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Abstract 

Background  Endothelial injury caused by Type 2 diabetes mellitus (T2DM) is considered as a mainstay in the 
pathophysiology of diabetic vascular complications (DVCs). However, the molecular mechanism of T2DM-induced 
endothelial injury remains largely unknown. Here, we found that endothelial WW domain-containing E3 ubiquitin 
protein ligase 2 (WWP2) act as a novel regulator for T2DM-induced vascular endothelial injury through modulating 
ubiquitination and degradation of DEAD-box helicase 3 X-linked (DDX3X).

Methods  Single-cell transcriptome analysis was used to evaluate WWP2 expression in vascular endothelial cells of 
T2DM patients and healthy controls. Endothelial-specific Wwp2 knockout mice were used to investigate the effect 
of WWP2 on T2DM-induced vascular endothelial injury. In vitro loss- and gain-of-function studies were performed 
to assess the function of WWP2 on cell proliferation and apoptosis of human umbilical vein endothelial cells. The 
substrate protein of WWP2 was verified using mass spectrometry, coimmunoprecipitation assays and immunofluo-
rescence assays. The mechanism of WWP2 regulation on substrate protein was investigated by pulse-chase assay and 
ubiquitination assay.

Results  The expression of WWP2 was significantly down-regulated in vascular endothelial cells during T2DM. 
Endothelial-specific Wwp2 knockout in mice significantly aggravated T2DM-induced vascular endothelial injury and 
vascular remodeling after endothelial injury. Our in vitro experiments showed that WWP2 protected against endothe-
lial injury by promoting cell proliferation and inhibiting apoptosis in ECs. Mechanically, we found that WWP2 is down-
regulated in high glucose and palmitic acid (HG/PA)-induced ECs due to c-Jun N-terminal kinase (JNK) activation, and 
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uncovered that WWP2 suppresses HG/PA-induced endothelial injury by catalyzing K63-linked polyubiquitination of 
DDX3X and targeting it for proteasomal degradation.

Conclusion  Our studies revealed the key role of endothelial WWP2 and the fundamental importance of the JNK-
WWP2-DDX3X regulatory axis in T2DM-induced vascular endothelial injury, suggesting that WWP2 may serve as a 
new therapeutic target for DVCs.

Keywords  Type 2 diabetes mellitus, Diabetic vascular complications, Endothelial injury, WWP2, DDX3X, 
Ubiquitination

Introduction
Diabetes mellitus, especially Type 2 diabetes mellitus 
(T2DM), is becoming a serious public health problem 
and is projected to afflict over 693 million people world-
wide by 2045 [1]. Diabetic vascular complications (DVCs) 
caused by chronic exposure to T2DM, are the leading 
cause of morbidity and mortality in patients with T2DM 
[2, 3]. Despite the successful development of new treat-
ments for T2DM, the search for novel therapeutic tar-
gets to reduce DVCs is a continuous effort [4]. Recently, 
endothelial injury, which promotes the development of 
DVCs [5], has received much attention as a key mediator 
in the pathogenesis of DVCs [6–8]. However, the molec-
ular mechanisms underlying T2DM-induced endothelial 
injury are largely unknown.

WW domain-containing E3 ubiquitin protein ligase 2 
(WWP2), also known as atrophin-1 interacting protein 2 
(AIP2), is a C2-WW-HECT-type E3 ubiquitin (Ub) ligase 
[9]. By regulating ubiquitination and stability of specific 
substrate proteins, WWP2 has emerged as a critical mod-
erator of many biological processes including embry-
onic stem cell maintenance or differentiation, cartilage 
homeostasis, immune response, apoptosis and cell signal 
transduction [10–14]. As such, WWP2 injury can lead to 
a variety of diseases, including tumorigenesis [15], crani-
ofacial anomalies [16], oxidative stress [17] and cardiac 
remodeling [18]. However, the specific role and molecu-
lar mechanism of WWP2 in DVCs are still unclear.

In this study, our single-cell analysis of endothelial 
cells (ECs) from T2DM patients provided insight into 
the involvement of WWP2 in T2DM-induced vascu-
lar endothelial injury. Subsequently, we investigated the 
effect of WWP2 on T2DM-induced vascular endothelial 
injury and vascular remodeling after endothelial injury 
using endothelial-specific Wwp2 knockout mice. Also, we 
assessed the function of WWP2 on cell proliferation and 
apoptosis in vitro. Mechanically, we found that WWP2 is 
down-regulated in high glucose and palmitic acid (HG/
PA)-induced ECs due to c-Jun N-terminal kinase (JNK) 
activation. Furthermore, we identified DEAD-box heli-
case 3 X-linked (DDX3X) as a new physiological sub-
strate of WWP2, and found that WWP2 targets DDX3X 

for proteasomal degradation by catalyzing its K63-linked 
polyubiquitination, thereby regulating HG/PA-induced 
endothelial injury. Taken together, the present study 
revealed the crucial function of WWP2 and the funda-
mental importance of the JNK-WWP2-DDX3X regula-
tory axis in T2DM-induced vascular endothelial injury, 
suggesting that JNK-WWP2-DDX3X axis has potential 
as a preventive and therapeutic target for DVCs.

Methods
Single cell RNA‑seq analysis
Single-cell transcriptome profiles of human mesenteric 
arteries from healthy and T2DM donors were derived 
from a public dataset GSE156341 [19]. The detailed clini-
cal information of donors was provided in Additional 
file  1: Table  S1. Considering the gender differences in 
risk, endothelial function, pathophysiology and vascular 
complications of T2DM [22–25], we included only male 
donors in the dataset GSE156341 and male mice for sub-
sequent analysis to avoid potential variations contributed 
by gender and genetic background. The dataset was ana-
lyzed using the R package Seurat v.4.1.0 [26]. For quality 
control, count data were filtered by the following crite-
ria: (1) removing the cells that expressing less than 200, 
or more than 5000 genes; (2) removing the cells with a 
percentage of mitochondrial genes higher than 15%; (3) 
removing the cells with a percentage of hemoglobin gene 
higher than 1%; (4) removing the cells with a percent-
age of ribosomal genes less than 3%; (5) removing genes 
that were expressed in less than 3 cells; (6) removing the 
MALAT1 gene. In total, the filtered data contained 6917 
cells and 19,168 genes.

The filtered data were normalized and scaled using the 
SCTransform function [27]. The top 3000 highly vari-
able genes of each sample were identified using SelectIn-
tegrationFeatures function. To remove batch effect 
across samples, we performed the integration pipeline 
provided by Seurat package built on canonical correla-
tion analysis (CCA). After linear dimensional reduction 
(RunPCA function), 20 principal components (PCs) were 
selected for graph-based semi-unsupervised clustering 
(resolution 0.05) and Uniform Manifold Approximation 



Page 3 of 23You et al. Cardiovascular Diabetology          (2023) 22:107 	

and Projection (UMAP) dimensionality reduction and 
visualization.

The batch effects across samples were successfully 
removed by CCA method (Additional file  1: Fig.  S1A, 
B) [26] and the FindAllMarkers function was applied to 
identify marker genes for each cluster (Additional file 1: 
Table S2). Using known genetic markers, we identified a 
total of four clusters: cluster 0 (T cells), cluster 1 (ECs), 
cluster 2 (macrophages), cluster 3 (B cells) (Additional 
file 1: Fig. S1C, D).

Further analysis was performed on endothelial sub-
population (clusters 1) with high expression of endothe-
lium-specific markers, such as VWF and PECAM1 
(Additional file  1: Fig.  S1E, F). Differential expression 
analysis between two conditions were conducted with 
the nonparametric Wilcoxon test in the Seurat pack-
age (Additional file 1: Table S3) [28]. For visualization of 
gene expression data, the following functions were used: 
DimPlot (Seurat package), DotPlot (Seurat package), Fea-
turePlot (Seurat package), VlnPlot (Seurat package) and 
FeaturePlot_scCustom (scCustomize package).

Generation of endothelial‑specific Wwp2‑knockout mice
Endothelial-specific Wwp2 knockout mice (Cdh5-Cre; 
Wwp2fl/fl) on a C57BL/6J background were constructed 
by the Shanghai Model Organisms Center, Inc (Shang-
hai, China). The detailed information about the construc-
tion of Cdh5-Cre; Wwp2fl/fl mice was shown in (Fig. 2A). 
Genotyping for endothelial-specific Wwp2-knockout 
mice was performed using the following primers: Cdh5-
Cre (5′-TCG​ATG​CAA​CGA​GTG​ATG​AG-3′, 5′-TCC​ATG​
AGT​GAA​CGA​ACC​TG-3′, 5′-CAA​ATG​TTG​CTT​GTC​
TGG​TG-3′, and 5′-GTC​AGT​CGA​GTG​CAC​AGT​TT-3′), 
Wwp2fl/fl (5′-TGC​CTA​TCC​TTT​CTG​TGC​C-3′, 5′-TTT​
GCC​GCC​ATT​GTT​CTT​C-3′, and 5′-TCG​CCT​TCT​TGA​
CGA​GTT​CT-3′).

