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Background: Oxidative stress plays critical pathophysiological roles in vascular remodeling-related cardio- 

vascular diseases, including hypertension, atherosclerosis, and restenosis. Previous studies demonstrate 

that SENP3, a redox-sensitive SUMO2/3-specific protease, is strongly implicated in cancer development 

and progression. However, the role of SENP3 in vascular remodeling remains unknown. 

Methods: We generated three mouse models of vascular remodeling due to low shear stress, hyper- 

tension, and atherosclerosis. The expression of SENP3 was determined by western blotting and/or im- 

munofluorescence staining in cultured vascular smooth muscle cells (VSMCs), animal models, and human 

samples. The biological function of SENP3 in proliferation and migration of VSMC and vascular remodel- 

ing was further investigated in vitro and in vivo models. 

Findings: SENP3 was highly expressed in VSMCs of remodeled arteries, accompanied by elevated reac- 

tive oxygen species (ROS) levels. In cultured VSMCs, SENP3 protein levels were enhanced by oxidized 

low-density lipoprotein and Angiotensin II in a ROS-dependent manner. SENP3 overexpression signifi- 

cantly promoted and sh-RNA-mediated knockdown markedly inhibited VSMCs proliferation and migra- 

tion. Immunofluorescence staining showed that SENP3 expression was correlated with intimal area in re- 

modeled arteries. Furthermore, we demonstrated that SENP3 interacted with β-catenin and inhibited its 

proteasome-dependent degradation via de-SUMOylation of β-catenin. Most importantly, SENP3 + / − mice 

exhibited alleviated vascular remodeling. 

Interpretation: Our results highlight the important function of SENP3 as a redox sensor and mediator in 

vascular remodeling. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Evidence before this study 

Vascular remodeling is a complicated pathophysiological 
process implicated in many cardiovascular diseases. Mount- 
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ing evidence strongly implicates oxidative stress as the 
most common cell stress and common reason for vascu- 
lar remodeling-related cardiovascular diseases, including hy- 
pertension, atherosclerosis, and restenosis. Previous studies 
demonstrate that SENP3, a redox-sensitive SUMO2/3-specific 
protease, is strongly implicated in cancer development and 

progression. However, the role of SENP3 in vascular remodel- 
ing remains unknown. 
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Added value of this study 

This study highlights the importance of SENP3, a redox- 
sensitive protease, in the development of vascular remodel- 
ing. SENP3 acts not only as a sensor of oxidative stress, but 
also as a key mediator in oxidative stress-induced pathologi- 
cal process, via regulation of SUMO/de-SUMOylation balance 
of numbers of protein substrates and the function of these 
proteins. Our findings provide a common point of view about 
how vascular cells sense oxidative stress and mediate the ac- 
cording modulation of intracellular signal transduction, which 

ultimately leading to the development and progression of 
vascular remodeling. 

Implications of all the available evidence 

SENP3 plays an important role in the pathological process 
of vascular remodeling. Therefore, SENP3 might represent a 
novel therapeutic target for vascular remodeling-related car- 
diovascular diseases. 

. Introduction 

Vascular remodeling is a complicated pathophysiological pro- 

ess implicated in many cardiovascular diseases. Mounting evi- 

ences strongly suggest that oxidative stress caused by increased 

eactive oxygen species (ROS) plays a critical role in vascular 

emodeling-related cardiovascular diseases [1–3] . Various risk fac- 

ors for the development of atherosclerosis and vascular remod- 

ling ( e.g. hyperlipidemia, hyperglycemia, hypertension and dis- 

urbed shear stress) mediate elevated ROS levels and result in ox- 

dative stress in the vasculature [4] . Therefore, it raises the possi- 

ility that oxidative stress might be the common reason for vas- 

ular remodeling. However, the mechanism underlying how vascu- 

ar smooth muscle cells (VSMCs) sense oxidative stress, and which 

olecules mediate excessive proliferation and migration and ulti- 

ately lead to vascular remodeling remains elusive. 

The biologic process of oxidative stress-induced vascular re- 

odeling includes the following components: sensors to sense ox- 

dative stress, effectors or mediators to mediate changes in the bio- 

ogic function of VSMCs, and the resultant structural and functional 

hanges in the vessel wall. Of note, it has been well demonstrated 

hat under oxidative stress, redox-sensitive proteins can sense and 

e modulated by redox changes, and subsequently mediate repro- 

ramming of multiple signaling processes, leading to the develop- 

ent of specific pathologic processes. Therefore, investigating the 

ole of redox-sensitive proteins in vascular remodeling might help 

nderstand the pathogenesis of vascular remodeling. 

Posttranslational modifications (PTMs), such as phosphoryla- 

ion, acetylation, ubiquitination and SUMOylation, are important 

egulators of cell signaling, due to the transient and often re- 

ersible nature of these modifications. Among these, SUMOylation, 

hich conjugates Small Ubiquitin-like Modifier (SUMO) to target 

roteins and regulates the level, subcellular localization, and tran- 

criptional activity of the modified proteins [ 5 , 6 ], is a very im-

ortant molecular modification pathway during oxidative stress. It 

as been demonstrated that this unique modification is a fine sen- 

or for reactive oxygen species [ 7 , 8 ]. The SUMO proteases (SENPs)

e-SUMOylate modified proteins and thus are critical for main- 

aining the SUMOylation level of substrates required for normal 

hysiology. Our previous studies demonstrate that SENP3, a redox- 

ensitive protein in SENPs family, accumulates under oxidative 

tress [9] . SENP3 plays important roles in cancer development and 

rogression, which was mediated by its de-SUMOylation of various 

rotein substrates [10–13] . Regulation of SUMO/deSUMOylation 
2 
alance by SENP3 may also represent an important regulatory 

echanism under oxidative stress during vascular remodeling. 

