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ORIGINAL RESEARCH

Epidermal Growth Factor- Like Repeats 
and Discoidin I- Like Domains 3 Deficiency 
Attenuates Dilated Cardiomyopathy by 
Inhibiting Ubiquitin Specific Peptidase 10 
Dependent Smad4 Deubiquitination
Mengmeng Zhao , MD*; Zihui Zheng, MD*; Shanshan Peng , MD*; Yao Xu, MD, PhD; Jishou Zhang , MD; 
Jianfang Liu, MD, PhD; Wei Pan , MD; Zheng Yin, MD; Shuwan Xu, MD; Cheng Wei , MD;  
Menglong Wang , MD, PhD; Jun Wan , MD, PhD; Juan- Juan Qin , MD, PhD

BACKGROUND: Dilated cardiomyopathy (DCM) is the leading cause of heart failure with a poor prognosis. Recent studies sug-
gest that endothelial to mesenchymal transition (EndMT) may be involved in the pathogenesis and cardiac remodeling during 
DCM development. EDIL3 (epidermal growth factor- like repeats and discoidin I- like domains 3) is an extracellular matrix glyco-
protein that has been reported to promote EndMT in various diseases. However, the roles of EDIL3 in DCM still remain unclear.

METHODS AND RESULTS: A mouse model of DCM and human umbilical vein endothelial cells were used to explore the roles and 
mechanisms of EDIL3 in DCM. The results indicated that EndMT and EDIL3 were activated in DCM mice. EDIL3 deficiency at-
tenuated cardiac dysfunction and remodeling in DCM mice. EDIL3 knockdown alleviated EndMT by inhibiting USP10 (ubiquitin 
specific peptidase 10) dependent Smad4 deubiquitination in vivo and in vitro. Recombinant human EDIL3 promoted EndMT 
via reinforcing deubiquitination of Smad4 in human umbilical vein endothelial cells treated with IL- 1β (interleukin 1β) and TGF- β 
(transforming growth factor beta). Inhibiting USP10 abolished EndMT exacerbated by EDIL3. In addition, recombinant EDIL3 
also aggravates doxorubicin- induced EndMT by promoting Smad4 deubiquitination in HUVECs.

CONCLUSIONS: Taken together, these results indicate that EDIL3 deficiency attenuated EndMT by inhibiting USP10 dependent 
Smad4 deubiquitination in DCM mice.
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Dilated cardiomyopathy (DCM) is a cardiomy-
opathy characterized by left ventricular (LV) or 
biventricular dilation and systolic dysfunction 

without pressure or volume overload or coronary ar-
tery disease sufficient to explain the dysfunction.1 
Most common pathologies underlie reactive changes 

such as inflammation (viral myocarditis or autoim-
mune disease), nutritional toxic influences (alcohol, 
drugs, chemotactic toxins), and metabolic derange-
ments.2 DCM is one of the most common causes of 
heart failure with an estimated prevalence of ≈1:250 to 
2500 in the general population.3,4 Despite advances in 

Correspondence to: Juan- Juan Qin, Department of Geriatrics, Zhongnan Hospital of Wuhan University, 169 Donghu Road, Wuhan, China. Email: 
qinjuanjuan@whu.edu.cn and Jun Wan, Department of Cardiology, Renmin Hospital of Wuhan University, 238 Jiefang Road, Wuhan 430 060, China. Email: 
wanjun@whu.edu.cn

*M. Zhao, Z. Zheng, and S. Peng contributed equally.

This article was sent to Julie K. Freed, MD, PhD, Associate Editor, for review by expert referees, editorial decision, and final disposition.

Supplemental Material is available at https:// www. ahajo urnals. org/ doi/ suppl/  10. 1161/ JAHA. 123. 031283

For Sources of Funding and Disclosures, see page 16.

© 2024 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-9445-9298
https://orcid.org/0000-0001-8630-1725
https://orcid.org/0000-0001-6878-6263
https://orcid.org/0000-0001-7353-3498
https://orcid.org/0000-0003-4007-6571
https://orcid.org/0000-0002-7760-7156
https://orcid.org/0000-0003-4865-783X
mailto:
https://orcid.org/0000-0002-9823-2373
mailto:
mailto:qinjuanjuan@whu.edu.cn
mailto:wanjun@whu.edu.cn
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.031283
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2024;13:e031283. DOI: 10.1161/JAHA.123.031283 2

Zhao et al EDIL3 Deficiency Attenuates Dilated Cardiomyopathy

prevention, diagnosis, and pharmacotherapy (including 
angiotensin- converting enzyme inhibitors, angiotensin 
receptor antagonists, beta blockers, etc),5 emerging 
evidence suggests that some patients remain vulner-
able to sudden cardiac death and refractory heart fail-
ure, requiring cardiac transplantation or mechanical 
circulatory support.6 Therefore, further exploration of 
the pathogenesis of DCM is helpful for the develop-
ment of new therapeutic strategies.

Endothelial cells (ECs) and mesenchymal cells are 
2 distinct cell lineages, both derived from the meso-
derm. ECs can be distinguished by the expression 
of cell–cell adhesion molecules, including CD31/
PECAM- 1 (platelet/EC adhesion molecule- 1), vascu-
lar endothelial (VE)- cadherin, vWF (von Willebrand 
factor), TIE1 (tyrosine kinase with immunoglobulin- like 
and EGF [epidermal growth factor]- like domain 1) and 
TIE2.7 Mesenchymal cells, commonly referred to as 
mesenchymal stem cells, have been reported to have 
the ability to differentiate into cartilage cells, bone 

cells, and adipocytes, which express mesenchymal- 
specific markers such as N- cadherin, α- smooth 
muscle actin (αSMA), vimentin, FSP- 1 (fibroblast- 
specific protein- 1), fibronectin, and SM22α (smooth 
muscle protein 22α).7 The term “endothelial to mes-
enchymal transition” (EndMT) is defined as the pro-
cess by which endothelial cells (ECs) differentiate 
into mesenchymal cells.8 Under normal physiological 
conditions, this cell fate switch is necessary for the 
correct formation of the heart valves of the develop-
ing heart.9 However, EndMT also plays an important 
role in various cardiovascular diseases, such as ath-
erosclerosis, valvular disease in adults, myocardial fi-
brosis, and pulmonary arterial hypertension.10 Recent 
studies suggest that EndMT may be involved in the 
pathogenesis and cardiac remodeling during DCM 
development, suggesting a potential therapeutic tar-
get for DCM treatment.11–13