Animal treatment
Mice were housed in a pathogen-free and temperature-
controlled conditions (22–25 ± 1  °C) under a 12 h light/
dark cycle, with Food and water ad libitum. Eight-week-
old male mice were used for experiments. Cdh5 Cre + ; 
Wwp2fl/fl and Cdh5 Cre-; Wwp2fl/fl mice were randomly 
assigned to two groups: T2DM group and control group 
(Fig. 2D). For T2DM group, the mice received a high-fat 
diet (HFD; MD12033, Medicience Ltd., Jiangsu, China) 
for 6  weeks followed by intraperitoneal injection of 
streptozotocin (STZ, HY-13753, MCE, USA) at a dose of 
40 mg/kg after overnight fasting for 5 consecutive days. 
Two weeks after STZ injection, the HFD/STZ mice with 
fasting blood glucose level ≥ 16.7  mM were confirmed 

as T2DM mice and then continued to receive the HFD 
for 4 months; For control group, the mice were injected 
with the same volume of citrate buffer (0.1  M, pH 4.5) 
after 6  weeks of normal diet (ND), and then continued 
to be fed the ND until the end of the experiment. Body 
weight was recorded every two weeks and blood glucose 
levels were monitored monthly from the tail-tip with a 
glucometer. Before sampling, mice were fasted overnight 
and serum triglyceride (TG), total cholesterol (TC) meas-
urements were measured with the commercial detection 
kits (Nanjing Jiancheng Bioengineering Institute, China) 
according to the manufacturer’s instructions. This study 
was performed in line with the principles of the Declara-
tion of Helsinki. The Animal Subject Committee of China 
Medical University approved the animal study protocol 
(permission number: CMU2023364).

Immunofluorescence assays
Frozen sections of mouse aorta were fixed in acetone 
for 10 min at – 20 ºC, washed three times with PBS, and 
incubated overnight at 4 °C with primary antibodies in a 
blocking buffer (10% BSA, 10% Goat Serum in PBS): anti-
WWP2 (Proteintech, USA), anti-DDX3X (Bethyl Labo-
ratories, USA), anti-CD31(Santa Cruz Biotechnology, 
USA). After washing with PBS three times, the sections 
were incubated with corresponding secondary antibod-
ies, including Donkey anti-Mouse IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 
(A-21202, Invitrogen, USA) and Donkey anti-Rabbit 
IgG (H + L) Highly Cross-Adsorbed Secondary Anti-
body, Alexa Fluor™ 594 (A21207, Invitrogen, USA), for 
2 h at room temperature (RT). The sections were coun-
terstained with 4′,6-diamidino-2-phenylindole (DAPI; 
C0065, Solarbio, Beijing, China) and imaged with a fluo-
rescence microscope (Nikon Eclipse 90i, Japan). To eval-
uate the expression level of endothelial-cell WWP2, the 
mean fluorescence intensity of WWP2 per pixel in the 
vascular endothelium region was calculated using ImageJ 
software version 1.46 (National Institutes of Health, 
USA). In addition, TUNEL staining was conducted with 
TUNEL Apoptosis Detection Kit (KTA2011, Abbkine, 
USA) following the manufacturer’s instructions. The 
percentage of apoptotic ECs was calculated by determin-
ing the number of TUNEL positive cells with respect to 
the total number of CD31 positive cells in the vascular 
endothelium.

For cell colocalization analysis, human umbilical vein 
endothelial cells (HUVECs) were fixed with 4% para-
formaldehyde in PBS for 15 min, permeabilized with 0.5% 
triton X-100 in PBS for 10 min and blocked with 5% goat 
serum for 1 h at RT. Cells were incubated in primary anti-
body overnight at 4  °C (anti-WWP2, 1:100, Proteintech, 
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USA; anti-DDX3X, 1:100, Santa Cruz Biotechnology, 
USA), and in secondary antibody for 2 h at RT [Donkey 
anti-Mouse IgG (H + L) Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor™ 488, 1:250, Invitrogen, USA; 
Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 594, 1:250, Invitrogen, 
USA]. After antibody treatment, HUVECs were stained 
with DAPI solution (C0065, Solarbio, Beijing, China) to 
mark nuclei and were observed under Nikon A1 confocal 
microscope. Colocalization and quantification analysis 
was performed using the Plot Profile function and Coloc 
2 plugin of Fiji ImageJ software.

Histological analysis
Formalin-fixed, Paraffin-embedded aortic tissues were 
sectioned and stained with hematoxylin and eosin (H&E) 
and a Masson’s Trichrome Stain Kit (G1340, Solarbio, 
Beijing, China), as described previously [20]. Images were 
captured with a microscope (FLEXACAM C1, Leica). 
Quantitative analysis of vascular wall thickness and vas-
cular fibrosis were implemented by ImageJ version 1.46 
(National Institutes of Health, USA).

Cell culture and treatment
HUVEC line was purchased from ATCC and cultured in 
F‐12K medium (Procell, Wuhan, China) with 10% fetal 
bovine serum (FBS; HyClone, USA), 1% penicillin/strep-
tomycin (Biosharp, Heifei, China), heparin (0.1  mg/mL) 
and endothelial cell growth supplement (ECGs, 0.05 mg/
mL). Cells were maintained at 37  ºC in a humid envi-
ronment with 5% CO2 and used between passages 4–6 
for experiments. HUVECs were stimulated with HG 
(33 mM)/PA (100 μM; HY-N0830, MCE, USA) for 48 h. 
Mannitol [MAN, 33 mM: 5.5 mM of glucose + 27.5 mM 
of D-mannitol (M4125, Sigma-Aldrich, USA)] was used 
as the osmotic control for the HG/PA. JNK inhibi-
tor SP600125 (20  μM, 24  h; S1460, Selleck, USA) and 
JNK activator Anisomycin (10 μM, 24 h; S7409, Selleck, 
USA) were used to inhibit and induce JNK activation in 
HUVECs, respectively. For the protein stability and deg-
radation assay, HUVECs were treated with cyclohex-
imide (CHX, 20 μM; A8244, ApexBio, USA) for indicated 
duration or proteasome inhibitor MG132 (10 μM; A2585, 
ApexBio, USA) for 6 h, or lysosome inhibitor chloroquine 
(CQ, 50 μΜ; Sigma-Aldrich, USA) for 24 h. Each experi-
mental result was repeated for three independent biolog-
ical replicates.

Quantitative real‑time PCR
Total RNA was extracted from the HUVECs with TRI-
zol Reagent (Invitrogen, USA). Reverse transcription was 

performed by the PrimeScript RT reagent Kit with gDNA 
Eraser (Takara, RR047A). Real-time polymerase chain 
reaction (PCR) was performed in triplicate for each sam-
ple and each gene using Applied Biosystems 7500 Fast 
Real-Time PCR System, and the average cycle thresh-
olds (Ct) values were recorded in this analysis system. 
The mRNA expression were calculated by the 2 −△△Ct 
method using GAPDH as an endogenous control. The 
primers designed from Sangon Biotech Co., Ltd (Shang-
hai, China) are as follows: WWP2 (forward primer: 
5′-GAG​ATG​GAC​AAC​GAG​AAG​-3′; reverse primer: 
5′-CTC​CTC​AAT​GGC​ATA​CAG​-3′), GAPDH (forward 
primer: 5′-CTG​GGC​TAC​ACT​GAG​CAC​C-3′; reverse 
primer: 5′-AAG​TGG​TCG​TTG​AGG​GCA​ATG-3′).