Wnt/ β-catenin signaling pathway has been strongly implicated 

n vascular remodeling [14–18] . Many physiological stimuli, includ- 

ng oxidized low-density lipoprotein (oxLDL), Angiotensin II (Ang 

I) and growth factors, activate β-catenin signaling in VSMCs [16–

8] . Activation of this signaling induces the transcription of multi- 

le target genes ( e.g. , cyclin D1, c-myc, matrix metalloproteinases 

MMPs]), which promote VSMC proliferation and migration. PTMs, 

ainly phosphorylation, play critical roles in the regulation of β- 

atenin signaling [19] . Whether β-catenin is modified and regu- 

ated by other PTM remains unknown. 

In this present study, we assessed the expression and function 

f SENP3 in vascular remodeling; we also examined the SUMO 

odification of β-catenin. We demonstrated that SENP3, a known 

edox-sensitive SUMO protease, accumulates under oxidative stress 

uring vascular remodeling. SENP3 promotes the proliferation and 

igration of VSMCs and mediates vascular remodeling. Mechanis- 

ically, SENP3 interacts with β-catenin and promotes its protein 

tability. These findings suggest that SENP3 is a sensor of oxida- 

ive stress in VSMCs, and contributive to vascular remodeling. 

. Materials and methods 

.1. Human tissue specimens 

Human artery samples were obtained from patients with 

therosclerosis undergoing lower limb amputation. Their use was 

pproved by the Medical Ethics Committee of the Shanghai Jiao- 

ong University School of Medicine, and all subjects gave written 

nformed consent. Femoral and popliteal arteries and their major 

ranches were cut transversely at ~2-cm intervals and immediately 

rozen in liquid nitrogen until use. Specimens were OCT-embedded, 

ectioned into 8- μm-thick slices, and mounted on the microscope 

lides. 

.2. Animal experiments 

All animal experiments were performed under the guide- 

ines on animal care of Shanghai Jiaotong University School of 

edicine (Permit no. 2014–018). SENP3 + / − mice were generated 

rom BayGenomics (San Francisco, CA). ApoE −/ − mice (#002052) 

n a C57BL/6 background were purchased from Jackson Laboratory 

Bar Harbor, Maine, USA). ApoE −/ − mice and C57BL/6 mice were 

red at Shanghai Biomodel Organism Science & Technology Devel- 

pment Co., Ltd. 

SENP3 + / − and wild-type (WT) mice (male, 6–8 weeks of age) 

ere used in the experiments. Partial ligation of left common 

arotid artery (LCCA) induced low shear stress in the LCCA and was 

erformed as described previously [20] . In brief, mice were anes- 

hetized using intraperitoneal injection of pentobarbital sodium 

50 mg/kg) and body temperature was maintained at 37 °C by 

sing heating pads. After blunt dissection to expose the distal 

ranches of the LCCA, blood flow was reduced by ligation of all 

ranches of the LCCA except for the left thyroid artery. After vali- 

ation that blood flow was present, the incision was closed with a 

uture. Sham ligation was performed with suture placement with- 

ut ligation. 

Male C57BL/6 mice (12–16 weeks of age) were used in the 

ouse model of Ang II-induced vascular remodeling. Briefly, mice 

ere anesthetized with sodium pentobarbital, followed by subcu- 

aneously implantation of Alzet osmotic minipump (Model 2002; 

LZA Scientific Products, USA) containing saline alone or Ang II 

Sigma, A9525) dissolved in saline. Mice were then continuously 

nfused with saline or Ang II (2.1 mg/kg/d) for 2 weeks. 
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Female ApoE −/ − mice (8 weeks of age) underwent combined 

artial ligation of the LCCA and left renal artery as previously de- 

cribed [21] . Mice were sacrificed 4 weeks after surgery. 

.3. Tissue collection and processing 

Mice were perfused with ice cold isotonic saline, after which 

eft carotid arteries or aortas were isolated. Tissue samples were 

xed with 4% paraformaldehyde overnight and embedded in op- 

imal cutting temperature (OCT; Sakura Finetechnical). These OCT- 

mbedded sections (5 μm thick) were cut for use every 200 μm 

ver a 2-mm length of carotid arteries from the distal bifurcation 

f carotid artery specimens, or of thoracic aortas from the proximal 

horacic aortas specimens. 

.4. Histology 

The OCT- or paraffin-embedded carotid artery or thoracic aorta 

ections were stained with hematoxylin and eosin (H&E) and pi- 

rosirius red as described previously [ 18 , 20 ]. All images were cap-

ured by Olympus digital camera and analyzed using ImagePro Plus 

oftware. 

.5. Immunofluorescence 

The OCT-embedded sections were washed with PBS, fixed in 

% paraformaldehyde for 20 min, and permeabilized with 0.2% 

riton X-100 for 8 min. The sections were then blocked with 

% fetal bovine serum (FBS) for 30 min and incubated with pri- 

ary antibodies against SENP3 (1:100; Cell Signaling Technol- 

gy [CST]; #5591), PCNA (1:100; Abgent; #AJ1594a), and α-actin 

1:300; Abcam; ab21027) overnight, followed by further staining 

ith secondary antibodies labeled with red fluorescence (1:300; 

onkey-anti-goat, 555 nm; Invitrogen; #A21432) and green fluores- 

ence (1:300; donkey-anti-rabbit, 488 nm; Invitrogen; #A21206) 

or 60 min. After staining nuclei with 4, 6-diamino- 2-phenylindole 

DAPI; Beyotime), the fluorescence signal was acquired by confocal 

icroscopy (Zeiss LSM 710). 

.6. Detection of ROS 

2 ′ , 7 ′ -Dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma) 

as used to measure the ROS levels in the cultured VSMCs, as 

reviously described [22] . Dihydroethidium (DHE, Sigma) staining 

as used for the in situ detection of ROS levels in frozen tissue 

ections. Briefly, unfixed frozen cross-sections were incubated with 

HE (5 μmol/l) at 37 °C for 30 min in a humidified chamber pro-

ected from light, followed by a 5-min wash in PBS. Images were 

btained by confocal microscopy (Zeiss LSM 710). 

