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Abstract 

Rational: Wnt4 plays a critical role in development and is reactivated during fibrotic injury; 
however, the role of Wnt4 in cardiac repair remains unclear. In this study, our aim was to clarify the 
pathophysiological role and mechanisms of Wnt4 following acute cardiac ischemic reperfusion 
injury. 
Methods and results: We investigated the spatio-temporal expression of Wnt4 following acute 
cardiac ischemic reperfusion injury and found that Wnt4 was upregulated as an early injury response 
gene in cardiac fibroblasts near the injury border zone and associated with mesenchymal-endothelial 
transition (MEndoT), a beneficial process for revascularizing the damaged myocardium in cardiac 
repair. Using ChIP assay and in vitro and in vivo loss- and gain-of-function, we demonstrated that 
Wnt4 served as a crucial downstream target gene of p53 during MEndoT. Wnt4 knockdown in 
cardiac fibroblasts led to decreased MEndoT and worsened cardiac function. Conversely, Wnt4 
overexpression in cardiac fibroblasts induced MEndoT in these cells via the phospho-JNK/JNK 
signaling pathway; however, both the p53 and Wnt4 protein levels were dependent on the β-catenin 
signaling pathway. JNK activation plays a critical role in the induction of MEndoT and is crucial for 
Wnt4 regulated MEndoT. Moreover, Wnt4 overexpression specifically in cardiac fibroblasts 
rescued the cardiac function worsening due to genetic p53 deletion by decreasing fibrosis and 
increasing MEndoT and vascular density.  
Conclusion: Our study revealed that Wnt4 plays a pivotal role in cardiac repair with involvement 
of phospho-JNK mediated MEndoT and is a crucial gene for cardiac fibroblast-targeted therapy in 
heart disease. 
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Introduction 
Heart disease is still a leading cause of morbidity 

and mortality worldwide. Activated cardiac 
fibroblasts play crucial roles during cardiac 

remodeling and repair following cardiac injury [1,2]. 
Determining the mechanism underlying the 
regulatory role played by cardiac fibroblasts in 
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cardiac repair is vital for cardiac fibroblast-targeted 
therapy. Studies performed in the past two decades 
have shown the plasticity of cardiac fibroblasts, which 
can be regulated into other cell types for cardiac 
repair, such as induced pluripotent stem cells [3,4], 
endothelial cells [5], and cardiomyocytes [6–8]. 
Mesenchymal-endothelial transition (MEndoT) has 
been shown to be beneficial for cardiac repair and 
may represent a new strategy for treating heart 
disease by converting cardiac fibroblasts into 
endothelial phenotype [9–13]. Previous research has 
shown that MEndoT partly depends on the p53 
signaling pathway [12]; however, in-depth 
information is not available regarding the molecular 
mechanism underlying MEndoT.  

The Wnt family comprises 19 lipophilic 
glycoproteins in mammals and the Wnt signaling 
pathway can be divided into the canonical or 
Wnt/β-catenin dependent pathway and the 
non-canonical or β-catenin-independent pathway 
[14]; these glycoproteins are not only developmentally 
important in cardiogenesis [15] but also play a critical 
role in wound repair and regeneration [16–22]. To 
determine the pathophysiological role of specific 
Wnts in cardiac repair, it is important to analyze the 
regulation of the Wnt system during this repair. In our 
previous studies, we analyzed the expression of 19 
Wnts in the whole heart; three Wnts, that is, Wnt1, 
Wnt7a, and Wnt4, were found to be dynamically 
upregulated after acute cardiac ischemic reperfusion 
(I/R) injury [2]. Wnt1, a canonical Wnt and a neural 
crest cell marker [23,24], has been found to activate 
the epicardium and cardiac fibroblasts through 
β-catenin signaling pathway after acute I/R injury 
and is important for preserving cardiac function after 
acute cardiac injury [2]. However, the role of the 
noncanonical Wnt4 had not been investigated further. 