Plasmids, siRNAs and cell transfections
A HA-tagged human full-length WWP2 expression Plas-
mid was obtained from Genechem (Shanghai, China). 
Ub and Ub mutants, including K48 (only K48-linked Ub) 
and K63 (only K63-linked Ub), were gifts of zhou tingting 
(Department of Cell Biology, Key laboratory of Cell Biol-
ogy, Ministry of Public Health, and Key laboratory of 
Medical Cell Biology, Ministry of Education, School 
of Life Sciences, China Medical University, Shenyang, 
Liaoning, China). WWP2 small interfering RNAs (siR-
NAs) and negative controls were purchased from RIBO-
BIO (Guangzhou, China). Three siRNAs targeting human 
WWP2 were designed to avoid off-target effects and suc-
cessful knockdown of WWP2 was confirmed by western 
blotting (Fig. 7B):

WWP2 siRNA-1: GAT​CTG​GGA​AAT​GTG​CCT​A.
WWP2 siRNA-2: GGT​GCT​TCA​GCC​AGA​ACA​A.
WWP2 siRNA-3: CGG​ACG​TGT​CTA​TTA​TGT​T.
DDX3X siRNAs and negative controls were also pur-

chased from RIBOBIO (Guangzhou, China), and the 
three DDX3X siRNAs targeting human DDX3X are as 
follows:

DDX3X siRNA-1: GAT​CTG​GGA​AAT​GTG​CCT​A.
DDX3X siRNA-2: GGT​GCT​TCA​GCC​AGA​ACA​A.
DDX3X siRNA-3: CGG​ACG​TGT​CTA​TTA​TGT​T.
Successful knockdown of DDX3X was confirmed by 

western blotting (Fig. 8A, B). The plasmid or siRNA was 
transfected with Lipofectamine 3000 (Invitrogen, USA) 
or jetPRIME (Polyplus, France), respectively, according 
to the manufacturer’s protocol. For single transfections, 
HUVECs were grown to 70–80% confluence and trans-
fected with control or HA-WWP2 plasmids (5 μg for 
6-cm dish; 10 μg for 10-cm dish) using Lipofectamine 
3000 (plasmid/transfection reagent = 1  μg/2.4  μL) or 
control-siRNA or WWP2 siRNAs (final concentra-
tion 20  nM) using jetPRIME (siRNA/transfection 
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reagent = 20  pmol/μL). For co-transfection experiments, 
HUVECs were grown to 70–80% confluence and co-
transfected with control or HA-WWP2 plasmids (8  μg 
for 10-cm dish) and Ub or Ub mutants plasmids (6  μg 
for 10-cm dish) using Lipofectamine 3000 (plasmid/
transfection reagent = 1  μg/2.4  μL). The medium was 
replaced with fresh normal medium 6–8 h (plasmid) or 
12 h (siRNA) after transfection. HUVECs were harvested 
48–72 h post-transfection.

Western blotting
Western blotting was performed using the protocol previ-
ously described [29]. Briefly, HUVECs or vascular tissues 
were lysed in lysis buffer (50 mM Tris, pH 7.8, 137 mM 
NaCl, 1  mM EDTA, 10  mM NaF, 0.1  mM Na3VO4, 1% 
NP-40, 10% glycerol, with protease inhibitors) on the ice 
for 30 min. Protein samples were collected by centrifuga-
tion at 13,000 rpm at 4 °C for 20 min, separated by SDS–
PAGE and transferred to PVDF membranes (Millipore, 
USA). The membranes were blocked for 1 h with 5% non-
fat milk in TBST buffer (20  mM Tris, pH 7.4, 137  mM 
NaCl and 0.05% Tween‑20), and then incubated with 
specific primary antibodies overnight at 4  °C. Antibod-
ies were used as follows: anti-WWP2 (1:1000, Protein-
tech, USA, #12197-1-AP), anti-WWP2 (1:1000, abcam, 
UK, #ab103527), anti-DDX3X (1:1000, Bethyl Laborato-
ries, USA, #A300-474A), anti-DDX3X (1:500, Santa Cruz 
Biotechnology, USA, #sc-365768), anti-Cleaved PARP1 
(1:1000, Cell Signaling Technology, USA, #9541S), anti-
Cleaved Caspase-3 (1:1000, Cell Signaling Technology, 
USA, #9664S), anti-HA (1:1000; Cell Signaling Technol-
ogy, USA, #3724S), anti-Collagen I (1:500, Santa Cruz 
Biotechnology, USA, #sc-293182), anti-α-SMA (1:2000; 
Proteintech, USA, #23660-1-AP), anti-p-JNK (1:1000 
Santa Cruz Biotechnology, USA, #sc-6254), anti-α tublin 
(1:2000, Proteintech, USA, #11224-1-AP). After washing 
with TBST three times, the membranes were incubated 

with second antibodies for 2  h at RT. Finally, protein 
bands were visualized by chemiluminescence (Tanon 
Science & Technology Co., Ltd., Shanghai, China) and 
quantified using ImageJ software version 1.46 (National 
Institutes of Health, USA).

In vitro cell proliferation and apoptosis analysis
The proliferation and viability of HUVECs was meas-
ured by a Microplate ReaderBio-Rad microplate reader 
(Model 680; Bio Rad Laboratories, Inc., Hercules, CA, 
USA) at 450 nm using the Cell Counting Kit-8 (CCK-8, 
Dojindo, Kumamoto, Japan), following the manufactur-
er’s instructions.

Cell apoptosis was analyzed by flow cytometry using 
the Annexin V-FITC Apoptosis Detection Kit (dojindo 
laboratories, Kumamoto, Japan) according to the manu-
facturer’s instruction. Flow cytometry was performed 
using the LSRFortessa (BD) and flow data was analyzed 
using FlowJo v.10 (Tree Star).

Co‑immunoprecipitation
HUVECs were washed with PBS after treatment and 
lysed in the above lysis buffer on ice for 45  min. The 
lysates were cleared by centrifugation at 13,000 rpm for 
20 min at 4 °C, and incubated with anti-WWP2 antibod-
ies (abcam; UK) or anti-DDX3X antibodies (Santa Cruz 
Biotechnology, USA) for 3 h, followed by incubation with 
20 ul of protein A/G agarose beads (Santa Cruz Biotech-
nology, USA) for further 12 h at 4 °C. The immune com-
plexes were then washed three times with lysis buffer and 
analysed by western blotting as described. Protein bands 
were visualized by chemiluminescence (Tanon Science 
& Technology Co., Ltd., Shanghai, China) and quantified 
using ImageJ software version 1.46 (National Institutes of 
Health, USA).

Fig. 1  The expression levels of WWP2 in vascular endothelial cells decline during T2DM. A Dot plot showing expression levels of genes in the KEGG 
apoptosis pathway in ECs of healthy control and T2DM donors (grey represent not significant). A total of 1,939 ECs were extracted from mesenteric 
arterial cells from 2 healthy control and 1 T2DM male donors. B Violin plots showing gene expression levels of WWP2 in ECs of T2DM patients 
and healthy controls. C Feature plots showing the percentage of cells expressing WWP2 in ECs of T2DM patients (28.1%) and healthy controls 
(17.3%). D Representative co-immunofluorescent staining for TUNEL (red; a marker of apoptosis) and CD31 (green; a marker of ECs) in aortic cross 
sections from control or T2DM wild-type mice (n = 3 mice per group). scale bar 50 µm. E Quantification of apoptotic ECs in CD31 positive cells. 
F Representative co-immunofluorescent staining for WWP2 (red) and CD31 (green) in aortic cross sections from control or T2DM wild-type mice 
(n = 3 mice per group). scale bar 50 µm. G Quantitative analysis of relative fluorescence intensity of WWP2 in CD31 positive cells. H Cell Counting 
Kit-8 colorimetric assay was used to evaluate the effects of HG/PA treatment on the proliferation and viability of HUVECs. I, J Representative Flow 
cytometry analysis (I) and quantitative analysis (J) of HUVECs apoptosis induced by HG/PA. K, L Representative Western blots (K) and quantification 
(L) of WWP2, Cleaved PARP1 and Cleaved caspase-3 protein expression levels in HUVECs with or without HG/PA treatment. Values are shown as 
mean ± SD (**P < 0.01, ***P < 0.001, two-tailed unpaired Student t-tests). Ctrl, control; DAPI, 4′,6-diamidino-2-phenylindole; ECs, Endothelial cells; HG/
PA, high glucose/palmitic acid; HUVECs, HUVECs, Human umbilical vein endothelial cells; KEGG, Kyoto Encyclopedia of Genes and Genomes; T2DM, 
Type 2 diabetes mellitus

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Ubiquitylation assays
Forty-eight hours after transfection, HUVECs were lysed 
and whole cell lysates were incubated overnight with 
anti-DDX3X antibody (Santa Cruz Biotechnology, USA) 
and protein A/G agarose beads (Santa Cruz Biotechnol-
ogy, USA) at 4 °C. The proteins were then released from 
the beads by boiling in 30  μL of 2 × SDS-PAGE sample 
buffer for 10 min and analysed by western blotting with 
anti-HA (Cell Signaling Technology, USA, #3724S) or 
anti-Ub (Cell Signaling Technology, USA, #3936S).

Statistical analysis
All quantitative data are shown as the mean ± SEM. Sta-
tistical comparison between two experimental groups 
was performed using two-tailed unpaired Student t-tests. 
Statistical differences among more than two groups were 
analyzed by one-way ANOVA with Dunnett’s multiple 
comparison post-hoc test or Tukey’s multiple compari-
son post-hoc test, and two-way ANOVA with Bonfer-
roni’s multiple comparison post hoc test. All statistical 
analysis were performed with Prism 8 (GraphPad, La 
Jolla, CA) and SPSS (Version 25). Statistical significance 
level was set as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
or NS = not significant (P > 0.05).