.7. Cell culture 

Primary VSMCs were isolated from the thoracic aortic arteries 

f Sprague-Dawley rats (6–8 weeks) using mechanical dissociation 

s described previously [23] . VSMCs were identified via smooth 

uscle (SM)- α-actin staining. VSMCs at passages 3 to 8 were used 

n all experiments. VSMCs were cultured in DMEM with 10% FBS, 

00 U/mL penicillin, 100 μg/mL streptomycin. Twenty-four hours 

rior to drug treatment, VSMCs were transferred to serum-free 

edium for the duration of the experiment. VSMCs were treated 

ith various reagents including oxLDL (Yiyuan Biotechnologies), 

ng II (Sigma) and H 2 O 2 (Sigma) as described in the figure leg- 

nds. 

HEK293T and HEK293FT cells were maintained in DMEM with 

0% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin in an atmo- 

phere containing 5% CO . 
2 

3 
.8. Plasmid constructs and transfection 

Several tagged (GFP-, RGS-His (RH)- and Flag-tagged) constructs 

or wild-type SENP3 were generated using standard techniques 

y cloning the full-length cDNA of SENP3 into the pEGFP-C1 or 

cDNA3 vectors as described previously [10–13] . The RH- and 

FP-tagged SENP3 mutant constructs (RH-SENP3/C532A and GFP- 

ENP3/C532A) were made by site-directed mutagenesis based on 

he SENP3 wild-type constructs (WT) using a QuikChange muta- 

enesis kit (Stratagene, La Jolla, CA). RH-SUMO-3 and HA-Ub were 

sed in our previous work [24] . HA- β-catenin and Flag- β-catenin 

ere kindly provided by Prof. Xiao-kun Zhang (Xiaomen University, 

iamen, China). The constructs were transiently transfected into 

ells using Lipofectamine 20 0 0 (Invitrogen) or X -tremeGENE HP 

NA (Roche) Transfection Reagents following the manufacturer’s 

nstructions. 

.9. Lentiviral constructs and lentivirus packaging 

The SENP3 lentiviral expression construct was made by sub- 

loning the conventional pcDNA3-SENP3 into the pLVX-IRES- 

sGreen1 Vector (Clontech Laboratories, Inc., Mountain View, CA). 

ENP3 shRNA lentiviral construct was generated by inserting a 

hRNA oligonucleotide into pLVX-IRES-ZsGreen1 vector. Lentivi- 

al particles are packaged as previously described [25] . Briefly, 

entivirus vectors were cotransfected with packaging vectors into 

EK293FT cells using Lipofectamine 20 0 0. Virus particles were 

arvested 48 h after transfection. Virus pellets were rinsed once 

nd then resuspended in PBS. 

.10. Western blotting 

Whole cell lysates were prepared and quantitated by BCA assay. 

qual amounts of protein per lane were subjected to SDS-PAGE, 

ransferred to a nitrocellulose membrane, and immunoblotted us- 

ng antibodies against SENP3 (1:10 0 0; CST; #5591), PCNA (1:10 0 0; 

bgent; #AJ1594a), P27 (1:10 0 0; CST; #2552), green fluores- 

ent protein (GFP) (1:10 0 0; Abcam; #ab290), HA(1:50 0 0; Sigma; 

H9658), Flag (1:50 0 0; Sigma; #F1804), RGS (1:10 0 0; Qiagen; 

34,650), β-catenin (1:10 0 0; CST; #8480), β-actin (1:50 0 0; Ab- 

am; #ab6276) and horseradish peroxidase-conjugated secondary 

ntibodies. Protein bands were detected using enhanced chemilu- 

inescence (Millipore) 

.11. Flag immunoprecipitation assay 

For Flag-immunoprecipitation assay, transfected cells in 10cm- 

ish were lysed in cold lysis buffer (1% Triton X-100, 150 mM 

aCl, 10 mM Tris–HCl [pH 7.4], 1 mM EDTA, 1 mM EGTA [pH 8.0], 

.2 mM sodium ortho-vanadate, 1 mM PMSF, 0.5% protease in- 

ibitor cocktail, 0.5% IGEPAL CA-630) on ice for 30 min. Following 

onication, the lysates were centrifuged for 30 min at 12,0 0 0 rpm. 

nti-Flag M2 Affinity Gel (Sigma Aldrich, Cat# A2220) was added 

o the cell lysates and incubated at 4 °C overnight. The resin was 

ashed with lysis buffer 5 times. After the last washing, the pro- 

eins were eluted in elution buffer and subjected to western blot- 

ing. 

.12. Ni-NTA pull-down assay 

Ni-nitrilotriacetic acid resin (NTA) pull-down assay was per- 

ormed as previously described [10] . Briefly, the cells transfected 

ith RH-tagged plasmids were lysed in a lysis buffer according to 

he manufacturer’s protocols. Ni 2 + -NTA-agarose resin (Invitrogen, 

at# R901–15) was then added to the cell lysates and incubated 

ith gentle agitation at 4 °C overnight. The resin was successively 
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ashed at room temperature with four different washing buffers. 

fter the last washing, RH-tagged proteins were eluted in elution 

uffer and subjected to western blotting. 

.13. Cell counts 

For cell counts, primary rat VSMCs were plated into a 6-well 

late and were infected with GFP-SENP3 lentivirus (GFP-SENP3) 

nd GFP control lentivirus (GFP), or sh-SENP3 lentivirus (sh-SENP3) 

nd sh-control lentivirus (sh-NC). 48 h after infection, the cells 

ere trypsinized and counted on a hemocytometer with an Olym- 

us inverted microscope (Olympus, Tokyo, Japan). 