Wnt4 plays a critical role in skin, gonadal, renal, 
and cardiac development [25–28]. Moreover, it is 
reactivated during fibrotic injury, such as that related 
to cardiovascular disease, chronic kidney fibrosis, and 
skin wounds [19,29–31]. Conditional deletion of Wnt4 
in interstitial cells shows that Wnt4 is dispensable for 
medullary kidney myofibroblast proliferation and 
differentiation [32]. Wnt4 null skin exhibits dermal 
fibroplasia and upregulated Wnt4 inhibit the 
TGF-β1-induced transdifferentiation of fibroblasts 
into myofibroblasts, which suggests that Wnt4 has an 
antifibrotic effect [33,34]. Studies have shown that 
mesenchymal stem cells can improve cardiac function 
after cardiac injury by regulating endothelial cells via 
the Wnt4/β-catenin signaling pathway [35,36]. These 
studies indicate that Wnt4 upregulation may play a 
beneficial role in cardiac repair; however, the role of 
Wnt4 itself in cardiac repair remains unclear.  

Here, aiming to clarify the pathophyiological 
role of Wnt4 in cardiac repair, we investigated the 
spatio-temporal expression of Wnt4 following acute 
I/R injury and found that it may mainly play role in 
MEndoT-associated cardiac fibroblasts. Thus, this 
study provides new insights into the mechanism 
underlying MEndoT and the role played by Wnt4 in 
cardiac repair.  

Methods 
Animals 

All animal studies were approved by the 
Institutional Animal Care and Use Committee of the 
Guangzhou Medical University (Approval number: 
2016-025) and the animal experimental procedures 
conformed to the National Institutes of Health (NIH) 
guidelines. All mice were of a C57BL/6 background, 
and the Col1a2-CreERT: R26RtdTomato mice and 
Col1a2-CreERT: p53fl/fl (Col1a2-CreERT: p53 CKO) 
mice were reported previously [10,12]. Tamoxifen (1 
mg, Sigma-Aldrich, St. Louis, MO, USA) was 
administrated intraperitoneally (IP) at 1 mg·day-1 for 
10 days to induce Cre-mediated recombination in 
Col1a2-CreERT mice. Five days after the cessation of 
tamoxifen, the animals were subjected to acute 
ischemic reperfusion injury.  

Murine acute ischemic reperfusion injury 
Mice are anesthetized and maintained with 1.5% 

isoflurane and intubated with plastic catheter, which 
was connected to a volume-cycled ventilator 
supplying supplemental oxygen at a tide volume of 
225-250 mL and respiratory rate of 120-130 
strokes/min. Under direct visualization, the 
pericardial sac is opened and the left anterior 
descending (LAD) artery is temporally occluded close 
to its origin with 8-0 suture. Myocardial ischemia is 
confirmed by myocardial blanching as well as by ST 
elevation on continuous ECG monitoring. Following 
30 min of ischemia, the suture is released to induce 
reperfusion injury which is confirmed by decreased 
ST segment elevation on ECG. For sham injury, an 
identical procedure is followed and a ligature is 
passed under the LAD without occluding it. The 
surgeon was blinded to treatment. 

Isolation of cardiac fibroblasts  
Briefly, the heart was excised from adult mouse 

hearts, minced, and sequentially digested in a 
solution containing 50 U/mL collagenase II and 0.1% 
trypsin at 37 ºC. The cells from the digestion were 
pooled and centrifuged after filtered through 40 µm 
nylon cell strainer. Then, the cells were suspended in 
DMEM supplemented with 10% fetal bovine serum 
(FBS), penicillin/streptomycin (100 U/mL),10 ng/mL 
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leukaemia inhibitory factor (LIF) and 10 ng/mL basic 
fibroblast growth factor (bFGF), and was seeded into 
culture dishes (100 mm) for 90 min to allow for the 
preferential attachment of fibroblasts. Further analysis 
of isolated fibroblasts confirmed no expression of 
endothelial cell marker CD31. 

