial cells. (A) MAECs were transfected with Flag-USP25. Cells were then

challenged with 1 mmol/L Ang II for 48 h. Lysates were used to measure nuclear and cytosolic FOXO3. Lamin B and GAPDH were used as the

loading control. (B) MAECs were transfected with Flag-USP25 to express Usp25 or siRNA to knockdown Usp25. Cells were then exposed to

1 mmol/L Ang II for 48 h. Levels of EndMT markers were measured by immunoblotting. GAPDH was used as the loading control. (C)

Densitometric quantification of EndMT markers in MAECs from Panel (B) (mean � SEM; n Z 3; *P < 0.05). (D) mRNA levels of genes

associated with EndMT. Cells were treated as indicated in Panel (B). Data normalized to Actb (mean � SEM; n Z 3; *P < 0.05). (E, F) MAECs

were transfected with Flag-USP25 and His-FOXO3. Cells were then exposed to 1 mmol/L Ang II for 48 h. Levels of EndMT markers were

detected by immunoblotting (E). GAPDH was used as the loading control. Densitometric quantification is shown in panel (F) (mean � SEM;

n Z 3; ns Z not significant, *P < 0.05). (G) mRNA levels of genes associated with EndMT. Cells were treated as indicated in Panel (E). Data

normalized to Actb (mean � SEM; nZ 3; nsZ not significant, *P < 0.05). One-way ANOVA followed by Tukey’s post hoc test for (C, D, F, G).
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The linkage type of ubiquitin molecules on a substrate protein
determines the outcome of the target protein. Ubiquitin is linked to
different lysine residues and methionine residues, resulting in
seven types of ubiquitin chains: M1, K6, K11, K27, K29, K33,
K48, K63. Studies have shown that USP25 mainly regulates K48
and K63 chains on target proteins39,40. For example, USP25
promotes endotoxin tolerance by removing K48-linked ubiquiti-
nation of TNF receptor-associated factor-3 in Kupffer cells41.
LPS-induced increase in USP25 enhances HBO1 stability by
removing ubiquitin chains from HBO1 in THP-1 monocytes42.
Furthermore, these studies did not explore the active site of USP25
in regulating the target protein. In our study, we found that USP25
can exert deubiquitinating activity on FOXO3 via the cysteine 178
site to remove K63-linked ubiquitin chain on lysine 258 on
FOXO3. This activity facilitates the association of FOXO3 with
autophagy-associated LC3B, thereby inducing the degradation of
FOXO3 via the autophagy pathway. USP25 has been reported to
stabilize SERCA216, HIF-1a43, and KEAP144 through directly
interacts with and deubiquitinating these substrate proteins,
respectively. Interestingly, our research found that USP25 can
promote autophagy-dependent degradation of FOXO3 by
removing its K63-linked ubiquitin chain. This is the first time to



Figure 7 USP25 induction suppresses Ang II-induced vascular remodeling. Usp25�/� mice were administered AAV9 expressing Usp25. Empty

AAV9 was administered in WT and Usp25�/� mice as the control. Mice were then infused with Ang II for 4 weeks. (A, B) Representative low-

power (A) and high-power (B) images of aortas stained with H&E (Scale bar Z 200 mm in panel (A), 50 mm in panel (B); M Z media). (C)

Quantification of medial thickness in mice determined from H&E-stained sections (mean � SEM; n Z 6; *P < 0.05). (D, E) Aortic tissues were

stained with Masson’s Trichrome. Representative staining images are shown in panel (D) (Scale bar Z 50 mm; E Z endothelium,

A Z adventitia). Quantification of collagen from Masson’s Trichrome-stained sections is shown in panel (E) (mean � SEM; n Z 6; *P < 0.05).

(F, G) Representative immunohistochemical staining for TGF-b1 (brown) in aortas are shown in panel (F) (Scale barZ 50 mm; EZ endothelium,

A Z adventitia). Quantification of positive area from immunohistochemical sections of TGF-b1 is shown in panel G (mean � SEM; n Z 6;

ns Z not significant, *P < 0.05). (H, I) Representative double immunofluorescence staining images showing expression of VIMENTIN (red) and

CD31 (green) in panel (H). Sections were counterstained with DAPI (blue). Proportion of overlapping area is shown in (I) (Scale bar Z 20 mm).

(J, K) Representative double immunofluorescence staining images showing expression of SNAI1þSLUG (red) and CD31 (green) in panel (J).

Sections were counterstained with DAPI (blue). The proportion of overlapping area is shown in (K) (Scale bar Z 20 mm). (L, M) Representative

double immunofluorescence staining images showing expression of VE-cadherin (red) and CD31 (green) in panel (L). Sections were counter-

stained with DAPI (blue). The proportion of overlapping area is shown in (M) (Scale bar Z 20 mm). One-way ANOVA followed by Tukey’s post

hoc test for (C, E, G, I, K, M).
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report that USP25 can promote the degradation of target protein.
Due to the high specificity of the deubiquitination process, the
design and development of specific agents through the specific
sites of USP25 and FOXO3 may be an interesting direction. These
two sites, one of USP25 and one on FOXO3, could potentially be
utilized clinically to dampen excessive vascular remodeling fea-
tures such as fibrosis and EndMT.

There are a few limitations of our study. First, we do not know
exactly why and how Ang II administration upregulated USP25 in
vascular remodeling. In our study, deficiency in Usp25 increased
the adverse reactions of Ang II exposure. Therefore, it appears that
upregulated USP25 may represent a response to counter Ang II
signaling and downstream effects. The second limitation relates to
our use of global Usp25 knockout mice. We showed that Ang II-
mediated vascular remodeling is increased in global Usp25 defi-
cient mice. In contrast, restoration of USP25 in global deficient
mice reverses the pathological process described above. We also
showed that Ang II-induced upregulation of USP25 only occurred
in endothelial cells, but not in smooth muscle cells. However, we
acknowledge that using endothelial-specific Usp25 knockout mice
may help to provide conclusive evidence. Furthermore, USP25 is a
multifunctional deubiquitinating enzyme and may affect non-
classical ubiquitination types such as K11, K27, K29, and K33,
in addition to classical chain K48 and K63 on FOXO3 protein.
This also should be investigated in future studies.

5. Conclusions

In conclusion, we have demonstrated that USP25 induction sup-
presses Ang II-induced vascular remodeling by modulating the
deubiquitination and stability of FOXO3. To our knowledge, this
is the first empirical evidence of a potential protective function of
USP25 in deleterious vascular remodeling. More importantly, our
results suggest that inducing USP25 in patients suffering from
hypertension and possibly other vascular diseases may be an
effective therapeutic strategy. In this regard, the development of
USP25 agonists would be exciting to explore for the treatment of
vascular diseases.
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