.14. EdU incorporation assay 

EdU incorporation assays were performed using BeyoClick TM 

dU Cell Proliferation Kit with Alexa Fluor 488 in vitro Imaging Kits 

Beyotime). Briefly, VSMCs in the logarithmic growth were plated 

t 5 × 10 4 cells per well into 12-well plates. After 24 h of the indi-

ated treatment, each well was incubated with 1 ml of 10 μM EdU 

edium for 2 h. The cells were fixed with 4% paraformaldehyde for 

0 min. After washing with PBS in 3 times, the cells were washed 

ith PBS containing 0.5% TritonX-100 for 10 min. Then, click ad- 

itive solution and click reaction solution were prepared according 

o the manufacturer’s instructions, then added into each well and 

ncubated in the dark for 30 min at room temperature. The stain- 

ng solution was discarded, and the cells were washed with PBS for 

0 min. For the nuclear staining, 1 × Hoechest 33,342 was added 

or 30 min incubation at room temperature. After washing with 

BS, the positive cells were observed by fluorescence microscopy. 

.15. Cell migration assay ( In vitro scratch-wound assay and 

ranswell assay) 

For the scratch-wound assay, primary rat VSMCs were seeded 

nto 6-well plates and were infected with sh-SENP3 lentivirus (sh- 

ENP3) and sh-control lentivirus (sh-NC). 48 h after infection, the 

ells were serum-starved overnight, scraped by sterilized 10 μL 

ipette tips, washed with PBS to remove the cell debris, and stim- 

lated with Ang II (500 mM) for an additional 12 h. Photomi- 

rographs were taken using an Olympus inverted microscope. The 

umbers of cells that migrated into the wound area were quanti- 

ed using Diskus software (Hilgers, Königswinter, Germany). 

The transwell assay was performed using a 24-well plate con- 

aining transwell inserts (Corning Inc., Corning, NY, USA). Starved 

SMCs were seeded into the upper chamber and serum-free 

edium containing Ang II was added to the lower chamber; the 

lates were incubated for 6 h. The cells on the upper or lower 

urfaces of the transwell inserts were then fixed with ice cold 

ethanol for 10 min and stained with crystal violet at room 

emperature for 30 min. Cells on the upper surface of the filter 

ere scraped. The cells that migrated into the lower section were 

ounted in five random fields (20 × magnification) using an Olym- 

us inverted microscope. 

.16. Statistical analysis 

Values were expressed as mean ± standard error of the mean 

SEM). The Student’s t -test was used for comparison of two groups 

nd the one-way ANOVA was used for multiple comparisons. A p- 

alue < 0.05 was considered to indicate a statistically significant re- 

ult. 
4 
. Results 

SENP3 is highly expressed in VSMCs following vascular re- 

odeling due to low shear stress, hypertension and atheroscle- 

osis 

To investigate the role of SENP3 in vascular remodeling, we 

enerated the mouse model of low shear stress-induced vascu- 

ar remodeling by partial ligation of left common carotid artery 

LCCA) and examined the expression of SENP3 in remodeled ar- 

eries. As depicted in Fig. 1 (a), partial carotid ligation resulted 

n significant vascular remodeling as assessed by H&E staining 

nd quantified by intima-media area and intima-media thickness. 

OS levels were significantly increased in ligated carotid arteries 

 Fig. 1 (b) and (c)), consistent with previous studies [ 20 , 26 ]. Mean-

hile, SENP3 expression was dramatically enhanced in the neoin- 

imal layer of ligated carotid arteries compared to control arter- 

es ( Fig. 1 (d) and (e)). Moreover, dual immunofluorescence stain- 

ng revealed that SENP3 was localized predominantly in neointimal 

SMCs ( Fig. 1 (d)). 

To further demonstrate the role of SENP3 in vascular remod- 

ling, we generated Ang II-induced vascular remodeling model. 

ENP3 staining was markedly increased in VSMCs of remodeled 

horacic aortas ( Fig. 1 (f)). The western blotting results consistently 

howed an over 4-fold upregulation of SENP3 protein level in the 

horacic aorta sections of the Ang II-infused mice compared with 

he control mice ( Fig. 1 (g)). 

In addition, by combining partial ligation of the left renal artery 

nd LCCA ( R + C ) in ApoE-/- mice [21] , we generated another

ouse model of vascular remodeling due to atherosclerosis. As de- 

icted in Fig. 2 (a), R + C in ApoE-/- mice significantly induced 

therosclerosis in carotid arteries. ROS levels were significantly in- 

reased in atherosclerotic lesions ( Fig. 2 (b)). Moreover, SENP3 was 

ighly expressed in intimal VSMCs ( Fig. 2 (c)). Taken together, all 

hese results suggest a potential role of redox-sensitive SENP3 in 

he development of vascular remodeling under various pathologi- 

al conditions. 

SENP3 expression is upregulated by oxLDL and Ang II in a 

OS-dependent manner in primary rat VSMC 

Because SENP3 was mainly up-regulated in VSMCs in remod- 

led arteries, we next examined the effect of various stimuli rel- 

vant to vascular remodeling on SENP3 expression in primary rat 

SMCs. Immunoblotting demonstrated that both oxLDL and Ang II 

arkedly increased SENP3 protein expression in a time- and dose- 

ependent manner ( Fig. 3 (a) and (b)). 

It has been demonstrated that SENP3 is a redox-sensitive pro- 

eins in carcinogenesis [9] . However, whether and how SENP3 par- 

icipates in oxidative stress-induced vascular remodeling is un- 

nown. As shown in Fig. 3 (c), oxLDL, Ang II and the direct inducer 

f oxidative stress H 2 O 2 increased intracellular ROS levels in vitro 

n primary VSMCs. Furthermore, SENP3 protein level was enhanced 

y H 2 O 2 , also in a time-dependently and dose-dependently man- 

er ( Fig. 3 (d) and (e)), however, no alternations in SENP3 mRNA 

evels were detected following H 2 O 2 treatment (Fig. S1(a)). Using a 

roteasome inhibitor MG132, we showed that SENP3 protein level 

as increased when treated with MG132 alone and remained sta- 

le when further exposed to H 2 O 2 (Fig. S1(b)). In addition, the up- 

egulation of SENP3 was blocked by anti-oxidant N -acetyl cysteine 

NAC) ( Fig. 3 (f)). All these results suggest that the upregulation of 

ENP3 in VSMCs is through ROS-dependent proteasome pathway. 