Flow Cytometry 
The cardiac fibroblasts were harvested using 

Accutase (Millipore, Billerica, MA, USA) and 
resuspended in flow cytometric staining buffer (1% 
FBS + 0.1% NaN3 in PBS) without fixation. Flow 
cytometric analysis of endothelial cell surface marker 
was performed using CD31-Brilliant Violet 421 
(102423, Biolegend, San Diego, CA, USA) antibody by 
a Beckman-Coulter (Dako) CytoFLEX S. Data was 
analyzed using FloJo software.  

Viral constructs and transduction 
Cardiac fibroblasts were transduced with the 

pCLenti-U6-Scramble-shRNA-CMV- Puro-WPRE 
virus, pCLenti-U6-Wnt4-shRNA-CMV-Puro-WPRE 
virus (Wnt4 gene ID: 22417; sh-Wnt4: 5’- 
CAGATGTGCAAACGGAACCTT -3’, Multiplicity of 
infection, MOI = 80), pSLenti-CMV-3xFLAG-PGK- 
Puro-WPRE virus, pSLenti-CMV-Wnt4-3xFLAG-PGK 
-Puro-WPRE virus (MOI = 40, 60, 80), respectively, 
after 48 h, cells were collected for gene expression 
analysis. For knock down of JNK1 and JNK2, cardiac 
fibroblasts were transduced with the pCLenti-U6- 
Scramble-shRNA-CMV-EGFP-F2A-Puro-WPRE virus, 
pCLenti-U6-JNK1-shRNA-CMV-EGFP-F2A-Puro-WP
RE virus (sh-JNK1: 5’-GATTTGGAGGAACGAACT 
AAG-3’, MOI = 80), pCLenti-U6-Scramble-shRNA- 
CMV-mCherry-F2A-Puro-WPRE virus and pCLenti- 
U6-JNK2-shRNA-CMV-mCherry-F2A-Puro-WPRE 
virus (sh-JNK2: 5’- CAGACCAAAGTACCCTGG 
AAT-3’, MOI = 80), respectively, after 72 h, cells were 
collected for gene expression analysis. 

For Cre-dependent expression of target gene by 
AAV virus administration in transgenic mice [37], the 
shRNA coding sequence targeting mouse Wnt4 
(5’-CAGATGTGCAAACGGAACCTT-3’) was cloned 
into the pAAV-CGB-DIO-EGFP-miR30shRNA-WPRE 
vector, the Wnt4 RNA coding sequence was cloned 
into the pAAV-CMV-DIO-EGFP-RNA-3xFLAG- 
WPRE vector. The pAAV-CGB-DIO-Wnt4- 
miR30shRNA-WPRE virus and pAAV-CGB-DIO- 
EGFP-Scramble-miR30shRNA-WPRE virus were 
administrated into the heart of Col1a2-CreERT: 
R26RtdTomato mice from jugular vein (1 × 1011 U per 
mice resuspended in 100 μL 1 × PBS). The 
pAAV-CMV-DIO-Wnt4-3xFLAG-WPRE virus and 
pAAV-CMV-DIO-EGFP-3xFLAG-WPRE virus were 
administrated into heart of Col1a2-CreERT: p53CKO 

mice from jugular vein (1 × 1011 U per mice 
resuspended in 100 μL 1 × PBS). After at least 2 
weeks, cardiac fibroblasts were isolated and collected 
for gene expression analysis. All viruses used in our 
project were produced by Obio Technology 
(Shanghai, China). 

Singleplex Immunofluorescence staining 
Mice were anaesthetized using 2.0% isoflurane 

after connecting to a ventilator. The left ventricle was 
perfused with phosphate buffered saline (PBS) and 
paraformaldehyde (PFA), followed by further fixed 
for 4 h in 2% PFA at 4 ºC, and then immersed in 30% 
sucrose solution overnight for cryoprotection before 
freezing in optimal cutting temperature (O.C.T.) 
solution. Immunofluorescence staining of frozen 
sections (7 µm) was performed using primary 
antibody to Wnt4 (ab91226, 1:100, Abcam, Cambridge, 
UK), CD31 (ab56299, 1:100, Abcam, Cambridge, UK), 
cTnI (ab56357, 1:100, Abcam, Cambridge, UK), CD11b 
(46512S, 1:100, Cell signaling technology, Boston, MA, 
USA) and relevant fluorescein-conjugated secondary 
antibodies, following the manufacturer instructions. 
Labeled sections were probed, and images were 
captured using a Leica TCS SP8 confocal microscope. 
Then, 8-10 fields were randomly chosen from each 
section of the heart and images were captured. The 
co-localization analysis of confocal images was 
performed using the ImageJ software (NIH). 