EDIL3 (epidermal growth factor- like repeats and 
discoidin I- like domains 3) is a 52 kDa extracellular 
matrix glycoprotein consisting of 3 N- terminal EGF- like 
repeats and 2 C- terminal discoidin I- like domains, also 
known as DEL- 1 (developmental endothelial locus- 1).14 
EDIL3 is mainly produced by ECs during embryonic 
vascular development but also by macrophages, neu-
rons, osteoclasts, and some hematopoietic micro-
environmental cells.15 EDIL3 interacts with integrins 
on the membrane of ECs through the RGD motif in 
its second EGF repeat, affecting ECs functions, in-
cluding adhesion, migration, and angiogenesis.16–18 
EDIL3- mediated angiogenesis plays an important role 
in early embryogenesi and the initiation and develop-
ment of tumors and ischemic tissues.16,19,20 EDIL3 has 
also been identified as a novel regulator of epithelial 
mesenchymal transition (EMT), promoting EMT by 
mediating TGF- β (transforming growth factor beta) ac-
tivation and ERK signaling.21 However, EDIL3 deple-
tion or deletion inhibited the occurrence of EMT.22,23 
EDIL3- mediated EMT is involved in the occurrence 
and progression of various diseases.22–25 In addition, 
EDIL3, as an important immunomodulatory molecule, 
accelerates the resolution of inflammation and thus 
plays a protective role in various inflammation- related 
diseases.26,27 However, the role of EDIL3 in cardiovas-
cular disease remains controversial. EDIL3 attenuates 
angiotensin II- induced hypertension and myocardial 
remodeling by inhibiting inflammation.28 However, 
EDIL3 deficiency ameliorates adverse cardiac healing 
via neutrophil extracellular traps mediated proinflam-
matory macrophage polarization.29 These evidences 
suggest that the function of EDIL3 remains controver-
sial. The role of EDIL3 in DCM is unclear and requires 
further exploration.

In this study, we explored the role and mecha-
nism of EDIL3- mediated EndMT in the occurrence 
and development of DCM through in vivo and in vitro 

RESEARCH PERSPECTIVE

What Is New?
• EDIL3 (epidermal growth factor- like repeats and 

discoidin I- like domains 3) deficiency attenuated 
endothelial to mesenchymal transition by inhib-
iting USP10 (ubiquitin- specific peptidase 10) 
dependent Smad4 deubiquitination in mice with 
dilated cardiomyopathy.

What Question Should Be Addressed 
Next?
• Developing drugs that inhibit EDIL3 expression 

may help treat dilated cardiomyopathy.

Nonstandard Abbreviations and Acronyms

αSMA α- smooth muscle actin
BMP bone morphogenetic protein
DCM dilated cardiomyopathy
DEL- 1 developmental endothelial locus- 1
EDIL3 epidermal growth factor- like repeats 

and discoidin I- like domains 3
EndMT endothelial to mesenchymal transition
EMT epithelial- mesenchymal transition
HUVEC human umbilical vein endothelial cell
HW heart weight
ITGB3 integrin β3
TGF- β transforming growth factor beta
USP10 ubiquitin- specific peptidase 10
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experiments. We found that EDIL3 deficiency sup-
pressed EndMT in DCM mouse heart tissue, thereby 
attenuating cardiac dysfunction and remodeling. 
Mechanistically, EDIL3 promotes USP10 (ubiquitin- 
specific peptidase 10)- mediated deubiquitination of 
Smad4, thereby promoting EndMT. These results sug-
gest that EDIL3 may be a potential target for the treat-
ment of DCM.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. Some data may not be made available 
because of privacy or ethical restrictions.

Reagents
Doxorubicin (cat no. HY- 15142A) and Spautin 1 (cat no. 
HY- 12990) were purchased from MedChemExpress 
(Monmouth Junction, NJ). Recombinant human EDIL3 
(cat no. 6046- ED) was purchased from R&D Systems 
(Minneapolis, MN). All the information of primary anti-
bodies (name, company, catalog no., molecular weight) 
is shown in Table S1.

Animals and Animal Models
EDIL3 knockout (EDIL3−/− KO) mice on the 
C57BL/6 background were purchased from the 
Gempharmatech Co., Ltd. (Nanjing, China). Wild- type 
(WT) mice in the same brood were used as controls. 
All animals were housed at constant room temperature 
on a 12:12 hour light–dark cycle at the Animal Center 
of Wuhan University Renmin Hospital and fed a stand-
ard rodent diet and water. All animals received humane 
care according to National Institutes of Health (USA) 
guidelines. All animal care and experimental proce-
dures were approved by the Animal Policy and Welfare 
Committee of Wuhan University Renmin Hospital 
(WDRM20230202D). To model the DCM, EDIL3−/− 
and WT mice at 10 weeks of age were treated with 
intraperitoneal injection of doxorubicin (2.5 mg/kg per 
week) for 6 weeks (n=10 in each group).30,31 Sham 
mice received the same volume of normal saline (n=10 
in each group) (Figure S1). Euthanasia was performed 
under pentobarbital sodium anesthesia. Heart tissue 
was collected and fixed in 4% paraformaldehyde for 
pathological analysis or snap- frozen in liquid nitrogen 
for gene and protein expression analysis.

Bioinformatic Tools
Data from Gene Expression Omnibus series GSE84796 
and GSE111544 were downloaded (http:// www. ncbi. 
nlm. nih. gov/ geo) and analyzed using gene set enrich-
ment analysis. Gene Ontology analysis was performed 

with DAVID Bioinformatics Resources 6.7 (http:// david. 
abcc. ncifc rf. gov/ ) and gene set enrichment analysis 
was performed with GSEA v2.0.13 software to analyze 
the differentially expressed genes in myocardial tissues 
between the patients with DCM and healthy controls.