SENP3 promotes proliferation and migration of VSMCs 

To establish the functional significance of SENP3, we exam- 

ned the effect of SENP3 knockdown and overexpression on VSMC 

roliferation and migration. Infection of VSMCs with sh-SENP3 

entivirus significantly reduced endogenous SENP3 expression and 

bolished Ang II-induced VSMCs proliferation, as determined by 

ell counting ( Fig. 4 (a)). Under normal growth conditions, VSMCs 
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Fig. 1. SENP3 is highly expressed in VSMCs following low shear stress-induced and Ang II-induced vascular remodeling. (a) Representative images of H&E staining and 

quantification of intima-media area and intima-media thickness in sham control and ligation of left common carotid artery (ligation) groups ( ∗p < 0.05, n = 8). (b and c) 

Representative images of DHE staining and quantification of DHE staining intensity in control and ligation groups ( ∗p < 0.05, n = 6). (d and e) Representative images of dual 

immunofluorescence staining of SENP3 and smooth muscle (SM)- α-actin and quantification of percentage of SENP3-positive VSMCs in control and ligation groups ( ∗p < 0.05, 

n = 6). (f) Representative images of H&E staining, dual immunofluorescence staining of SENP3 and SM- α-actin, and quantification of percentage of SENP3-positive VSMCs in 

thoracic aortas from Ang II-infused mice compared with control mice ( ∗p < 0.05, n = 6). (g) Western blot analysis of SENP3 protein expression in thoracic aortas from Ang 

II-infused mice compared with control mice. Values are mean ± SEM. 
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nfected with sh-SENP3 lentivirus (sh-SENP3 VSMCs) exhibited 

arkedly reduced cell proliferation compared to VSMCs infected 

ith control lentivirus (sh-Con VSMCs) ( Fig. 4 (b) and (c)). Consis- 

ently, protein level of the proliferative marker (PCNA) was down- 

egulated, whereas protein level of P27, an inhibitor of cyclin- 

ependent kinase, was up-regulated in sh-SENP3 VSMCs ( Fig. 4 (d)). 

ccordingly, when VSMCs were infected with SENP3 lentivirus 

o overexpress SENP3, the cell proliferation was significantly in- 

reased under normal growth condition (Fig. S2(a) and (b)). 

Next, we used in vitro scratch-wound and transwell migra- 

ion assays to investigate whether SENP3 knockdown would af- 

ect VSMC migration. The in vitro scratch-wound assay revealed 

hat cell migration induced by Ang II was significantly decreased 

n sh-SENP3 VSMCs ( Fig. 4 (e) and (f)). Additionally, the transwell 

igration assay also demonstrated that Ang II-stimulated cell mi- 

ration decreased by approximately 2.5-fold in sh-SENP3 VSMCs, 

ompared with sh-Con VSMCs ( Fig. 4 (g) and (h)). 
5 
Most importantly, in the mouse model of vascular remodel- 

ng due to atherosclerosis, we found that the expressions of PCNA 

nd SENP3 were positively correlated with intimal area ( r 2 = 0.45, 

 < 0.05; r 2 = 0.48, p < 0.05, respectively; Fig. S3). These results in-

icate that SENP3 promotes VSMC proliferation and migration dur- 

ng vascular remodeling. 

SENP3 promotes β-catenin stability, whereas SUMOylation 

acilitates proteasome-dependent degradation of β-catenin. 

Growing evidences have indicated that β-catenin signaling is 

nvolved in the regulation of the proliferation and migration of 

SMCs and vascular remodeling [14–18] . To define the possi- 

le mechanism by which SENP3 exerts its effect on VSMCs pro- 

iferation and migration, we examined the effect of SENP3 on 

nt/ β-catenin signaling. The protein level of β-catenin was dose- 

ependently increased by SENP3 overexpression ( Fig. 5 (a)) and de- 

reased by SENP3 knockdown ( Fig. 5 (b)). As cysteine 532 of SENP3 

s responsible for its enzymatic activity [27] , we overexpressed an 
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Fig. 2. SENP3 is highly expressed in VSMCs following vascular remodeling due to atherosclerosis. (a) Representative images of gross appearance and H&E staining, and 

quantification of lesion area in sham control and combined partial ligation of the left renal artery and left common carotid artery ( R + C ) groups ( ∗p < 0.05, n = 8). (b) 

Representative images of DHE staining and quantification of DHE staining intensity in sham control and R + C groups ( ∗p < 0.05, n = 6). (c) Representative images of dual 

immunofluorescence staining of SENP3 and SM- α-actin and quantification of percentage of SENP3-positive cells ( ∗p < 0.05, n = 6). Values are mean ± SEM. 
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nzymally inactive mutant SENP3 (SENP3-C532A) and found that 

he protein level of β-catenin was increased by SENP3, not SENP3- 

532A ( Fig. 5 (c)). This result reveals that SENP3 increases the pro- 

ein level of β-catenin through its enzymatic activity. 

As SENP3 acts as a SUMO2/3-specific protease, we then exam- 

ned the effect of SUMOylation (SUMO-3) on β-catenin expression. 

he protein level of β-catenin was decreased by SUMO-3, which 

as completely blocked by proteasome inhibitor MG-132 ( Fig. 5 (d) 

nd (e)). To further demonstrate this point of view, 293 T cells 

ere then transfected with SUMO-3, and cycloheximide (CHX) was 

sed to suppress protein biosynthesis. The half-life of exogenous 

-catenin was markedly shortened in cells overexpressing SUMO- 

 ( Fig. 5 (f)). In addition, the ubiquitination of β-catenin was in- 

reased when SUMO-3 was overexpressed, which was abolished 

hen SENP3 were simultaneously overexpressed ( Fig. 5 (g)). Taken 

ogether, these results suggest that SENP3 promotes β-catenin sta- 

ility, while SUMOylation promotes proteasome-dependent degra- 

ation of β-catenin. 