Results
Characterization of WWP2 expression in vascular 
endothelial cells during T2DM
To examine whether endothelial injury is related to the 
pathogenesis of DVCs caused by chronic T2DM, we eval-
uated the expression of apoptosis-related genes in vascu-
lar endothelial cells in patients with T2DM and healthy 
controls by single-cell analysis. We found most of the 
pro-apoptotic genes in apoptosis signaling pathway were 
up-regulated in the vascular endothelial cells of T2DM 
patients compared to healthy controls (Fig.  1A) (Addi-
tional file  1: Table  S3), suggesting that T2DM-induced 
vascular endothelial injury is a key event in the develop-
ment of DVCs. To decipher the mechanism of T2DM-
induced vascular endothelial injury, we investigated the 

gene expression of WWP2, a vital E3 Ub ligase in cells 
that regulates various biological processes such as apop-
tosis [14] and maintenance of vascular integrity [30]. We 
observed that the expression level of WWP2 (Fig.  1B) 
and the percentage of cells expressing WWP2 (Fig.  1C) 
were reduced in ECs of T2DM patients compared to 
healthy controls, suggesting that the downregulation of 
WWP2 may be associated with T2DM-induced vascular 
endothelial injury.

T2DM is characterized by hyperglycemia, elevated cir-
culating lipid levels, and insulin resistance [31]. Evidences 
suggest that glucotoxicity and lipotoxicity occurred in 
T2DM do not act alone, but are interrelated and synergis-
tic in their adverse effects on cells or tissues [32–34]. In 
addition, STZ induces hyperglycemia leading to endothe-
lial injury due to its specific toxicity to mouse pancreatic 
beta cells [35]. Therefore, we adopted HFD/STZ-induced 
mice as animal models of T2DM [36, 37], and HG/PA-
induced HUVECs as in vitro models [33, 38], to simulate 
endothelial injury induced by glucolipotoxicity of T2DM. 
Immunofluorescence staining showed that the endothe-
lial apoptosis was significantly increased (Fig.  1D, E) 
and the endothelial WWP2 expression was substantially 
decreased (Fig.  1F, G) in T2DM mice compared with 
wild-type control mice. Our in vitro results showed that 
treatment of HG/PA substantially inhibited cell prolif-
eration and induced apoptosis, as evidenced by CCK-8 
colorimetric assay (Fig. 1H) and flow cytometry analysis 
(Fig.  1I, J). Furthermore, Western blotting revealed that 
treatment of HG/PA significantly increased the protein 
levels of apoptotic markers cleaved PARP1 and cleaved 
caspase-3, and substantially decreased the protein levels 
of WWP2 in HUVECs (Fig. 1K, L). Taken together, these 
observations suggest that WWP2 is involved in the regu-
lation of T2DM-induced vascular endothelial injury.

Endothelial‑specific Wwp2 knockout in mice aggravates 
T2DM‑induced vascular endothelial injury and vascular 
remodeling after endothelial injury
To further investigate the role of WWP2 in T2DM-
induced vascular endothelial injury, endothelial-spe-
cific Wwp2 knockout mice (Cdh5 Cre + ; Wwp2fl/fl 

(See figure on next page.)
Fig. 2  Generation of endothelial-specific Wwp2 knockout mice and construction of a T2DM mouse model. A Schematic diagram of the 
construction of endothelial-specific Wwp2 knockout (Cdh5 Cre + ; Wwp2fl/fl) mice. B Representative PCR image of tail genotyping of each group. C 
Co-immunofluorescent staining for WWP2 and CD31 was used to detect the expression of WWP2 in vascular endothelium of Cdh5 Cre-; Wwp2fl/
fl and Cdh5 Cre + ; Wwp2fl/fl mice. Red, WWP2; Green, CD31 (an endothelial marker); blue, DAPI. scale bar 50 µm. D Schematic illustration of the 
construction of the mouse model for T2DM. E Body weights for every mouse were recorded biweekly. F Blood glucose levels for every mouse were 
measured monthly. G, H The serum TG (G), TC (H) levels were estimated at the end of the experiment. Values are shown as mean ± SD (**P < 0.01, 
***P < 0.001, ###P < 0.001, NS = not significant, two-way ANOVA with Bonferroni’s multiple comparison post hoc test). Cdh5 Cre-, (Cdh5 Cre-; Wwp2fl/
fl mice); Cdh5 Cre + , (Cdh5 Cre + ; Wwp2fl/fl mice); Ctrl, control; DAPI, 4′,6-diamidino-2-phenylindole; ECs, Endothelial cells; HFD, high-fat diet; ND, 
normal diet; STZ, streptozotocin; T2DM, Type 2 diabetes mellitus; TC, total cholesterol; TG, triglyceride; WT, wild-type
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mice) were generated. Cdh5 Cre + ; Wwp2fl/fl mice were 
generated by Cdh5-Cre [39] mediated deletion of floxed 
Wwp2 allele in mice (Fig. 2A). Genotype of mice were 
identified by PCR Amplification of tail DNA (Fig. 2B). 
Endothelial-specific Wwp2 deletion was confirmed by 
immunofluorescent staining (Fig.  2C). Then, we com-
pared the responses of Cdh5 Cre-; Wwp2fl/fl and Cdh5 
Cre + ; Wwp2fl/fl mice with T2DM (Fig.  2D). T2DM 
mice gained weight faster than controls before STZ 
injection, whereas the reverse was observed after STZ 
injection (Fig.  2E). As shown in Fig.  2F, the dynamic 
monitoring of blood glucose levels showed that the 
blood glucose of T2DM mice was ≥ 16.7 mM after STZ 
injection, and the blood glucose of control mice was 
within the normal range during the whole study period. 
Moreover, Serum TC and TG levels of all groups of 
T2DM mice were significantly higher than those of all 
groups of control mice, indicating that T2DM model 
was successfully established (Fig. 2G, H).

Next, we evaluated the impact of Wwp2 deficiency on 
T2DM induced apoptosis of vascular endothelial cells 
by co-immunofluorescent staining for TUNEL (red) 
and CD31 (green). Compared with Cdh5 Cre-; Wwp2fl/
fl mice, Cdh5 Cre + ; Wwp2fl/fl mice exhibited increased 
apoptosis in vascular endothelial cells induced by 
T2DM (Fig.  3A, B). In addition, the expression lev-
els of cleaved PARP1 and cleaved caspase-3, which 
are markers of apoptosis, were markedly elevated in 
T2DM-induced Cdh5 Cre + ; Wwp2fl/fl mice compared 
to T2DM-induced Cdh5 Cre-; Wwp2fl/fl mice (Fig.  3C, 
D). Consequently, endothelial-specific loss of Wwp2 
exacerbates T2DM-induced vascular endothelial injury.

Diabetes-induced endothelial injury leads to vascular 
remodeling, including vascular thickening and fibro-
sis, which contribute to the development of DVCs [40, 
41]. Therefore, we assessed the effect of endothelial-
specific Wwp2 loss on vascular thickening and fibro-
sis induced by T2DM. In comparison with Cdh5 Cre-; 
Wwp2fl/fl mice, Cdh5 Cre + ; Wwp2fl/fl mice exhibited 
increased vascular wall thickness (Fig. 3E, F). Masson’s 

trichrome staining revealed larger areas of vascular 
fibrosis in Cdh5 Cre + ; Wwp2fl/fl mice (Fig. 3G, H). In 
addition, Cdh5 Cre + ; Wwp2fl/fl mice had significantly 
elevated levels of markers of fibrosis, Collagen I and 
α-SMA, as compared with Cdh5 Cre-; Wwp2fl/fl mice 
(Fig. 3I, J). Together, these data confirm that endothe-
lial-specific Wwp2 knockout in mice significantly 
aggravates T2DM-induced vascular endothelial injury 
and vascular remodeling after endothelial injury.

WWP2 protects against HG/PA‑induced endothelial injury 
in vitro
To assess the function of WWP2 on endothelial 
injury in  vitro, HUVECs were transfected with plas-
mid expressing HA-tagged human WWP2 and siRNA 
targeting WWP2, with or without HG/PA treatment. 
Using an independent sensitive colorimetric assay, we 
found that overexpression of WWP2 restored HG/
PA-inhibited cell proliferation and viability (Fig.  4A), 
whereas knockdown of WWP2 had the opposite effect 
in HUVECs (Fig. 4F). Flow cytometry analysis showed 
that overexpression of WWP2 significantly alleviated 
HG/PA-induced HUVECs apoptosis (Fig. 4B, C), while 
knockdown of WWP2 significantly aggravated HG/
PA-induced HUVECs apoptosis (Fig.  4G, H). Besides, 
overexpression of WWP2 markedly decreased the 
protein levels of apoptosis marker cleaved PARP1 
and cleaved caspase-3 (Fig.  4D, E), while knockdown 
of WWP2 markedly increased the protein levels of 
cleaved PARP1 and cleaved caspase-3 (Fig. 4I, J). These 
results indicte that WWP2 protects against endothelial 
injury in  vitro by promoting endothelial cell survival 
and inhibiting apoptosis.