Echocardiography
Systolic and diastolic cardiac function in anesthetized 
mice were measured noninvasively by transthoracic 
echocardiography 1 day before euthanasia as de-
scribed.32 LV ejection fraction, fractional shortening, 
and LV posterior wall thickness were estimated.

Histology and Tissue Staining
Heart tissue was fixed with 4% paraformaldehyde, 
embedded in paraffin, and sectioned at 5 μm thick-
ness. After dehydration, sections were stained with 
hematoxylin and eosin and Masson staining as pre-
vious described.33 For immunofluorescence staining, 
harvested mice hearts were embedded in paraffin and 
cut into 5- micron thick sections. Sections were incu-
bated with primary antibodies overnight in a humidified 
chamber at 4 °C and then incubated with secondary 
antibody for 1 hour in the dark. Sections were evalu-
ated using a fluorescence microscope (Olympus DX51, 
Tokyo, Japan) and further analyzed using Image- Pro 
Plus software (version 6.0).

Cell Culture and Treatments
Human umbilical vein ECs (HUVECs) were purchased 
from Procell Life Science & Technology Co., Ltd. 
(Wuhan, China) and cultured in a fully supplemented 
endothelial growth medium- 2 purchased from Warner 
Bio (Wuhan, China) Co., Ltd. For EndMT models, 
HUVECs were plated at a density of 7×104 cells/well in 
collagen coated 6- well culture plates and were treated 
with TGF- β2 (10 ng/mL, PeproTech NJ, USA) and IL- 
1β (interleukin- 1β; 1 ng/mL, PeproTech NJ, USA) for 
7 consecutive days in endothelial growth medium- 2 
supplemented with 10% FBS and refreshed every 24 
hours.34 Recombinant human EDIL3 treatment (0.5 μg/
mL) were added into the culture medium to figure out 
the role of EDIL3 on EndMT.35 For USP10 inhibition, 
Spautin 1 (10 μmol/L) was added to the (endothelial 
growth medium) ECM- 2.36 MG132 (20 μmol/L) was 
added to the endothelial growth medium- 2 medium to 
examine the ubiquitination of Smad4.37 To examine the 
role of EDIL3 in doxorubicin treated HUVECs, doxoru-
bicin was used at 1 μmol/L for 48 hours.38

To silence EDIL3 and ITGB3 (integrin β3) in HUVECs, 
transfection was carried out according to the manufac-
turer’s protocol. Briefly, HiperFect transfection reagent 
(QIAGEN, Dusseldorf, Germany) mixed with EDIL3 or 
ITGB3 siRNA (small interfering RNA, GenePharma, 

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
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Shanghai, China) in endothelial growth medium- 2. A mix-
ture of transfection reagent and siRNA was incubated 
for 15 minutes at 37 °C, then added to the 6- well plate. 
The negative control group was incubated with a mix-
ture of transfection reagent and negative control RNA. 
The silence EDIL3 and ITGB3 efficacy was evaluated by 
western blotting. EDIL3 siRNA sequences are as follows: 
5′- CCCAU CUA UGC ACG ACA CAUATT- 3′, ITGB3 siRNA 
sequences are as follows: 5′- GAUGC AGU GAA UUG UAC 
CUAUTT- 3′, negative control siRNA: 5′- UUCUC CGA 
ACG UGU CAC GUTT- 3′. To silence ERK and AKT, siERK 
(sc- 29 307) and siAKT (sc- 29 195) were purchased from 
Santa Cruz Biotechnology and used to treat HUVECs.

Western Blotting and 
Coimmunoprecipitation
Western blots were performed to assess protein ex-
pression levels. Lysed cells or homogenized cardiac 
tissue were collected for total protein extraction. 
Protein concentration was assessed using the BCA 
protein assay kit (23 227, Thermo Fisher Scientific, 
Waltham, MA) and normalized before Western blotting. 
Protein samples (50 μg) were separated on 10% SDS- 
PAGE and subsequently transferred to polyvinylidene 
fluoride membranes (FL00010, Millipore, Billerica, MA). 
Polyvinylidene fluoride membranes were blocked with 
5% nonfat milk for 1 hour at room temperature to block 
nonspecific binding sites, then incubated with primary 
antibody overnight at 4 °C. The protein expression level 
of GAPDH was used as an internal standard. The next 
day, the Western blot was incubated with the second-
ary antibody for 1 hour at room temperature. Finally, 
blots were obtained and scanned by Image Lab soft-
ware (Bio- Rad Laboratories, Inc., Hercules, CA) to as-
sess protein expression.

The coimmunoprecipitation test was performed 
according to manufacturer’s protocol (Protein A/G 
Magnetic Beads, HY- K0202, MCE). Briefly, the tissues 
of hearts and HUVECs were lysed in octyl- d- glucoside 
(2%) buffer. The protein concentration was diluted into 
1 μg/μL for immunoprecipitation. The lysates were in-
cubated with 2 μL primary antibodies overnight then 
30 μL protein A+G magnetic beads added for 4 to 
6 hours. A magnetic rack was used to discard the su-
pernatant and the beads were washed 3 times with 
RIPA buffer. A 30 μL 1×loading buffer was added and 
boiled for 10 minutes, then the supernatant was col-
lected and analyzed by Western blotting.

Real- Time Quantitative Polymerase Chain 
Reaction
Cardiac tissues or HUVECs were homogenized in 
TRIzol (15596–026, Invitrogen Corporation, Waltham, 
MA), followed by a complementary DNA synthesis kit 
(489 703 001, Basel, Switzerland) reverse transcription 

of mRNA into complementary DNA. The LightCycler 
480 system (04896866001, Roche) was used for quan-
titative polymerase chain reaction analysis. Primers for 
target genes are listed in Table S2. The amount of each 
gene was determined and normalized to the amount 
of GAPDH.

Flow Cytometry
Flow cytometry was used to analyze the ratio of 
vimentin- positive HUVECs as described in our previous 
study.39 In brief, cells in culture dishes were digested 
with 0.25% trypsin in culture dishes to prepare HUVEC 
cell suspensions. Then, CoraLite Plus 488- conjugated 
Vimentin antibody was used for flow cytometry. After 
the primary antibodies were incubated for 30 minutes 
in the dark, the cells were analyzed with CytExpert 
(Beckman, USA).