Multiplexed Immunofluorescence staining 
The multiplexed immunofluorescence staining 

[38] was done by using the Four-color anti-rabbit 
manual IHC kit (0001100020, PANOVUE, Beijing, 
China) following the manufacturer instructions. In 
brief, immunofluorescence staining of vascular 
endothelial cadherin (VECAD) (ab33168, 1:500, 
Abcam, Cambridge, UK), Wnt4 and tdTomato 
(LS-C340696, 1:100, LifeSpan BioSciences, Seattle, WA, 
USA) was sequentially performed by applying 
primary antibody and the rabbit superpicture 
polymer detection HRP kit. Using this IHC Kit, three 
primary antibodies were sequentially visualized in a 
single TSA (Tyramide signal amplification) slide. 

Chromatin immunoprecipitation (ChIP)  
Cardiac fibroblasts (3 × 107) were fixed in 1% 

formaldehyde and lysed in buffer (50 mM Tris-HCl 
pH 8, 10 mM EDTA, 1% SDS, protease inhibitor 
cocktail Set I (539131, Merck Millipore, Billerica, MA, 
USA)) and sonicated using a epishear multi-sample 
sonicator, leading to fragments between 300 and 1,000 
bp. ChIP was performed using a commercially 
available ChIP-IT High Sensitivity Kit (53040, Active 
Motif, Fullerton, CA, USA) according to manu-
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facturer’s instructions. DNA-bound protein was 
immunoprecipitated using an anti-p53 antibody 
(ab246550, Abcam, Cambridge, UK) and anti-IgG 
(sc-2025, Santa Cruz, Santa Cruz, CA, USA) as a 
negative control. The DNA recovered was sequencing 
and analysed by quantitative polymerase chain 
reaction (qPCR) to amplified the promoter region of 
Wnt4: forward 5’-CGCCCGCCTCCGCCGCCAC-3’, 
reverse 5’-CGCAGGGACCGCAGGCACGAA-3’, Pri-
mers for p53 binding were designed using the 
SABiosciences’proprietary database (DECipherment 
of DNA Elements). PCR was performed with equal 
amounts of specific antibody immunoprecipitated 
sample, control (IgG) and input. Values were 
normalized to input measurements and enrichment 
was calculated using the comparative D-DCt (DDCt) 
method. 

Real-time quantitative PCR 
Total RNA from cultured cardiac fibroblasts was 

isolated with EZ-press RNA Purification Kit (B0004D, 
EZBioscience, Roseville, MN, USA) and cDNA was 
synthesized by using HiScript III RT SuperMix kit 
(Q711-1, Vazyme, Nanjing, China). qPCR was 
performed with the 2 × ChamQ Universal SYBR qPCR 
Master Mix (Q711-2, Vazyme, Nanjing, China) using 
an QuantStudio™6 Flex (ABI, USA). Oligonucleotide 
primers used are shown in Table S1. Fold-changes in 
gene expression were calculated using the 2^(-△△Ct) 
method after normalizing to glyceraldehyde 
3-phosphate dehydrogenase (GAPDH). 