WWP2 is down‑regulated in HG/PA‑induced HUVECs due 
to JNK activation
Now that we have established that the down-regulation 
of WWP2 aggravates T2DM-induced vascular endothe-
lial injury, our next objective in the current study was to 

Fig. 3  Endothelial-specific Wwp2 knockout in mice aggravates T2DM-induced vascular endothelial injury and vascular remodeling after endothelial 
injury. A, B Representative immunofluorescent staining of aortic cross sections for each group (A) and quantification of apoptotic ECs (B) (n = 6 
mice per group). Red, TUNEL (a marker of apoptosis); Green, CD31 (a marker of ECs); blue, DAPI. scale bar 50 µm. C, D Representative Western blots 
(C) and quantification (D) of Cleaved PARP1 and Cleaved caspase-3 protein levels in each group (n = 6 mice per group). Total protein was extracted 
from vascular tissue and analyzed by Western blotting. E, F Representative microscopy images of H&E staining of aortic cross sections (E) and 
quantification of vascular wall thickness (F) for each group (n = 6 mice per group). Scale bars: 50 µm. G, H Representative microscopy images of 
Masson’s trichrome staining of aortic cross sections (G) and quantification of vascular fibrosis (H) for each group (n = 6 mice per group). Scale bars: 
50 µm. I, J Representative Western blots (I) and quantification (J) of Collagen I and α-SMA protein levels in each group (n = 6 mice per group). Total 
protein was extracted from vascular tissue and analyzed by Western blotting. Values are shown as mean ± SD (***P < 0.001, ###P < 0.001, two-way 
ANOVA with Bonferroni’s multiple comparison post hoc test). Cdh5 Cre-, (Cdh5 Cre-; Wwp2fl/fl mice); Cdh5 Cre + , (Cdh5 Cre + ; Wwp2fl/fl mice); Ctrl, 
control; DAPI, 4′,6-diamidino-2-phenylindole; ECs, Endothelial cells; H&E, hematoxylin and eosin; T2DM, Type 2 diabetes mellitus

(See figure on next page.)
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address two aspects: first, to elucidate how endothelial 
WWP2 expression is down-regulated in during T2DM, 
and second, to explore how WWP2 regulates T2DM-
induced vascular endothelial injury. Studies have shown 
that HG/PA can increase JNK activation in β-cell which 
contribute to HG/PA-induced apoptosis [42, 43]. In addi-
tion, JNK signaling has been reported to negatively con-
trol WWP2 gene and intronic miR-140-5p via DNMT3α 
[44]. Hence, we hypothesized that HG/PA can down-
regulate the expression of WWP2 in ECs through JNK 
activation. Western blotting revealed that HG/PA treat-
ment significantly induced activation of JNK in HUVECs, 
as demonstrated by increased phosphorylation of JNK 
(p-JNK) (Fig. 5A). To confirm the effect of JNK activation 
on WWP2 expression levels, we treated HUVECs with 
JNK inhibitor SP600125 and JNK activator Anisomycin, 
with or without HG/PA, and assessed WWP2 mRNA 
and protein levels by real-time PCR and western blotting. 
We found that HG/PA treatment significantly reduced 
WWP2 mRNA and protein levels (Fig.  5B–D). Moreo-
ver, inhibition of JNK by SP600125 effectively restored 
WWP2 mRNA and protein levels, while activation of JNK 
by Anisomycin further decreased WWP2 mRNA and 
protein levels (Fig. 5B–D), suggesting that HG/PA down-
regulates WWP2 through JNK activation. To further con-
firm that JNK activation inhibited WWP2 expression in 
HG/PA-induced endothelial injury, HUVECs were trans-
fected with WWP2 siRNA and treated with JNK inhibi-
tor SP600125, with or without HG/PA treatment. As 
shown in Fig. 5E, inhibition of JNK by SP600125 restored 
cell proliferation and viability of HUVECs suppressed 
by HG/PA, but knockdown of WWP2 reversed this ten-
dency. Flow cytometry analysis revealed that inhibition 
of JNK by SP600125 alleviated HG/PA-induced HUVECs 
apoptosis, while WWP2 knockdown reversed this effect 
(Fig. 5F, G). Furthermore, inhibition of JNK by SP600125 
decreased the protein levels of apoptosis marker cleaved 
PARP1 and cleaved caspase-3, which can be reversed by 
WWP2 knockdown (Fig.  5H, I). Together, these results 
demonstrate that WWP2 is down-regulated in HG/PA-
induced HUVECs due to JNK activation.

WWP2 interacts with DDX3X
In an effort to decipher the potential mechanisms 
by which WWP2 regulates T2DM-induced vascular 
endothelial injury, we carried out mass spectrometry to 
identify the proteins associated with WWP2. Among the 
copurified proteins, DDX3X was a new and abundant 
WWP2 binding partner (55 peptides, 41.44% coverage) 
(Fig.  6A). DDX3X (DEAD-box helicase 3 X-linked) is a 
member of the large DEAD-box helicase family [45]. It 
has been reported that the interaction between DDX3X 
and hnRNPK could play a pro-apoptotic role in U2OS 
osteosarcoma cells under DNA-damage conditions [46, 
47]. In addition, DDX3X serves as a key checkpoint in 
apoptotic signaling in DNA damage-induced breast 
cancer cells [48]. Thus, we hypothesized that the inter-
action between WWP2 and DDX3X play a pivotal role 
in T2DM-induced vascular endothelial cell injury. To 
test whether WWP2 interacted with DDX3X, we per-
formed endogenous co-immunoprecipitation assays to 
verify the interaction between WWP2 and DDX3X in 
HUVECs (Fig. 6B, C). Next, we explored the spatial rela-
tionship between endogenous WWP2 and DDX3X, and 
found extensive colocalization between WWP2 (red) and 
DDX3X (green) (Fig. 6D, E). The Pearson’s coefficient of 
colocalization between WWP2 (red) and DDX3X (green) 
was 0.93 (Fig.  6F). Furthermore, endogenous co-immu-
noprecipitation results showed that HG/PA treatment 
significantly increased the binding between WWP2 and 
DDX3X in HUVECs (Fig.  6G–J). These results dem-
onstrate that WWP2 interacts with DDX3X and that 
WWP2 may be involved in endothelial injury through its 
interaction with DDX3X.

WWP2 E3 ligase reduces the protein level of DDX3X 
by promoting its K63‑linked polyubiquitination 
and proteasomal degradation
Given that WWP2 is a HECT domain–containing E3 
Ub ligase, we next investigated whether it regulates 
DDX3X ubiquitination and stability. Overexpression of 
WWP2 dose-dependently decreased the protein level of 
DDX3X (Fig. 7A), while knockdown of WWP2 by three 
WWP2 siRNA sequences obviously increased the protein 
expression of DDX3X (Fig.  7B). To investigate whether 

(See figure on next page.)
Fig. 4  WWP2 inhibits endothelial injury in vitro. A, F The proliferation and viability of HUVECs was tested using the CCK-8 colorimetric assay. 
HUVECs were transfected with HA-WWP2 plasmid (A) or WWP2 siRNA (F) and treated with or without HG/PA for 48 h. B, C, G, H Representative 
Flow cytometry analysis (B, G) and quantitative analysis (C, H) of apoptosis in HUVECs transfected with HA-WWP2 plasmid (B, C) or WWP2 siRNA (G, 
H) and treated with or without HG/PA for 48 h. D, E, I, J Representative Western blots (D, I) and quantification (E, J) of HA-WWP2, WWP2, Cleaved 
PARP1 and Cleaved caspase-3 protein expression levels in vitro. HUVECs were transfected with HA-WWP2 plasmid (D, E) or WWP2 siRNA (I, J) 
and treated with or without HG/PA for 48 h. Values are shown as mean ± SD (**P < 0.01, ***P < 0.001, ##P < 0.01, ###P < 0.001, NS = not significant, 
two-way ANOVA with Bonferroni’s multiple comparison post hoc test). CCK-8, Cell Counting Kit-8; Ctrl, control; HG/PA, high glucose/palmitic acid; 
HUVECs, HUVECs, Human umbilical vein endothelial cells; NC, negative control; siRNA, small interfering RNA
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the decrease in DDX3X protein levels in the presence 
of WWP2 was due to an increase in DDX3X degrada-
tion, we analyzed DDX3X turnover by treating HUVECs 
with CHX, an inhibitor of protein synthesis. The results 
showed that overexpression of WWP2 significantly 
shortened the half-life of DDX3X protein (Fig.  7C, D), 
whereas knockdown of WWP2 had the opposite effect 
in HUVECs (Fig. 7E, F), demonstrating that WWP2 pro-
motes degradation of the DDX3X protein.