Biochemical Determination
Cardiac tissue was triturated in phosphate buffered 
saline to obtain tissue homogenate. Cardiac tissue 
concentrations of creatine kinase- myocardial band 
(Jiancheng Bioengineer, China) and lactate dehydro-
genase were detected according to the manufacturer’s 
instructions.

Statistical Analysis
All experiments were randomized and blinded. All statis-
tical analyses in this study were performed using SPSS 
version 25.0 software and expressed as the mean±SD. 
n numbers are biological replicates. For all in vivo and 
in vitro analyses, normal distribution (Gaussian distri-
bution) was first determined by the Shapiro–Wilk test. 
Data were then analyzed using Student t test for com-
parisons between 2 experimental groups, and 1- way 
or 2- way ANOVA with post hoc Tukey test for com-
parisons among multiple experimental groups. P<0.05 
was considered statistically significant.

RESULTS
EndMT and EDIL3 Are Activated in 
Patients and Mice With DCM
To check if EndMT signals are involved in DCM pro-
gression, we first performed gene set enrichment 
analysis using data from a data set of patients with 
DCM (GSE84796 and GSE111544). We found that the 
Hallmark EMT pathway is enriched in patients with 
DCM (Figure 1A). We sorted out the differentially ex-
pressed genes on this pathway and found that EDIL3 
was upregulated in patients with DCM, indicating that 
EndMT and EDIL3 are associated with DCM progres-
sion (Figure 1B). To explore whether EndMT and EDIL3 
activations are present in DCM hearts, myocardial 
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Figure 1. EndMT and EDIL3 are activated in patients and mice with DCM.
A, Gene set enrichment analysis is performed using data from Gene Expression Omnibus data set GSE84796 and GSE111544 to 
check if EndMT signals are involved in DCM progression. The Hallmark epithelial mesenchymal transition pathway is significantly 
enriched in the cardiac tissues of patients with DCM. B, Heatmap showing the expression of genes in Hallmark epithelial mesenchymal 
transition pathway. C, Representative immunoblots and corresponding quantification showing cardiac tissue levels of CD31, αSMA, 
and EDIL3 in DCM and sham mice (n=4). D, Representative immunoblots and corresponding quantification showing CD31, αSMA, 
and EDIL3 in EndMT and sham HUVECs (n=4). Data are presented as mean±SD and were analyzed using unpaired Student t test. * 
indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001. DCM indicates dilated cardiomyopathy; EDIL3, epidermal growth factor- 
like repeats and discoidin I- like domains 3; EndMT, endothelial to mesenchymal transition; FDR, false discovery rate; HUVEC, human 
umbilical vein endothelial cell; and αSMA, α- smooth muscle actin.
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specimens were collected from sham and DCM mice. 
Compared with sham mice, CD31 expression de-
creased and αSMA and EDIL3 expression increased 
(≈3- fold) in DCM mice (Figure  1C). These results 
strongly indicated that EndMT and EDIL3 are activated 
in the myocardial tissues of DCM mice, which may 
contribute to cardiac dysfunction. We also examined 
the expression of EDIL3 in HUVECs models of EndMT. 
Consistent with results in  vivo, CD31 expression de-
creased and αSMA and EDIL3 expression increased 

(≈2- fold) in EndMT group compared with sham group 
(Figure 1D).

EDIL3 Deficiency Attenuates Cardiac 
Dysfunction and Remodeling in DCM 
Mice
EDIL3 gene KO mice were constructed to explore 
the role of EDIL3 in DCM progression (Figure  2A). 
Six weekly injections of doxorubicin (2.5 mg/kg body 

Figure 2. EDIL3 deficiency attenuates cardiac dysfunction and remodeling in DCM mice.
A, Representative immunoblots showing cardiac tissue levels EDIL3 (n=2). B through D, LVPWd, ejection fraction, and FS at 0, 6, 7, 
and 8 weeks (n=6). E, The cardiac levels of CK- MB and LDH in each group at 8 weeks (n=6). F, Representative Masson staining for 
cardiac fibrosis at 8 weeks (n=4). Data are presented as mean±SD. In B through D, data were analyzed by unpaired Student t test. In 
(E through F), data were analyzed using 1- way ANOVA followed by Tukey test. * indicates P<0.05, ** indicates P<0.01, *** indicates 
P<0.001, ns indicates P>0.05. CK- MB indicates creatine kinase- myocardial band; DCM, dilated cardiomyopathy; EDIL3, epidermal 
growth factor- like repeats and discoidin I- like domains 3; FS, fractional shortening; KO, knockout; LDH, lactate dehydrogenase; LVEF, 
left ventricular ejection fraction; LVPWd, left ventricular posterior wall thickness during diastole; and WT, wild type.
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weight, intraperitoneally) were administered to WT 
and KO mice. Consistent with previous findings,31 all 
mice regardless of genotype exhibited a significant 
decrease in body weight at 3 weeks following comple-
tion of doxorubicin challenge (Table S3). The weights of 
hearts (HW) isolated from WT and KO mice decreased 
significantly with doxorubicin when compared with sa-
line controls (Table S3). EDIL3 KO mice showed higher 
HW compared with WT mice (Table  S3). However, 
when comparing the ratio of HW to body weight as a 
percentage there was no change between WT- DCM 
and KO- DCM groups, suggesting that doxorubicin- 
treated hearts decrease proportionally with body size 
(Table S3). The ratio of HW to tibia length decreased 
significantly with doxorubicin when compared with sa-
line controls (Table S3). KO- DCM mice showed higher 
HW/tibia length ratio compared with WT- DCM mice 
(Table S3).