SENP3 interacts with and de-SUMOylates β-catenin. 

As SENP3 acts as a SUMO2/3-specific protease, and SENP3 pro- 

otes β-catenin stability while SUMOylation decreases β-catenin 
6 
tability, we speculated that β-catenin can be SUMOylated and 

ENP3 can de-SUMOylate β-catenin. As shown in Fig. 6 (a), β- 

atenin SUMOylation was detected by immunoprecipitation in 293 

 cells co-expressed with Flag- β-catenin and RH-SUMO-3. Us- 

ng Ni-NTA pull-down assays, SUMOylation of β-catenin was fur- 

her demonstrated. The result showed that SENP3 deconjugated 

UMO-3 from β-catenin, while SENP3-C532A mutant that lost de- 

UMOylating activity did not change the SUMOylation of β-catenin 

 Fig. 6 (b)). In stable cell line of SENP3 knockdown, we found that 

UMOylation of β-catenin was pronounced compared to that in 

ontrol cells ( Fig. 6 (c)). Notably, SUMOylation of β-catenin was sig- 

ificantly decreased after Ang II treatment in primary VSMCs, and 

his effect was reversed after NAC treatment ( Fig. 6 (d)). The inter- 

ction between β-catenin and SENP3 was further demonstrated by 

o-IP assay in exogenous setting ( Fig. 6 (e) and (f)). These results 

uggest that SENP3 de-SUMOylates β-catenin via a direct interac- 

ion . 

SENP3 + / − mice exhibited reduced vascular remodeling in- 

uced by low shear stress 

Because SENP3 −/ − mutation causes embryonic lethality [28] , 

ENP3 + / − mice were generated. To further define the in vivo role 
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Fig. 3. SENP3 expression is upregulated by oxLDL and Ang II in a ROS-dependent manner in primary rat VSMC. (a) Primary rat VSMCs were treated with oxLDL (40 μg/ml) for 

the indicated time points and increasing concentrations of oxLDL for 30 min, respectively. Protein expression of SENP3 was examined by western blotting ( n = 3, ∗p < 0.05). 

(b) Primary rat VSMCs were stimulated with Ang II (500 nM) for the indicated time and increasing concentrations of Ang II for 1 h, respectively. Protein expression of SENP3 

was examined by western blotting ( n = 3, ∗p < 0.05). (c) Primary rat VSMCs were treated with oxLDL (40 μg/ml), Ang II (500 nM) and H2O2 (100 μM) for 30 min. ROS 

level was detected by flow cytometry after DCFH-DA staining ( n = 3, ∗p < 0.05 vs Con). (d and e) Primary rat VSMCs were stimulated with H2O2 (100 μM) for the indicated 

time (d) and increasing concentrations of H2O2 for 1 h (e), respectively. (f) Primary rat VSMCs were pretreated with or without 5 mM NAC for 6 h before Ang II stimulation 

for another 1 h. Protein expression of SENP3 was examined by western blotting ( n = 3, ∗p < 0.05 vs Ang II/NAC(-), # p < 0.05 vs Ang II( + )). Values are mean ± SEM. 

Fig. 4. SENP3 deletion decreases VSMC proliferation and migration in primary VSMCs in vitro . (a) VSMCs which were infected with control lentivirus and sh-SENP3 lentivirus 

were serum-starved overnight and stimulated with Ang II (500 nM) for 48 h. The expression of endogenous SENP3 was examined by western blotting and cell numbers 

were quantified using a hemacytometer. (b and c) Representative images of the EdU incorporation assay and quantification of percentage of EdU-positive cells in sh-SENP3 

lentivirus-infected cells compared with control lentivirus-infected cells under normal growth condition with 10% FBS DMEM. (d) Protein expression of Cyclin D1, PCNA and 

P27 were examined by western blotting. (e and f) Monolayer confluent cells were serum-starved and scraped in the presence of Ang II (500 nM) to stimulate VSMC migration 

toward the wound area. Representative images of the in vitro scratch-wound assay and quantification of migrated cells (number/field) are presented. ( g and h ) Representative 

images of transwell migration assay and quantification of migrated cells (number/field). Values are mean ± SEM. 
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Fig. 5. SENP3 promotes β-catenin stability, while SUMOylation promotes proteasome-dependent degradation of β-catenin. (a) 293T cells were transfected with HA- β-catenin 

and increasing amounts of Flag-SENP3 for 48 h. The levels of HA- β-catenin in whole cell lysates were determined by western blotting with anti-HA, anti-Flag and anti- β- 

actin antibodies. (b) 293T cells were transfected with control siRNA (si-NC) and SENP3 siRNA (si-SENP3) for 48 h. Lysates were prepared and analyzed by western blotting. 