Protein ubiquitination is a multifaceted post-trans-
lational modification involved in various pathological 
processes such as vascular endothelial injury [49, 50]. 
Ubiquitin (Ub) can be ubiquitinated at its seven Lys res-
idues (K6, K11, K27, K29, K33, K48, and K63) to mon-
oubiquitylate or polyubiquitinate target substrates by 
specific E3 Ub ligases [51]. Among the seven chain types, 
K48-linked ubiquitin chains are the predominant linkage 
type in cells that targets proteins for proteasomal deg-
radation [52]. Similarly, the second most abundant Ub 
chain type linked through K63 can also perform proteo-
lytic functions in a proteasome- or lysosome- dependent 
manner [53, 54]. To explore whether E3 Ub ligase WWP2 
mediates the DDX3X ubiquitination, we assessed the 
levels of DDX3X ubiquitylation in HUVECs with overex-
pressed or silenced WWP2 by co-immunoprecipitation 
assay. Overexpression of WWP2 markedly increased the 
levels of DDX3X polyubiquitylation (Fig.  7G), whereas 
knockdown of WWP2 using a siRNA reduced the levels 
of DDX3X polyubiquitylation (Fig.  7H), revealing that 
WWP2 mediates DDX3X polyubiquitination.

Since K48-linked and K63-linked Ub chains are the 
most dominant chain types in cells, we next focused on 
whether DDX3X underwent these two Ub chain types 
generated by WWP2. As shown in Fig. 7I, K63-only Ub 
(with K63 lysine residue retained and the other 6 lysine 
residues mutated to arginine), but not K48-only Ub, ena-
bled the polyubiquitination of DDX3X similar to WT 
Ub. The finding suggests that the WWP2-catalyzed poly-
Ub modification of DDX3X is primarily dependent on 

the presence of the K63-linkage. Furthermore, WWP2-
mediated K63-linked polyubiquitination of DDX3X was 
significantly enhanced by proteasome inhibitor MG132 
but not lysosome inhibitor CQ (Fig.  7J). Consistently, 
WWP2-mediated degradation of DDX3X was consider-
ably hindered by MG132 rather than CQ (Fig. 7K), sug-
gesting WWP2-induced degradation of DDX3X through 
proteasome pathway.

K63-linked Ub can perform proteolytic functions 
in a proteasome- or lysosome- dependent manner 
[53, 54]. However, CQ showed no effects on WWP2-
mediated K63-polyubiquitination and degradation of 
DDX3X (Fig.  7J, K). Is it possibly because that treat-
ment with 50 µM CQ failed to inhibit lysosomal degra-
dation in HUVECs. To determine whether treatment 
with 50  µM CQ inhibited lysosomal degradation in 
HUVECs, HUVECs were transfected with expression 
plasmids encoding HA-WWP2, with or without Ub 
K63, and then treated with 0, 20, 50, 100  μM CQ for 
24 h. Previous research has reported that WWP2 can be 
degraded through the lysosome pathway [55]. As shown 
in Additional file 1: Fig. S2A–C, our results showed that 
treatment with 20, 50, and 100 μM CQ significantly up-
regulated the expression of HA-WWP2, suggesting that 
50 μM CQ could successfully inhibit lysosomal degrada-
tion in HUVECs. However, treatment with CQ showed 
no effects on WWP2-mediated K63-polyubiquitination 
and degradation of DDX3X (Additional file 1: Fig. S2A–
C), further confirming our conclusion that WWP2-medi-
ated Ub-dependent degradation of DDX3X is via the 
proteasome pathway rather than the lysosome pathway.

Next, we confirmed the regulation of DDX3X by 
WWP2 in vivo. Due to the complex cell types in vascu-
lar tissues and the small proportion of endothelial cells, 
it is difficult to get sufficient endothelial cells from mouse 
vascular tissue for co-immunoprecipitation and ubiqui-
tination tests. Therefore, to eliminate interference from 
other cell types, we adopted a more precise co-immu-
nofluorescent staining assays to establish the impact of 

Fig. 5  HG/PA down-regulates WWP2 through JNK activation. A Representative Western blots and quantification of p-JNK protein expression levels 
in HUVECs with or without HG/PA treatment. Values are shown as mean ± SD (**P < 0.01, ***P < 0.001, two-tailed unpaired Student t-tests). B Relative 
mRNA levels of WWP2 in HUVECs treated with JNK inhibitor (SP600125) or JNK activator (Anisomycin), with or without HG/PA. C, D Representative 
Western blots (C) and quantification (D) of WWP2 and p-JNK protein expression levels in HUVECs treated with JNK inhibitor (SP600125) or JNK 
activator (Anisomycin), with or without HG/PA. E The proliferation and viability of HUVECs was tested using the CCK-8 colorimetric assay. HUVECs 
were transfected with WWP2 siRNA or a negative control, and treated with JNK inhibitor (SP600125), with or without HG/PA. F, G Representative 
Flow cytometry analysis (F) and quantitative analysis (G) of apoptosis in HUVECs. H, I Representative Western blots (H) and quantification (I) of 
WWP2, p-JNK, Cleaved PARP1 and Cleaved caspase-3 protein expression levels in HUVECs. HUVECs were transfected with WWP2 siRNA or a negative 
control, and treated with JNK inhibitor (SP600125), with or without HG/PA. Values are shown as mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, 
NS = not significant, one-way ANOVA with Tukey’s multiple comparison post-hoc test). CCK-8, Cell Counting Kit-8; Ctrl, control; HG/PA, high glucose/
palmitic acid; HUVECs, HUVECs, Human umbilical vein endothelial cells; NC, negative control; p-JNK, phosphorylation of JNK; siRNA, small interfering 
RNA

(See figure on next page.)
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endothelium-specific Wwp2 knockout on endothelial 
DDX3X expression. Compared with Cdh5 Cre-; Wwp2fl/
fl mice, endothelial-specific Wwp2 knockout mice (Cdh5 
Cre + ; Wwp2fl/fl mice) showed elevated endothelial 
DDX3X expression under both normal conditions (Addi-
tional file  1: Fig.  S3A, B) and T2DM conditions (Addi-
tional file 1: Fig. S3C, D), confirming that WWP2 reduces 
the protein level of DDX3X in vivo. Together, our results 
demonstrated that WWP2 reduces the protein level of 
DDX3X by promoting its K63-linked polyubiquitination 
and proteasomal degradation.

DDX3X mediates the regulation of WWP2 on endothelial 
injury
To further verify the role of DDX3X in the regulation 
of endothelial injury by WWP2, we engineered three 
siRNAs to knock down DDX3X in HUVECs. The effi-
ciency of DDX3X silencing was assessed by western blot-
ting and the most effective siRNA sequence was used 
for subsequent experiments (Fig.  8A, B). As shown in 
Fig.  8C, knockdown of DDX3X using a siRNA reversed 
the inhibitory effect of WWP2 knockdown on HUVECs 
survival. Flow cytometry analysis revealed that WWP2 
knockdown-induced apoptosis was significantly rescued 
in DDX3X knockdown HUVECs (Fig.  8D, E). Moreo-
ver, DDX3X knockdown in HUVECs reversed the effect 
of WWP2 knockdown on levels of cleaved PARP1 and 
cleaved caspase-3 (Fig.  8F, G). These findings demon-
strated that DDX3X mediates the regulation of WWP2 
on endothelial injury. Taken as a whole, our results 
revealed that down-regulation of WWP2 triggered by 
JNK activation exacerbates T2DM-induced vascular 
endothelial injury through modulating K63-linked poly-
ubiquitination and proteasomal degradation of DDX3X 
(Fig.  9). Taken together, the present study revealed the 
crucial function of WWP2 and the fundamental impor-
tance of the JNK-WWP2-DDX3X regulatory axis in 
T2DM-induced vascular endothelial injury, suggesting 
that JNK-WWP2-DDX3X axis has potential as a preven-
tive and therapeutic target for DVCs.