Transthoracic echocardiography measurements 
were performed on mice from all 4 experimental 
groups and revealed severe cardiac remodeling in 
WT- DCM mice as indicated by decreased LV posterior 
wall thickness (Figure 2B, Table S3). EDIL3 deficiency 
partially attenuated doxorubicin- induced cardiac re-
modeling (Figure 2B, Table S3). In WT mice, doxoru-
bicin treatment reduced ejection fraction and fractional 
shortening compared with saline controls, which were 
increased by EDIL3 deficiency (Figure  2C and 2D, 
Table S3). Doxorubicin treatment induced cardiac re-
modeling as well as cardiac dysfunction in mice that 
was characteristic of DCM. These findings show that 
EDIL3 deficiency preserved cardiac function and inhib-
ited cardiac remodeling in the presence of doxorubicin.

Cardiac injury was assessed by the level of serum 
creatine kinase- myocardial band and lactate dehydro-
genase level. In WT mice, doxorubicin treatment in-
creased the level of serum creatine kinase- myocardial 
band and lactate dehydrogenase compared with 
saline controls, which were attenuated by EDIL3 de-
ficiency (Figure  2E). To investigate whether cardiac 
dysfunction was a result of doxorubicin- induced fibro-
sis, we performed Masson staining of cardiac tissue in 
the mice (Figure 2F). WT- DCM mice showed increased 
perivascular and interstitial fibrosis area compared with 
sham mice. KO- DCM hearts exhibited significantly less 
fibrotic staining when compared with hearts from WT- 
DCM mice. These findings indicated that EDIL3 defi-
ciency attenuated cardiac injury and fibrosis in DCM 
mice.

EDIL3 Deficiency Inhibited EndMT In Vivo 
and In Vitro
EDIL3 deficiency inhibited the CD31+ ECs differen-
tiate into αSMA+ mesenchymal cells in DCM mice 
as shown by the immunofluorescence staining 

(Figure 3A). EDIL3 deletion also increased CD31 and 
VE- cadherin expression, and reduced αSMA and vi-
mentin expression in DCM mice (Figure 3B). In addi-
tion, EDIL3 deficiency also reduced the expression 
of EndMT biomarkers, including snail1 and twist1 in 
DCM mice (Figure  3C). In  vitro, EDIL3 knockdown 
via siEDIL3 (Figure 3D) reduced the ratio of vimentin- 
positive HUVECs with EndMT treatment (Figure 3E). 
EDIL3 deficiency also increased CD31 and VE- 
cadherin expression, and reduced αSMA and vimen-
tin expression in EndMT HUVECs (Figure 3F). EDIL3 
deficiency also inhibited the expression of EndMT 
biomarkers in HUVECs (Figure 3F). All these results 
indicated that EDIL3 deficiency inhibited EndMT 
in vivo and in vitro.

EDIL3 Deficiency Reinforces 
Ubiquitination of Smad4 by Inhibiting 
USP10 in HUVECs
Tgf- β signaling is the most well- defined pathway known 
to induce EMT and acts through various intracellular 
messengers.40 Signaling is normally activated by the 
Tgf- β ligand superfamily, which includes 3 isoforms of 
Tgf- β (Tgf- β1, 2, and 3) and 6 isoforms of Bmp (bone 
morphogenetic protein; Bmp2 to Bmp7).40 Therefore, 
we examined the expression of Tgf- β1, Bmp2, Bmp4, 
and Bmp7 in HUVECs (Figure 4A and 4B). EDIL3 de-
ficiency reduced the expression of Tgf- β1 but had no 
effect on Bmp2, Bmp4, and Bmp7 expression. We 
also examined the level P- smad2/3, Smad4, and 
Smad7 and found that only the level of Smad4 was 
reduced significantly in EDIL3 deficiency HUVECs 
with EndMT (Figure 4A and 4C). Interestingly, EDIL3 
depletion did not affect Smad4 transcription, which 
conflicts with the protein measurements (Figure 4D). 
Therefore, we speculate that EDIL3 may affect the 
degradation of Smad4. Given that ubiquitination of 
Smad4 has been identified as regulating cardiac fi-
brosis,41 we next investigated the effect of EDIL3 
knockdown on Smad4 ubiquitination in HUVEC with 
EndMT. EDIL3 knockdown markedly promoted ubiq-
uitination and degradation of Smad4, which led to 
the reduction of Smad4 (Figure  4E). Previous stud-
ies have shown that USPs are an important class 
of deubiquitinating enzymes that contribute to the 
deubiquitination of Smad4 and hepatocellular carci-
noma metastasis.42 We examined the mRNA levels 
of USP4, USP10, and USP14 and found that EDIL3 
deficiency significantly reduced the level of USP10 in 
EndMT HUVECs (Figure 4F). Moreover, EDIL3 knock-
down reduced the level of USP10 bound to Smad4 
in HUVECs with EndMT (Figure 4G). Taken together, 
these results indicated that EDIL3 deficiency rein-
forced ubiquitination of Smad4 by inhibiting USP10 
in HUVECs.
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EDIL3 Deficiency Reinforces 
Ubiquitination of Smad4 in DCM Mice
EDIL3 depletion significantly reduced the cardiac 
Smad4 protein expression in DCM mice but not mRNA 

level (Figure 5A and 5B). EDIL3 knockout markedly pro-
moted ubiquitination of Smad4 in DCM mice heart tis-
sue (Figure 5C). Then, we uncovered that USP10 directly 
interacted with Smad4 in DCM mouse heart tissues 
(Figure 5D). In addition, EDIL3 deficiency inhibited the 
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cardiac expression of USP10 in DCM mice (Figure 5E). 
These results showed that EDIL3 deficiency reinforces 
ubiquitination of Smad4 in DCM mice.

Recombinant Human EDIL3 Promotes 
EndMT Via Reinforcing Deubiquitination 
of Smad4 in HUVECs
We next treated HUVECs with recombinant human 
EDIL3 and found that EDIL3 promoted EndMT as 
shown by the increased ratio of vimentin- positive 
HUVECs with EndMT (Figure  6A). Recombinant 
EDIL3 reduced CD31 and VE- cadherin expression, 
and increased αSMA and vimentin (Figure  6B). The 
biomarker of EndMT was also upregulated by EDIL3 
treatment, indicating that EDIL3 promoted the devel-
opment of EndMT (Figure  6C). Mechanically, EDIL3 
increased the protein levels of Smad4 (Figure  6D). 
Further studies showed that EDIL3 inhibited the ubiq-
uitination of Smad4 (Figure 6E). In addition, EDIL3 pro-
moted the level of USP10 bound to Smad4 in HUVECs 
with EndMT (Figure 6F). Taken together, these results 
indicated that EDIL3 promoted EndMT via reinforcing 
deubiquitination of Smad4 in HUVECs.