(c) 293T cells were transfected with HA- β-catenin and equal amounts of PCDNA or RH-SENP3 or RH-SENP3/C532A for 48 h. Lysates were prepared and analyzed by western 

blotting. (d) 293T cells were transfected with HA- β-catenin and increasing amounts of RH-SUMO-3 for 48 h. Lysates were prepared and analyzed by western blotting. (e) 

293T cells were transfected with HA- β-catenin and increasing amounts of RH-SUMO-3 for 48 h, in the presence or absence of MG132 (10 μM) for the last 10 h. Lysates were 

prepared and analyzed by western blotting. (f) Evaluation of β-catenin protein half-life. 293T cells were transfected with HA- β-catenin and PCDNA or RH-SUMO-3 for 36 h 

and were subsequently exposed to the protein synthesis inhibitor cycloheximide (CHX) for the indicated time. Lysates were prepared and analyzed by western blotting. The 

relative level of β-catenin was evaluated by densitometry and normalized to β-actin. (g) 293T cells were transfected with Flag- β-catenin, HA-ubiquitin (HA-Ub), RH-SUMO-3 

and GFP-SENP3 and treated with MG132 (10 μM) for the last 10 h. The ubiquitination of Flag- β-catenin was determined by immunoprecipitation (IP) assay using Flag-beads 

and western blotting using antibody against HA. 
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f SENP3 in vascular remodeling, SENP3 + / − mice and wild-type 

WT) littermates were subjected to partial ligation of left com- 

on carotid artery (LCCA). Body weights were measured before 

nd after the surgery in WT and SENP3 + /- mice. There were no 

ifferences in body weight between two groups (Fig. S4(a) and 

b)). However, four weeks after surgery, SENP3 + / − mice exhib- 

ted markedly reduced vascular remodeling compared with WT 

ice ( Fig. 7 (a)). The quantitative morphometric analysis revealed 

arked decreases in the intima-media area and intima-media 

hickness of the carotid arteries from SENP3 + /- mice compared 

ith WT mice ( Fig. 7 (a)). The picrosirius red staining results 

ndicated decreased collagen deposition in carotid arteries from 

ENP3 + / − mice ( Fig. 7 (b)). Furthermore, dual immunofluorescence 

taining of PCNA and SM- α-actin was performed in ligated carotid 

rteries. The percentage of PCNA-positive VSMCs was significantly 

ecreased in ligated carotid arteries from SENP3 + / − mice compared 

ith WT mice ( Fig. 7 (c)). Consistently, the percentages of MMP-8- 

nd MMP-13-positive area in the intima area were significantly de- 

reased in ligated carotid arteries from SENP3 + / − mice (Fig. S5(a)- 

d)). These results indicated that SENP3 promotes vascular remod- 

ling in vivo . 

Furthermore, dual immunofluorescence staining of SENP3 and 

M- α-actin confirmed that the expression of SENP3 was decreased 

n VSMCs from SENP3 + / − mice compared with WT mice ( Fig. 8 (a)). 

ost importantly, the in vivo expression of β-catenin in VSMCs 

as markedly decreased in the remodeled arteries from SENP3 + / −
ice compared with WT mice ( Fig. 8 (b)). This result is consistent 
8 
ith our in vitro data showing that SENP3 promotes the protein 

tability of β-catenin. 

SENP3 expression is positively correlated with β-catenin ex- 

ression in human neointimal hyperplasia 

To determine whether the role of SENP3 observed in murine 

ascular remodeling models translates to human vascular diseases, 

e investigated the protein levels of SENP3 and β-catenin simulta- 

eously in human specimens of lower extremity artery with neoin- 

imal hyperplasia. We found that the protein levels of both SENP3 

nd β-catenin were relatively low in diseased arteries with mild 

eointimal hyperplasia, but dramatically increased in lesions with 

evere neointimal hyperplasia ( Fig. 9 (a)). Furthermore, we found 

hat the expression of β-catenin was positively correlated with the 

xpression of SENP3 ( Fig. 9 (b)). 

. Discussion 

Accumulating evidence strongly implicates oxidative stress as 

he most common cell stress and common reason for vascular 

emodeling. However, the precise molecular mechanism underly- 

ng this oxidative stress-induced vascular remodeling has not been 

ully elucidated. The present study has revealed the important role 

f redox-sensitive SENP3 in mediating the development of vascu- 

ar remodeling. SENP3 protein levels were rapidly and markedly 

ncreased in a ROS-dependent manner after exposure to vari- 

us stimuli relevant to vascular remodeling, mainly oxLDL, Ang 

I and low shear stress both in vivo and in vitro . SENP3 interacts 
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Fig. 6. SENP3 interacts with and de-SUMOylates β-catenin. (a) 293T cells were transfected with Flag- β-catenin, RH-SUMO-3 and Ubc-9 for 48 h. The SUMOylation of Flag- 

β-catenin was determined by IP assay using Flag-beads and western blotting using anti-RGS, anti-Flag, and anti- β-actin antibodies. (b) 293T cells were transfected with 

Flag- β-catenin, RH-SUMO-3, Ubc-9 and GFP-SENP3 or GFP-SENP3/C532A for 48 h. The SUMOylation of Flag- β-catenin was determined by pull-down assay using Ni-NTA 

agarose beads. (c) 293T cells stably expressing control shRNA (sh-Con) and SENP3 shRNA (sh-SENP3) were transfected with Flag- β-catenin, RH-SUMO-3 and Ubc-9 for 48 h. 

The SUMOylation of Flag- β-catenin was determined by IP assay using Flag-beads. (d) Primary VSMCs which were transfected with Flag- β-catenin for 24 h were pretreated 

with or without 5 mM NAC for 6 h before vehicle or Ang II stimulation for another 1 h. The SUMOylation of Flag- β-catenin was determined by IP assay using Flag-beads. (e 

and f) 293T cells were transfected with Flag-SENP3 or HA- β-catenin either alone or both together (e). 293T cells were transfected with HA-SENP3 or Flag- β-catenin either 

alone or both together (f). Exogenous interaction between SENP3 and β-catenin was determined by co-immunoprecipitation (co-IP) using Flag-beads. 
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ith β-catenin and inhibits its proteasome-dependent degradation 

hrough de-SUMOylation, which ultimately promotes the prolifera- 

ion and migration of VSMCs and contributes to vascular remodel- 

ng. 
(

ig. 8. SENP3 and β-catenin immunofluorescence staining in remodeled carotid arteries fr

taining of SENP3 and SM- α-actin and quantification of percentage of SENP3-positive VS

ual immunofluorescence staining of β-catenin and SM- α-actin and quantification of per

igated carotid arteries from WT and SENP3 + / − mice ( ∗p < 0.05, n = 6). Values are mean