MEndoT in vitro Model and Cell treatment  
Serum starved or unstarved cells were cultured 

in DMEM, 1 × penicillin/streptomycin or DMEM, 1 × 
penicillin/streptomycin, 10% FBS (Gibco, USA), 
respectively. Pifithrin-α 50 µM (P4359, Sigma, St. 
Louis, MO, USA), reactivation of p53 and induction of 
tumor apoptosis (RITA) 50 µM (S2781, Selleck 
Chemical, Houston, TX, USA), SP600125 50 µM 
(S1460, Selleck Chemical) and IWR-1-endo 50 µM 
(S7086, Selleck Chemical) were added to the cells 
cultured with the above culture medium. Detecting 
gene expression and cell function after treatment for 
48 h. The recombinant human Wnt4 protein 
(RPL817Hu01, Cloud-Clone Corp, Houston, USA) 
was used for Wnt4 overexpression in cardiac 
fibroblasts with the above culture medium. For 
activation of JNK, cardiac fibroblasts were treated 
with recombinant mouse Mitogen Activated Protein 
Kinase Kinase 7 (MAP2K7) (80 ng/mL, RPD560Mu01, 
Cloud-Clone Corp, USA) and anisomycin (25 nM, 
S7409, Selleck, USA). 

Matrigel tube formation and acetylated 
low-density lipoprotein (Ac-LDL) uptake 

Cardiac fibroblasts (6 × 104 per cm2) were seeded 
in growth factor reduced Matrigel basement 
membrane matrix (354230, BD Biosciences, Franklin 
Lakes, NJ, USA) coated wells of Nunc Lab-Tek II 
chamber slides (154534, Thermo Fisher, Waltham, 
MA, USA) and were treated in serum starved and 
unstarved cells culture medium overnight at 37 °C, in 
the presence of 5% CO2. For Ac-LDL uptake, cardiac 
fibroblasts were seeded in 24 well dishs and treated 
overnight in serum starved and unstarved culture 
medium, then 30 ug/mL DiI-Ac-LDL (H7970, 
Sorlarbio, Beijing, China) were added and incubated 
for 4 h at 37 ºC before imaging. The images were 
captured using confocal microscope. Tube length and 
co-localization were analyzed by using image J 
software. 

Western blotting  
Proteins were extracted from cardiac fibroblasts 

homogenized in an RIPA Lysis containing protease 
inhibitor (HY-K0010, MedChemExpress, NJ, USA) 
and phosphatase inhibitor (HY-K0021, 
MedChemExpress, NJ, USA) and PMSF (ST505, 
Beyotime, Shanghai, China). Cell lysates were 
centrifuged at 12,000 g for 10 min at 4 °C. The 
supernatant was collected, and protein concentration 
was measured with BCA protein assay kit (P0011, 
Beyotime, Shanghai, China). For each sample, 15 μg 
total proteins were loaded for western blot and 
visualized and detected by Clarity Western ECL 
Substrate (1705061, Bio-Rad, Hercules, CA, USA). The 
western blot results were quantified by densitometric 
analysis using the Image Lab image analyzer 
(Bio-Rad, Hercules, CA, USA). The primary antibody 
used in this part were as follow: anti-Wnt4 (dilution 
1:1000; ab262696, Abcam), anti-p53 (dilution 1:1000; 
ab246550, Abcam), anti-VECAD (dilution 1:1000; 
ab33168, Abcam), anti-Occludin (dilution 1:250; 
sc-133256, Santa cruz), anti-c-Jun amino-terminal 
kinase (JNK) (dilution 1:1000; 9252s, Cell signaling 
technology, Boston, MA, USA), anti-c-Jun 
amino-terminal kinase 1 (JNK1) (dilution 1:1000; 
ab199380, Abcam), anti-c-Jun amino-terminal kinase 2 
(JNK2) (dilution 1:1000; ab76125, Abcam), 
anti-phospho-JNK (p-JNK) (dilution 1:1000; 9255s, 
Cell signaling technology), anti-β-catenin (dilution 
1:1000; 9581s, Cell signaling technology), anti-Non- 
phospho(active) β-catenin (Ser33/37/Thr41) (dilution 
1:1000; 8814S, Cell signaling technology), 
anti-GAPDH (dilution 1:3000; sc-32233, Santa cruz). 
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Echocardiography 
The echocardiography was conducted using a 

VisualSonics Vevo 2100 machine and was performed 
in conscious mice as previous described [2,10]. In 
brief, the hair was removed from the chest of each 
mouse using depilation cream and then it was gently 
restrained and placed on a platform followed by rapid 
echocardiography (< 5 min). Distress was minimized 
by performing the echocardiography rapidly. 
Parasternal long axis M-mode images were recorded, 
and measurements and analysis were then performed 
as described. The echocardiographer was blinded to 
the genotype and treatment of the animal being 
examined.  