Inhibiting USP10 Abolished EndMT 
Exacerbated by EDIL3
Spautin 1, a specific USP10 inhibitor, was given to 
HUVECs to explore the role of USP10 in EndMT ex-
acerbated by EDIL3. Spautin 1 significantly abolished 
EndMT exacerbated by EDIL3 (Figure  7A). Inhibiting 
USP10 also reduced the protein levels of Smad4 signifi-
cantly (Figure 7B), which may be due to the reinforced 
ubiquitination and degradation of Smad4 (Figure 7C). 
These results indicated that inhibiting USP10 abolished 
EndMT exacerbated by EDIL3.

Inhibiting β3 Integrin/ERK Signal Blocked 
USP10 Expression Promoted by EDIL3
EDIL3 is reported to promote epithelial- mesenchymal 
transition by binding to ITGB3.22 We speculate that 
ITGB3 mediates EDIL3- promoted USP10 expression 

in HUVEC with EndMT. Knockdown of ITGB3 with si-
ITGB3 significantly inhibited EDIL3- mediated USP10 
expression (Figure S2A and S2B). Furthermore, ITGB3 
deficiency blocked EDIL3- induced Smad4 expres-
sion in HUVEC with EndMT (Figure S2B). The classic 
downstream signaling of ITGB3 including ERK, AKT, 
and P65 was examined in HUVECs.43 Recombinant 
EDIL3 promoted the phosphorylation of ERK and AKT 
but not P65 in HUVECs with EndMT (Figure S2C). We 
next treated HUVECs with siERK and siAKT to figure 
out whose downstream signaling is responsible for the 
expression of USP10. SiERK but not siAKT treatment 
inhibited the level of USP10 and Smad4 (Figure S2D). 
Taken together, EDIL3 may promote the expression of 
USP10 via regulating ITGB3/ERK signaling.

Recombinant EDIL3 Promotes 
Doxorubicin- Induced EndMT Via 
Reinforcing Deubiquitination of Smad4 in 
HUVECs
To further explore the role of EDIL3 in doxorubicin- 
induced DCM, we treated HUVECs with doxorubicin. 
Consistent with previous reports,38 doxorubicin pro-
moted EndMT, as shown by the reduced VE- cadherin 
level and increased vimentin level (Figure  8A). In ad-
dition, doxorubicin treatment increased the level 
of Smad4 and USP10 in HUVECs (Figure  8A). 
EDIL3 deficiency attenuated doxorubicin- induced 
EndMT by reducing the levels of Smad4 and USP10 
(Figure 8A). Recombinant EDIL3 treatment aggravated 
doxorubicin- induced EndMT by increasing the levels of 
Smad4 and USP10 (Figure 8B). In addition, EDIL3 also 
inhibited doxorubicin- induced ubiquitination of SMAD4 
(Figure  8C). Taken together, these results suggested 
that EDIL3 promotes doxorubicin- induced EndMT via 
reinforcing deubiquitination of Smad4 in HUVECs.

DISCUSSION
In this study, we first found that EndMT signals and 
EDIL3 were activated in DCM mice. EDIL3 deficiency in-
hibited EndMT in vivo and in vitro. Mechanically, EDIL3 

Figure 3. EDIL3 deficiency inhibited EndMT in vivo and in vitro.
A, Representative immunofluorescence staining images of cardiac tissues for CD31 and αSMA (n=4). B, Representative immunoblots 
and corresponding quantification showing cardiac CD31, VE- cadherin, αSMA, and vimentin (n=4). C, Representative immunoblots 
and corresponding quantification showing cardiac Snail1 and Twist1 (n=4). D, Representative immunoblots and corresponding 
quantification showing EDIL3 in HUVECs (n=4). E, Representative flow cytometry images and corresponding quantification showing the 
ratio of vimentin- positive HUVECs (n=4). F, Representative immunoblots and corresponding quantification showing CD31, VE- cadherin, 
αSMA, vimentin, Snail1, and Twist1 in HUVECs (n=4). Data are presented as mean±SD. In (D), data were analyzed by unpaired Student 
t test. In (E), data were analyzed using 1- way ANOVA followed by Tukey test. In (B), (C) and (F), data were analyzed using 2- way ANOVA 
followed by Tukey test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001, ns indicates P>0.05. DCM indicates dilated 
cardiomyopathy; EDIL3, epidermal growth factor- like repeats and discoidin I- like domains 3; EndMT, endothelial to mesenchymal 
transition; HUVEC, human umbilical vein endothelial cell; KO, knockout; LDH, lactate dehydrogenase; LVEF, left ventricular ejection 
fraction; VE- cadherin, vascular endothelial- cadherin; WT, wild type; and αSMA, α- smooth muscle Actin.
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deficiency reinforced ubiquitination of Smad4 by inhib-
iting USP10. Recombinant EDIL3 promoted EndMT 
via reinforcing deubiquitination of Smad4 in HUVECs, 
which was abolished by USP10 inhibitor. Taken 

together, these results suggest that EDIL3 aggravates 
EndMT by promoting USP10- dependent deubiquitina-
tion of Smad4, thereby exacerbating DCM- induced 
cardiac dysfunction and remodeling (Figure 8D).
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The role and mechanism of EndMT in DCM still 
lack sufficient evidence. But cardiac fibrosis is con-
sidered to be one of the important mechanisms of 

DCM progression.44 Cardiac fibrosis occurs early 
in DCM progression, increases cardiac rigidity, re-
duces myocardial function, and increases the risk of 