9 
SUMO specific proteases (SENPs) are cysteine proteases which 

lay important roles in maintaining the balance between 

UMO/de-SUMOylated proteins required for normal cellular phys- 

ology. There are six isoforms of SENPs identified in humans 

SENP1–3 and 5–7) [29] . Many previous studies have high- 
om WT and SENP3 + / − mice. (a) Representative images of dual immunofluorescence 

MCs in WT and SENP3 + / − mice ( ∗p < 0.05, n = 6). (b) Representative images of 

centage of β-catenin-positive VSMCs and percentage of β-catenin-positive area in 

 ± SEM. 
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Fig. 7. SENP3 + / − mice exhibited reduced vascular remodeling induced by low 

shear stress. (a) Representative images of H&E staining and quantification of intima- 

media area and intima-media thickness in wild-type (WT) and SENP3 + / − mice 

( ∗p < 0.05, n = 7–8). (b) Representative images of picrosirius red staining and quan- 

tification of collagen area in WT and SENP3 + / − mice ( ∗p < 0.05, n = 6). (c) Repre- 

sentative images of dual immunofluorescence staining of proliferating cell nuclear 

antigen (PCNA) and SM- α-actin and quantification of percentage of PCNA-positive 

VSMCs in WT and SENP3 + / − mice ( ∗p < 0.05, n = 6). Values are mean ± SEM. 

Fig. 9. SENP3 expression is positively correlated with β-catenin expression in hu- 

man neointimal hyperplasia. (a) Representative images of dual immunofluorescence 

staining of SENP3 and β-catenin in human specimens of lower extremity artery 

with neointimal hyperplasia. (b) Correlation between SENP3 positive area and β- 

catenin positive area. 
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10 
ighted the pivotal role of SENPs in the development of vari- 

us diseases, especially cancer [ 10–12 , 30–32 ]. However, there 

re few studies concerning the role of SENPs and SUMOyla- 

ion in vascular diseases. Recently, Qiu ei al reported that SENP1 

egulates the SUMOylation of GATA2 that leads to endothelial dys- 

unction in graft atherosclerosis [33] . To our knowledge our study 

s the first study that demonstrates the important role of SENP3, 

 redox-sensitive protease, in the development of vascular remod- 

ling. We generated three mouse models of vascular remodeling 

ue to low shear stress, hypertension, and atherosclerosis. In all 

hese models, we found SENP3 to be markedly increased in VSMCs 

ccompanied by elevated ROS levels in remodeled arteries. These 

ndings demonstrate that SENP3 and SENP3-mediated reprogram- 

ing of cell signaling processes might be a common mechanism of 

xidative stress-induced vascular remodeling under various patho- 

ogical conditions. 

Our previous studies have demonstrated that SENP3 plays 

ritical roles in cancer development and progression [10–12] . 

ENP3 enhances the transcriptional activity of HIF-1 α by SUMOy- 

ating P300 and promotes tumor angiogenesis [10] . SENP3 de- 

UMOylates PML and Stat3 to increase tumor cell proliferation 

 11 , 13 ]. Additionally, SENP3 promotes epithelial-mesenchymal tran- 

ition (EMT) in gastric cancer cells via de-SUMOyltion and enhanc- 

ng the transitional activity of FOXC2 [12] . In the present study, 

e demonstrated that SENP3 facilitates VSMC proliferation and 

igration and this effect is mediated, at least in part, via de- 

UMOylation of β-catenin and regulation of its protein stability. 

nd certainly, there might be other protein substrates of SENP3, 

specially those regulating the proliferation, migration and pheno- 

ypic switching of VSMCs. Most importantly, our in vivo experi- 

ents revealed that SENP3 expression was correlated with intima 

rea in remodeled arteries. Besides, SENP3 + / − mice exhibited re- 

uced vascular remodeling. Therefore, SENP3 acts not only as a 

ensor of oxidative stress, but also as a key mediator or effector 

n oxidative stress-induced pathological process via regulation of 

UMO/de-SUMOylation balance of numbers of protein substrates 

nd subsequent the function of these proteins. 

The Wnt/ β-catenin pathway is an important signaling pathway 

hat regulates vascular development and homeostasis. We have 

reviously published that β-catenin signaling pathway was acti- 

ated under Ang II stimulation in vitro and in vivo [18] . And this

ignaling pathway is negatively regulated by orphan nuclear recep- 

or Nur77 [18] . In the present study, we found that β-catenin is 

odified by SUMOylation which can be reversibly de-conjugated 

y SENP3. Moreover, SENP3 promotes β-catenin stability, whereas 

UMOylation facilitates proteasome-dependent β-catenin degra- 

ation. Recent studies showed that SUMOylation can serve as a 

argeting signal in the ubiquitin-proteasome system (UPS) [34] . 

UMO-targeted Ubiquitin Ligases (STUbLs) are recruited to SUMOy- 

ated target proteins or those containing SUMO-like domains to 

atalyze their ubiquitination and degradation [ 24 , 35 , 36 ]. Our re-

ults indicated that β-catenin is targeted to proteasome for degra- 

ation in a SUMOylation-dependent manner. However, as degra- 

ation of β-catenin was well demonstrated to be regulated by 

hosphorylation, whether the SUMO/de-SUMOylation status of β- 

atenin affects β-catenin degradation directly or indirectly via af- 

ecting its phosphorylation status is unknown. 

In summary, we provided the first evidence that SENP3 is a 

edox-sensitive protease that accumulates during oxidative stress- 

nduced vascular remodeling, which promotes VSMC proliferation 

nd migration via regulation of β-catenin protein stability. Further 

ork is needed to fully understand the exact role of SENP3 and 

ENP3-mediated SUMO/de-SUMOylation status of specific protein 

ubstrates in vascular remodeling during hypertension, atheroscle- 

osis, vascular injury, restenosis, and aneurysm formation. 

https://www.ncbi.nlm.nih.gov/pubmed/23381569
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