Fibrosis assay of histopathology  
Heart tissues were sliced into three pieces, 

including near apex, between mid-ventricle and apex 
and mid-ventricle, and fixed in 4% PFA for at least 24 
h. Fixed tissues were dehydrated, embedded in 
paraffin and cut into 5 μm sections. Masson’s 
trichrome staining was performed on de-paraffinized 
sections using standard methods. Percent of fibrosis 
area was calculated from whole heart sections from 
three parts using ImageJ software. 

Evans blue and Triphenyltetrazolium chloride 
(TTC) staining  

Combined Evans blue and TTC staining was 
performed to determine area at risk and infarct area. 
In brief, after 30 min of ischemia and reperfusion for 
24 h, the mice were subjected to thoracotomy and 
re-ligation of the LAD artery. To demarcate the area at 
risk, 3% Evans blue solution was perfused into the 
aorta and coronary arteries. The infusion was 
discontinued as soon as epicardial blush was 
observed. Excess Evans Blue was washed off and cut 
into 1-mm-thick cross sections. The slices were 
incubated with a 2% TTC solution at 37°C for 15 min 
to evaluate infarct area/area at risk followed by 
fixation with PFA. After 15 min, the sections were 
washed lightly and photographs of each heart section 
were taken with a microscope. Analysis was done 
with Image J software. 

Terminal deoxynucleotidyl transferase dUTP 
nick end fluorescent labelling (TUNEL) 
staining 

Apoptosis in paraffin-embedded heart tissues 
was assayed by TUNEL staining using the TMR (Red) 
TUNEL Cell Apoptosis Detection Kit (G1502, 
Servicebio, China). Cardiomyocytes were identified 
by cTnI staining and nuclei were stained with DAPI. 
The number of TUNEL-positive cardiomyocyte and 

total cardiomyocyte were counted. 

Vascular density 
The slides were deparaffinized in xylene and 

rehydrated in graded ethanol. Antigen retrieval was 
performed in citrate buffer (citrate pH 6.0) using 
microwave heating (MWT). Primary antibody to 
isolectin B4 (B-1205, Vector Labs, Burlingame, CA, 
USA) were incubated overnight at 4 ºC, and 
associated fluorescein-conjugated secondary 
antibodies. 

Statistical Analysis 
Statistical analysis was performed using the 

GraphPad software (Prism). Student’s t-test 
(two-tailed), one-way analysis of variance (ANOVA) 
with Tukey post-hoc test analysis as appropriate, 
two-way analysis of variance (ANOVA) were 
performed as deemed appropriate. A value of p < 0.05 
was considered statistically significant and the mean ± 
standard error of the mean (S.E.M.) was presented 
graphically. 

Results 
Wnt4 was upregulated in MEndoT-associated 
cardiac fibroblasts after acute cardiac I/R 
injury 