Figure 4. EDIL3 deficiency reinforces ubiquitination of Smad4 by inhibiting USP10 in HUVECs.
A through C, Representative immunoblots and corresponding quantification showing Tgf- β1, Bmp2, Bmp4, Bmp7, P- smad2/3, Smad4, and 
Smad7 in HUVECs (n=4). D, mRNA levels of Smad4 in HUVECs (n=6). E, Representative immunoblots and corresponding quantification 
showing ubiquitination of Smad4. F, mRNA levels of cardiac USP4, USP10, and USP14 (n=6). G, Representative immunoblots and 
corresponding quantification showing USP10 bound to Smad4 in HUVECs (n=4). Data are presented as mean±SD. In (D) and (E), data 
were analyzed using 1- way ANOVA followed by Tukey test. In (B), (C) and (F), data were analyzed using 2- way ANOVA followed by Tukey 
test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001, ns indicates P>0.05. Bmp indicates bone morphogenetic protein; 
EDIL3, epidermal growth factor- like repeats and discoidin I- like domains 3; EndMT, endothelial to mesenchymal transition; HUVEC, 
human umbilical vein endothelial cell; Tgf- β, transforming growth factor beta; Ub, ubiquitin; and USP, ubiquitin specific peptidase.

Figure 5. EDIL3 deficiency reinforces ubiquitination of Smad4 in DCM mice.
A, Representative immunoblots and corresponding quantification showing cardiac Smad4 at 0, 6, 7, and 8 weeks (n=6). B, mRNA levels 
of cardiac Smad4 (n=6). C, Representative immunoblots and corresponding quantification showing ubiquitination of Smad4 (n=4). D, 
Cardiac tissues of DCM mice were immunoprecipitated with anti- Smad4 or USP10 antibodies and probed with anti- USP10 or anti- Smad4 
antibodies. E, Representative immunoblots and corresponding quantification showing cardiac USP10 at 8 weeks (n=4). Data are presented 
as mean±SD. In (A), data were analyzed by unpaired Student t test. In (B), (C) and (E), data were analyzed using one- way ANOVA followed 
by Tukey test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001, ns indicates P>0.05. DCM indicates dilated cardiomyopathy; 
EDIL3, epidermal growth factor- like repeats and discoidin I- like domains 3; EndMT, endothelial to mesenchymal transition; HUVEC, human 
umbilical vein endothelial cell; KO, knockout; Ub, ubiquitin; USP, ubiquitin specific peptidase; and WT, wild type.



J Am Heart Assoc. 2024;13:e031283. DOI: 10.1161/JAHA.123.031283 12

Zhao et al EDIL3 Deficiency Attenuates Dilated Cardiomyopathy

sudden cardiac death and malignant arrhythmias.45,46 
Fibrogenesis is based on myofibroblasts that come 
from the activation of cardiac fibroblasts or from EMT.44 
EndMT- mediated cardiac fibrosis plays an important 

role in diabetic cardiomyopathy and pressure overload- 
induced cardiac hypertrophy.10 Moreover, inhibition of 
EndMT can effectively alleviate the progression of var-
ious cardiovascular diseases.10 In this study, we found 
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that EndMT signaling was activated in the cardiac tis-
sue of patients with DCM, providing new evidence for 
the role of EndMT in DCM.

In previous reports, EDIL3, as an endogenous anti- 
inflammatory factor, was considered an important tar-
get for the treatment of cardiovascular diseases.26 But 

in fact, the function and role of EDIL3 are still contro-
versial. EDIL3 overexpression abolishes cardiovascu-
lar remodeling and hypertension progression through 
suppression of inflammation.28 In contrast, we found 
that EDIL3 deletion attenuated DCM- induced cardiac 
dysfunction and remodeling. EDIL3 loss has also been 

Figure 6. Recombinant human EDIL3 promotes EndMT via reinforcing deubiquitination of Smad4 in HUVECs.
A, Representative flow cytometry images and corresponding quantification showing the ratio of Vimentin positive HUVECs (n=4). B, 
Representative immunoblots and corresponding quantification showing CD31, VE- cadherin, αSMA and vimentin in HUVECs (n=4). 
C, Representative immunoblots and corresponding quantification showing Twist1 in HUVECs (n=4). D, Representative immunoblots 
and corresponding quantification showing Smad4 (n=4). E, Representative immunoblots showing ubiquitination of Smad4 in HUVECs 
(n=4). F, Representative immunoblots showing USP10 bound to Smad4 in HUVECs (n=4). Data are presented as mean±SD. In (A), (C) 
and (D), data were analyzed using 1- way ANOVA followed by Tukey test. In (B), data were analyzed using 2- way ANOVA followed by 
Tukey test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001, ns indicates P>0.05. DCM indicates dilated cardiomyopathy; 
EDIL3, epidermal growth factor- like repeats and discoidin I- like domains 3; EndMT, endothelial to mesenchymal transition; HUVEC, 
human umbilical vein endothelial cell; SSH, suppression subtractive hybridization; Ub, ubiquitin; USP, ubiquitin specific peptidase; VE- 
cadherin, vascular endothelial- cadherin; and αSMA, α- smooth muscle actin.