Discussion
Endothelial injury caused by chronic T2DM is con-
sidered as a mainstay in the pathophysiology of DVCs 
[6–8]. In the present study, we identified E3 Ub ligase 
WWP2 as a novel regulator in T2DM-induced vascu-
lar endothelial injury by analyzing single-cell transcrip-
tome profiles of ECs from T2DM donors and evaluating 
the expression of WWP2 in in vivo and in vitro experi-
ments. Endothelial-specific Wwp2 knockout in mice 
significantly aggravated T2DM-induced vascu-
lar endothelial injury and vascular remodeling after 
endothelial injury. Similarly, our in  vitro experiments 
showed that WWP2 prevents endothelial injury by 
maintaining cell survival and inhibiting apoptosis. 
Mechanically, we found that WWP2 is down-regulated 
in HG/PA-induced HUVECs due to JNK activation. 
Furthermore, we identified DDX3X as a new interac-
tion partner of WWP2, and discovered that WWP2 
protects against T2DM-induced endothelial injury 
by targeting DDX3X for K63-linked polyubiquitina-
tion and proteasomal degradation (Fig.  9). Therefore, 
WWP2 and is important in the pathogenesis of T2DM-
induced vascular endothelial injury.

Protein ubiquitination is a critical post-translational 
modification that affects multiple diseases processes, 
including vascular endothelial injury [49, 50]. Once 
attached to the substrate protein, Ub can be further 
modified by specific E3 Ub ligases at its lysine residues 
to form polyubiquitin chains encompassing complex 
topologies that create a wide diversity of distinct bio-
logical signals with distinct cellular outcomes [51]. K48-
linked Ub chains are the most predominant linkage type 
in cells that primarily targets substrate proteins for pro-
teasomal degradation [52]. Similarly, the second most 
abundant Ub chain type linked through K63 can also per-
form proteolytic functions in a proteasome- or lysosome- 
dependent manner [53, 54]. Emerging evidence showed 
that K63‐linked ubiquitination plays a key role in the 
regulation of endothelial barrier function and endothe-
lial inflammatory response [56, 57]. Nevertheless, the 
physiological role of K63-linked polyubiquitination is 
unknown in T2DM-induced vascular endothelial injury. 

(See figure on next page.)
Fig. 6  DDX3X was identified to interact with WWP2. A Interaction between purified HA-WWP2 and DDX3X analyzed by mass spectroscopy. B, 
C Co-immunoprecipitation analysis of the endogenous interaction between WWP2 and DDX3X. D Subcellular localization of WWP2 and DDX3X. 
HUVECs were stained with WWP2 (red), DDX3X (green) and DAPI (blue). Scale bar, 20 μm. E Plot profiles (right panel) showed the fluorescence 
intensity of WWP2 (red) and DDX3X (green) along the pink indicator line in the merge image (left panel). Scale bar, 10 μm. F Scatter plots depicted 
the distribution of pixels in the WWP2 (red) and DDX3X (green) channels. Pearson’s coefficient r = 0.93. G–J HUVECs were stimulated with HG/PA for 
48 h, followed by co-immunoprecipitation analysis (G, I) and quantitative analysis (H, J) of endogenous interactions between WWP2 and DDX3X. 
Data were quantified from three independent experiments. Values are shown as mean ± SD (**P < 0.01, two-tailed unpaired Student t-tests). DAPI, 
4′,6-diamidino-2-phenylindole; HG/PA, high glucose/palmitic acid; HUVECs, Human umbilical vein endothelial cells
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In this study, we indicated that E3 Ub ligase WWP2 can 
degrade DDX3X by catalyzing its K63-linked polyubiqui-
tination to regulate T2DM-induced vascular endothelial 
injury. Our results provide an example of K63-linked pol-
yubiquitination regulating substrate protein stability and 
T2DM-induced vascular endothelial injury.

WWP2 is an E3 Ub ligase that regulates a variety of 
physiological and pathological processes by regulating 
ubiquitination and degradation of specific substrates. 
WWP2 physically interacts with the tumor suppressor 
PTEN and promotes proteasome-mediated degradation 
of PTEN to induce tumorigenesis [14]. WWP2 also pro-
motes degradation of transcription factor OCT4, which 
plays a fundamental role in maintaining the self-renewing 
and pluripotent state of embryonic stem cells [10]. More-
over, WWP2 participates in the regulation of immune 
response and cartilage homeostasis by catalyzing TLR3 
ubiquitination [12] and RUNX2 ubiquitination [11], 
respectively. Furthermore, WWP2-mediated degradation 
mechanism of sphingosine-1-phosphate receptor 1 is 
critical for vascular leak in vivo [30]. However, it is not yet 
clear whether WWP2 is associated with T2DM-induced 
vascular endothelial injury. Of note, our present study 
observed that WWP2 is involved in T2DM-induced vas-
cular endothelial injury by single-cell analysis, in vivo and 
in vitro experiments. Recently, Zhang et al. using Tek-Cre 
system for endothelial/myeloid-specific WWP2 deletion 
showed that WWP2 modulating angiotensinII-induced 
oxidative stress in endothelial cells by inducing the ubiq-
uitination and proteasome-mediated degradation of 
septin4 [21]. However, the Tek-Cre system is nonspe-
cific and may target several immune cell types that have 
a dramatic impact on angiotensinII-induced endothelial 
cell functions [58, 59]. Hence, we adopted the Cdh5-cre 
system for endothelial-specific Wwp2 knockout to avoid 

this effect and found that endothelial-specific loss of 
Wwp2 in mice significantly aggravated T2DM-induced 
vascular endothelial injury and vascular remodeling after 
endothelial injury. In addition, in vitro experiments sug-
gested that WWP2 protects against endothelial injury 
by maintaining cell survival and inhibiting apoptosis. 
Our results identify a novel and critical protective role 
of WWP2 in the process of T2DM-induced vascular 
endothelial injury.

Now that we have established that the down-regu-
lation of WWP2 exacerbates T2DM-induced vascular 
endothelial injury, we then addressed two aspects: first, 
to elucidate how endothelial WWP2 expression is down-
regulated in during T2DM, and second, to explore how 
WWP2 regulates T2DM-induced vascular endothelial 
injury. Previous researches have reported HG/PA can 
increase JNK activation, which is known to be a key 
mediator of HG/PA-induced apoptosis [42, 43]. In addi-
tion, JNK signaling has been reported to negatively con-
trol WWP2 gene and intronic miR-140-5p via DNMT3α 
[44]. Consistently, the current study found that HG/
PA down-regulates WWP2 by inducing JNK activation, 
which contributes to HG/PA-induced endothelial injury.

Next, we deciphered the potential mechanisms 
by which WWP2 regulates T2DM-induced vascular 
endothelial injury. DDX3X is a member of the DEAD-
box helicase family and is engaged in various cellular 
processes, including cell cycle progression, cellular differ-
entiation, cell survival, and apoptosis [45, 60]. The inter-
action between DDX3X and hnRNPK has been reported 
in the context of the apoptosis of pancreatic β cells [46]. 
Moreover, the interaction between DDX3X and hnRNPK 
could play a pro-apoptotic role in U2OS osteosarcoma 
cells under DNA-damage conditions [47]. In breast can-
cer cells, DDX3X serves as a key checkpoint in apoptotic 

Fig. 7  WWP2 reduces the protein level of DDX3X by promoting its K63-linked polyubiquitination and proteasomal degradation. A, B 
Representative Western blots of WWP2 and DDX3X protein levels. HUVECs were transfected with expression plasmids encoding HA-WWP2 (A) 
or three siRNA sequences of WWP2 (B). C–F Representative Western blotting analysis of WWP2 and DDX3X protein levels (C, E) and quantitative 
analysis of DDX3X protein expression levels (D, F). HUVECs were transfected with expression plasmid encoding HA-WWP2 (C, D) or WWP2 siRNA 
(E, F) and then treated with CHX (20 μM) for the indicated time periods. Values are shown as mean ± SD (***P < 0.001, two-way ANOVA with 
Bonferroni’s multiple comparison post hoc test). G, H Co-immunoprecipitation analysis was performed to assess the role of WWP2 in regulating the 
levels of DDX3X ubiquitination. HUVECs were transfected with HA-WWP2 plasmid (G) or WWP2 siRNA (H), and the levels of DDX3X ubiquitylation 
were analyzed by immunoprecipitation of DDX3X followed by anti-HA or anti-Ub immunoblotting. I Effects of the indicated K-only ubiquitin 
mutants (K48 and K63) on WWP2-mediated DDX3X polyubiquitination. HUVECs were transfected with the indicated constructs. J Effects of 
lysosome inhibitor CQ and proteasome inhibitor MG132 on WWP2-mediated K63-linked polyubiquitination of DDX3X. HUVECs were transfected 
with expression plasmids encoding HA-WWP2 and Ub K63, and then treated with 50 μM CQ for 24 h or 10 μM MG132 for 6 h, or DMSO as control. K, 
L Representative Western blotting analysis of HA-WWP2 and DDX3X protein levels (K) and quantitative analysis of DDX3X protein expression levels 
(L). Values are shown as mean ± SD (***P < 0.001, NS = not significant, two-way ANOVA with Bonferroni’s multiple comparison post hoc test). CHX, 
cycloheximide; CQ, chloroquine; HUVECs, Human umbilical vein endothelial cells; NC, negative control; siRNA, small interfering RNA; Ub, ubiquitin