In our previous study, we found that Wnt4 
mRNA expression was significantly upregulated in 
the whole heart on day 7 after I/R injury [2]. To 
determine the role of Wnt4 in cardiac repair, we first 
isolated cardiac fibroblasts from the whole heart for 
qPCR analysis of Wnt4 expression after cell isolation 
within 24 h. Both Wnt4 and endothelial cell marker 
gene expression was significantly upregulated on day 
7 and 14 after I/R injury (Figure 1A). However, we 
observed significantly increased expression of Wnt4 
and endothelial cell marker genes in cardiac 
fibroblasts isolated within 24 h from the injured left 
ventricular tissue instead of the whole heart at day 3 
post I/R injury (Figure 1A-B). Western blot analysis 
of cardiac fibroblasts isolated within 24 h from the left 
ventricular heart tissue confirmed the qPCR results 
that Wnt4 and endothelial cell marker genes were 
significantly upregulated in cardiac fibroblasts from 
the left ventricle at an early time point after I/R injury 
(Figure 1C-D). The qPCR analysis of cardiac 
fibroblasts at day 7 post I/R injury further showed 
that both the expression of Wnt4 and endothelial cell 
marker genes significantly increased in cardiac 
fibroblasts from peri-infarct myocardium. However, 
no significant change was observed in the expression 
of Wnt4 and endothelial cell marker genes in cardiac 
fibroblasts from remote myocardium (Figure 1E). 
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Figure 1: Wnt4 upregulated in cardiac fibroblasts after acute ischemic reperfusion (I/R) injury. (A) qPCR analysis of Wnt4 and endothelial cell marker genes in 
cardiac fibroblasts isolated within 24 h from whole heart tissue, n = 4. (B) qPCR analysis of Wnt4 and endothelial cell marker genes in cardiac fibroblasts isolated within 24 h from 
the left ventricular heart tissue early at day 3 post I/R injury, n = 4. (C-D) Western blot for Wnt4 and endothelial cell marker genes in cardiac fibroblasts isolated within 24 h from 
the left ventricular heart tissue post I/R injury and the densitometric quantification, n = 4. (E) qPCR analysis of Wnt4 and endothelial cell marker genes in cardiac fibroblasts 
respectively isolated within 24 h from the remote and peri-infarct myocardium, n = 4. (F) Immunofluorescence staining of Wnt4 in injury border zone of heart section from 
Col1a2-CreERT: R26RtdTomato mice post sham or I/R injury and the quantification, n = 4. (G) Triple immunofluorescence staining of tdTomato, Wnt4 and VECAD in injury border 
zone and the quantification, n = 4. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, using one-way anova and two-way anova compared with 
sham. Colocalization of fluorophores is indicated by arrowhead. Scale bar: 10 µm). 
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We subjected Col1a2-CreERT: R26RtdTomato mice 
to I/R injury and performed immunofluorescence 
staining of heart sections by using the Wnt4 antibody. 
We found that Wnt4 was mainly expressed in the 
injury border zone instead of remote areas (Figure 1F, 
Figure S1A-B). In the injury border zone, 29.3% ± 
1.1% of the tdTomato-labeled cells started expressing 
Wnt4 on day 3 after I/R injury, with Wnt4 expression 
being detected in an increasing number of 
tdTomato-labeled cells over time, that is, 42.3% ± 4.3% 
cells on day 7 and 45.6% ± 4.1% cells on day 14 after 
injury (Figure 1F). Triple immunofluorescence 
staining of tdTomato, Wnt4, and VECAD showed that 
61.1% ± 6.4% of the tdTomato-labeled 
VECAD-expressing cells in the injury border zone 
also expressed Wnt4, which further indicated the 
potential role of Wnt4 in MEndoT (Figure 1G). 
Besides, we also investigated the expression of Wnt4 
in other cell types at day 7 post I/R injury. The 
expression of Wnt4 was upregulated in 
cardiomyocytes after injury, whereas its expression 
was not observed both before and after injury in 
endothelial cells, which expressed CD31 (Figure 
S1C-D).  

Wnt4 was a crucial downstream target gene of 
p53 during MEndoT  

We have previously shown that serum 
starvation can induce cardiac fibroblasts undergoing 
MEndoT in p53-dependent manner [12]. We observed 
that Wnt4 expression was upregulated in cardiac 
fibroblasts after serum starvation; however, both 
Wnt4 and endothelial cell marker gene expression 
could be significantly upregulated or downregulated 
via modulation of the p53 signaling pathway (Figure 
2A, Figure S2). These results indicate that Wnt4 is a 
downstream gene of p53 during MEndoT.  

We performed the ChIP sequencing for p53 by 
using serum-starved cardiac fibroblasts and found 
that the Wnt4 promoter region was a direct-binding 
site for p53 (Figure 2B). The ChIP-qPCR assay further 
confirmed that p53 could directly bind to the 
promoter regions of the Wnt4 gene when MEndoT 
was induced in cardiac fibroblasts via serum 
starvation (Figure 2B-C). Furthermore, enhancement 
of MEndoT via activation of p53 signaling was 
significantly inhibited when Wnt4 was knocked down 
(Figure 2D, Figure 3A, Figure S3A). Thus, these 
results demonstrated that Wnt4 was a crucial target 
gene of p53 for MEndoT regulation. 