Figure 7. Inhibiting USP10 abolished EndMT exacerbated by EDIL3.
A, Representative immunoblots and corresponding quantification showing CD31, VE- cadherin, αSMA, vimentin, and Snail1 in HUVECs 
(n=4). B, Representative immunoblots and corresponding quantification showing Smad4 (n=4). C, Representative immunoblots showing 
ubiquitination of Smad4 in HUVECs (n=4). Data are presented as mean±SD. In (A), data were analyzed using 2- way ANOVA followed by 
Tukey test. In (B), data were analyzed using 1- way ANOVA followed by Tukey test. * indicates P<0.05, ** indicates P<0.01, *** indicates 
P<0.001, ns indicates P>0.05. DCM indicates dilated cardiomyopathy; EDIL3, epidermal growth factor- like repeats and discoidin I- like 
domains 3; EndMT, endothelial to mesenchymal transition; HUVEC, human umbilical vein endothelial cell; Ub, ubiquitin; VE- cadherin, 
vascular endothelial- cadherin; and αSMA, α- smooth muscle actin.
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Figure 8. Recombinant EDIL3 promotes doxorubicin- induced EndMT via reinforcing deubiquitination of Smad4 in HUVECs
A, Representative immunoblots and corresponding quantification showing VE- cadherin, vimentin, Smad4, and USP10 in HUVECs 
(n=4). B, Representative immunoblots and corresponding quantification showing VE- cadherin, vimentin, Smad4, and USP10 in 
HUVECs (n=4). C, Representative immunoblots showing ubiquitination of Smad4 in HUVECs (n=4). D, EDIL3 aggravates EndMT by 
promoting USP10- dependent deubiquitination of Smad4, thereby exacerbating DCM- induced cardiac dysfunction and remodeling. 
Data are presented as mean±SD and were analyzed using 2- way ANOVA followed by Tukey test. * indicates P<0.05, ** indicates P<0.01, 
*** indicates P<0.001, ns indicates P>0.05. DCM indicates dilated cardiomyopathy; EDIL3, epidermal growth factor- like repeats and 
discoidin I- like domains 3; EndMT, endothelial to mesenchymal transition; HUVEC, human umbilical vein endothelial cell; Ub, ubiquitin; 
USP, ubiquitin specific peptidase; and VE- cadherin, vascular endothelial- cadherin.
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reported to improve cardiac remodeling after myo-
cardial infarction by promoting the inflammatory re-
sponse.29 Although EDIL3- mediated EndMT has not 
been discussed, it cannot be ignored. Previous stud-
ies have reported that the expression of EDIL3 is in-
creased in various cancer tissues and induces cancer 
cell migration, invasion, and EMT.21,22,24,25 EDIL3 deple-
tion inhibits proliferation and EMT of human lens ECs 
and may be a potential therapeutic target for posterior 
capsule opacities.23 We speculate that the different 
functions of EDIL3 may be due to the fact that EDIL3 
is a representative of local tissue signals and exerts 
different regulatory functions in different expression 
regions.15 EDIL3 accelerates the process of inflamma-
tion resolution in inflamed areas but not in noninflamed 
areas.47 EDIL3 from vascular tissue or cancer tissue 
may mediate EndMT, thereby accelerating disease 
tension. EDIL3- mediated EndMT may be involved in 
doxorubicin- induced DCM.

Smad4 forms a heteromeric complex with other 
Smads, which translocates into the nucleus, binds 
regulatory elements, and induces the transcription of 
key genes related to EndMT.40 Smad4 has also been 
reported to play critical roles in other cardiovascular 
diseases, including diabetic cardiomyopathy and car-
diac hypertrophy.48,49 Here, we propose that EDIL3 
promotes the activation of Smad4 but not Smad2/3 in 
HUVECs, leading to EndMT. We also found that EDIL3 
did not affect Smad4 transcription, which contradicts 
the finding of upregulation at the protein level. A previ-
ous study showed that USP10 contributes to Smad4 
deubiquitination and cardiac fibrosis.41 Subsequently, 
we found that USP10 directly interacts with Smad4 
and causes Smad4 deubiquitination to maintain 
Smad4 activity in HUVECs. However, USP4 was also 
identified to regulate deubiquitination of Smad4 and 
was excluded in this study as the content of USP4 
in HUVECs was much lower than USP10.50 Previous 
study has shown that monoubiquitinated Smad4 in-
teracts with and is rapidly cleaved by active USP4.50 
Here, we speculate that the specific binding domain 
may mediate the binding of USP10 to Smad4, which 
requires more experiments. USP10 is a highly con-
served deubiquitinating enzyme, which contributes 
to the initiation and progression of multiple cancer 
types, DNA damage response, and signaling path-
ways.37,51,52 USP10- mediated deubiquitination plays 
important roles in multiple cardiovascular diseases, in-
cluding diabetic cardiomyopathy, cardiac hypertrophy 
and ischemia/reperfusion- induced cardiac remodel-
ing.41,53,54 In addition, knockdown of USP10 inhibits 
EndMT, whereas overexpression promotes EndMT.55 
Our study provides new evidence indicating the role of 
USP10 on EndMT. EDIL3 promoted the level of USP10 
bound to Smad4, thereby promoting the deubiquitina-
tion of Smad4.

ITGB3, also known as CD61 or GP3A, is one of 
the most extensively studied members of the inte-
grin family and plays an important role in EMT and 
EndMT.43 However, the role of ITGB3 in cardiomyop-
athy seems to remain controversial. ITGB3 is neces-
sary to maintain ventricular function after pressure 
overload in mice.56,57 ITGB3 deficiency aggravated 
pressure overload- induced cardiac hypertrophy and 
cardiomyocyte apoptosis.56–58 However, ITGB3 de-
letion significantly reduced collagen accumulation in 
the left ventricle and alleviated cardiac fibrosis in mice 
with pressure overload.59 In another study, annexin 
A2 directly binds to and activates ITGB3, promoting 
neovascularization and preventing myocardial infarc-
tion damage.60 These reports suggested that ITGB3 
mediates different functions in different cells and plays 
complex functions in cardiovascular diseases. EDIL3 
has been reported to bind to ITGB3 and activate Tgf- β 
signaling, thereby promoting EMT.22–24 ITGB3 knock-
down inhibited the EDIL3- induced USP10 expression 
in HUVECs with EndMT. Inhibiting ERK, one of the 
classic downstream signalings of ITGB3, significantly 
blocked the expression of USP10 in HUVECs treated 
with EDIL3. EDIL3 may promote the expression of 
USP10 via regulating ITGB3/ERK signaling. Taken to-
gether, EDIL3 promotes EndMT by promoting USP10- 
dependent deubiquitination of Smad4, thereby 
exacerbating DCM- induced cardiac dysfunction and 
remodeling.

There are still several limitations in this study. First, 
EDIL3 gene systemic knockout mice were used in this 
study. Endothelial cell- specific EDIL3 knockout mice 
may help us further understand the role and mech-
anism of EDIL3 in DCM. Second, the role of recom-
binant EDIL3 in DCM mice remains unknown, which 
needs further exploration.

CONCLUSIONS
In summary, we explored the role of EDIL3- mediated 
EndMT in DCM- induced cardiac dysfunction and re-
modeling and found that EDIL3 promotes USP10- 
dependent Smad4 deubiquitination, thereby promoting 
EndMT.
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