(See figure on next page.)
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signaling [48]. Specifically, DDX3X positively regulates 
apoptotic signaling in cells expressing functional wild-
type p53, whereas DDX3X inhibits activation of apoptotic 
signaling in cells expressing mutant or nonfunctional p53 
[48]. In spite of these studies indicated that DDX3X is an 
important regulator of tumor cell apoptosis, the func-
tional role of DDX3X in endothelial injury was unclear. 
Here, we found that DDX3X is a new interaction part-
ner of WWP2 and is essential for the protective effect of 
WWP2 on T2DM-induced vascular endothelial injury. 
DDX3X can be regulated by the Ub system via bind-
ing to and ubiquitination by a variety of different E3 
Ub ligases. The E3 ligase TRIM25 increases K63-linked 
ubiquitination of DDX3X to controlling antiviral immu-
nity [61]. RING finger protein 39 (RNF39) suppresses 
retinoic acid–inducible gene-I (RIG-I)-like receptors 
(RLR)-dependent antiviral immunity by promoting K48-
linked polyubiquitination and proteasomal degradation 
of DDX3X [62]. In the present study, we demonstrated 
that E3 Ub ligase WWP2 decorates DDX3X with K63-
linked polyubiquitin chains and targets it for proteasomal 
degradation, thereby regulating T2DM-induced vascu-
lar endothelial injury. Collectively, our data provide new 
insights into the involvement of DDX3X in endothelial 
injury and the regulation of DDX3X protein stability.

Our study also has several limitations. First, while we 
used only male samples in order to avoid potential vari-
ations contributed by gender and genetic background, 
the overrepresentation of male tissues failed to assess 
the effect of sex differences on molecular mechanisms 
underlying T2DM-induced vascular endothelial injury. 
So, our future work will 1increase the sample size to 
include both male and female samples, and implement 
a sex-stratified approach to observe sex differences on 

molecular mechanisms underlying T2DM-induced 
vascular endothelial injury. Second, although we have 
demonstrated the protective effect of WWP2 on T2DM-
induced vascular endothelial injury through in vivo and 
in vitro experiments, the function of WWP2 in patients 
with T2DM warrants further investigation. Third, while 
we described here a novel role of WWP2 in T2DM-
induced vascular endothelial injury and vascular remod-
eling after endothelial injury, more research is needed to 
clarify the role of WWP2-regulated T2DM-induced vas-
cular endothelial injury in DVCs.

In summary, we discovered that WWP2 is down-regu-
lated in HG/PA-induced ECs due to JNK activation, and 
that WWP2 regulates HG/PA-induced endothelial injury 
by targeting DDX3X for K63-linked polyubiquitination 
and proteasomal degradation. Our findings uncover that 
WWP2 is a novel regulator of T2DM-induced vascular 
endothelial injury, and that the JNK/WWP2/DDX3X 
axis is associated with HG/PA induced endothelial injury, 
providing a new molecular basis for the treatment and 
prevention of DVCs.

Conclusions
In conclusion, in this study, we unveiled that down-regu-
lation of WWP2 triggered by JNK activation exacerbates 
aggravates T2DM-induced vascular endothelial injury 
through modulating K63-linked polyubiquitination and 
proteasomal degradation of DDX3X. The present study 
revealed the key role of endothelial WWP2 and the fun-
damental importance of the JNK-WWP2-DDX3X regu-
latory axis in T2DM-induced vascular endothelial injury, 
suggesting that WWP2 may serve as a new therapeutic 
target for DVCs.

(See figure on next page.)
Fig. 8  DDX3X is essential for the regulation of WWP2 on endothelial injury. A, B Representative Western blots (A) and quantification (B) of DDX3X 
protein expression levels in HUVECs. HUVECs were transfected with three siRNA sequences of DDX3X to evaluate the efficiency of DDX3X silencing. 
Values are shown as mean ± SD (***P < 0.001, one-way ANOVA with Dunnett’s multiple comparison post-hoc test). c CCK-8 colorimetric assay was 
used to test the proliferation and viability of HUVECs in each indicated group. HUVECs were transfected with DDX3X siRNA or a negative control, 
and transfected with WWP2 siRNA or a negative control, with or without HG/PA treatment. D, E Representative Flow cytometry analysis (D) and 
quantitative analysis (E) of HUVECs apoptosis in each indicated group. F, G Representative Western blots (F) and quantification (G) of WWP2, DDX3X, 
Cleaved PARP1 and Cleaved caspase-3 protein expression levels in HUVECs of each indicated group. Values are shown as mean ± SD (*P < 0.05, 
***P < 0.001, ###P < 0.001, NS = not significant, two-way ANOVA with Bonferroni’s multiple comparison post hoc test). CCK-8, Cell Counting Kit-8; Ctrl, 
control; HG/PA, high glucose/palmitic acid; HUVECs, HUVECs, Human umbilical vein endothelial cells; NC, negative control; siRNA, small interfering 
RNA
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 Additional file 1: Fig. S1 Single-cell analysis of endothelial cells from 
healthy and T2DM donors. A, B UMAP plot showing 6,917 mesenteric arte-
rial cells isolated from 2 healthy control (N) and 1 T2DM (T) male donors. 
Number of cells sequenced are: N1_1: 1069, N1_2: 729, N2_1: 389, N2_2: 
382, N2_3: 406, N2_4: 306, T2_1: 1814, T2_2: 1822. C UMAP plot showing 
clusters identified by graph-based semi-unsupervised clustering. D Dot 
plot of top five traditional markers used for cell identity. E, F Feature plots 
showing gene expression of Cdh5 (E) and Pecam1 (F), as representative 
genes of classical markers for endothelial cells. Ctrl, control; T2DM, Type 
2 diabetes mellitus; UMAP, Uniform Manifold Approximation and Projec-
tion. Fig. S2 WWP2-mediated Ubiquitin (Ub)-dependent degradation of 
DDX3X is not a lysosome pathway. A Effects of lysosome inhibitor chloro-
quine (CQ) on WWP2-mediated K63-linked polyubiquitination of DDX3X. 
Human umbilical vein endothelial cells (HUVECs) were transfected with 
expression plasmids encoding HA-WWP2 and Ub K63, and then treated 
with the indicated concentrations of CQ for 24 h or DMSO as control. B, C 
Representative Western blotting analysis (B) and quantitative analysis (C) 
of HA-WWP2 and DDX3X protein levels. HUVECs were transfected with 

Fig. 9  Schematic illustration of WWP2 function in T2DM-induced vascular endothelial injury. Down-regulation of WWP2 triggered by JNK activation 
exacerbates T2DM-induced vascular endothelial injury through modulating K63-linked polyubiquitination and proteasomal degradation of DDX3X. 
p-JNK, phosphorylation of JNK; T2DM, Type 2 diabetes mellitus
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expression plasmids encoding HA-WWP2, and then treated with the indi-
cated concentrations of CQ for 24 h or DMSO as control. Values are shown 
as mean ± SD (***P < 0.001, one-way ANOVA with Dunnett’s multiple 
comparison post-hoc test). Fig. S3 Endothelial-specific Wwp2 knockout 
in mice leads to up-regulation of endothelial DDX3X expression. A, B, C, 
D Representative immunofluorescent staining of aortic cross sections for 
the indicated mice (A, C) and quantitative analysis of relative fluorescence 
intensity of DDX3X in CD31 positive cells (B, D). (n = 6 mice per group). 
Red, DDX3X; Green, CD31 (a marker of ECs); blue, DAPI. scale bar 50 µm. 
(***P < 0.001, two-tailed unpaired Student t-tests). Cdh5 Cre-, (Cdh5 
Cre-; Wwp2fl/fl mice); Cdh5 Cre+, (Cdh5 Cre+; Wwp2fl/fl mice); DAPI, 
4′,6-diamidino-2-phenylindole; ECs, Endothelial cells; T2DM, Type 2 diabe-
tes mellitus. Table S1. The clinical information of donors in the GSE156341 
dataset. BMI, Body Mass Index; HC, healthy control; T2DM, Type 2 diabetes 
mellitus. Table S2. Cell types_top50_markers. Cell types were identified 
according to the expression of top 50 known markers. Table S3. Expres-
sion changes of genes in KEGG apoptosis pathway. NS, not significant.
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