Wnt4 was a critical gene for MEndoT 
induction 

Wnt4 in cardiac fibroblasts was knocked down 
by transduction of shRNA lentivirus. We found that, 

both in 10% FBS or serum starvation condition, Wnt4 
knockdown significantly reduced the expression of 
endothelial cell marker genes and angiogenesis- 
related genes, while significantly increased the 
expression of fibroblast cell marker genes and 
pro-fibrotic genes (Figure 3A-C, Figure S3A-B). 
Furthermore, Wnt4 knockdown also significantly 
decreased capillary tube formation on Matrigel by 
36.6% (Figure 3D) and Ac-LDL intake by 83.9% under 
serum starvation condition (Figure 3E). Conversely, 
Wnt4 overexpression significantly enhanced the 
expression of endothelial cell marker genes and 
angiogenesis-related genes, while significantly 
decreased the expression of fibroblast cell marker 
genes and pro-fibrotic genes without serum starvation 
(Figure 4A, Figure 5A, Figure S4A). Under 10% FBS 
cell culture conditions, tube formation and Ac-LDL 
intake were also significantly enhanced by 66.9% and 
192.1%, respectively (Figure 4B-C), after Wnt4 
overexpression in cardiac fibroblasts. Thus, these 
results indicate that Wnt4 itself can induce cardiac 
fibroblasts to adopt the endothelial phenotype under 
normal cell culture conditions.  

Wnt4 induced MEndoT via the p-JNK/JNK 
signaling pathway instead of the β-catenin 
signaling pathway 

Wnt4 is classified as a noncanonical Wnt; 
however, recent research has shown that it exerts 
effects via the β-catenin signaling pathway [25,29,31–
33,36,39]. To clarify which Wnt4-involving signaling 
pathway regulated MEndoT, we overexpressed Wnt4 
in cardiac fibroblasts to induce MEndoT and added 
p-JNK/JNK and β-catenin inhibitors. qPCR analysis 
showed that both p-JNK/JNK and β-catenin 
inhibitors significantly inhibited the occurrence of 
MEndoT and increased the expression of fibrosis 
related genes (Figure 5A, Figure S4A). The western 
blot results showed that Wnt4 overexpression 
significantly induced upregulation of p-JNK and 
endothelial cell markers such as VECAD and 
Occludin in cardiac fibroblasts in a dose dependent 
manner (Figure 5B-D, Figure S4B); however, we did 
not observe a significant increase in JNK and p53 
levels (Figure 5B-D). Although β-catenin levels 
significantly increased, active β-catenin levels did not 
show any obvious change after Wnt4 overexpression 
in cardiac fibroblasts (Figure 5D). β-catenin protein 
that has not been phosphorylated by glycogen 
synthase kinase-3 (GSK3) at Ser33, Ser37, and Thr41 is 
the stabilized form of β-catenin and thus is 
functionally active in the canonical Wnt signaling 
pathway [40,41]. Furthermore, we observed that the 
p-JNK/JNK inhibitor inhibited the expression of 
p-JNK and endothelial cell markers induced by Wnt4 
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overexpression in cardiac fibroblasts; however, Wnt4 
and p53 protein levels were not significant affected 
(Figure 5B-D). The β-catenin inhibitor not only 
significantly inhibited VECAD, Occludin, p-JNK, and 
β-catenin expression but also significantly decreased 
p53 and Wnt4 protein levels (Figure 5B-D). Our in 
vitro analyses revealed a new mechanism underlying 
MEndoT regulation, that, Wnt4 specifically regulates 
MEndoT via the p-JNK/JNK signaling pathway. 
However, MEndoT is a β-catenin–dependent process 
that can be inhibited by β-catenin via its effect on p53 
and Wnt4 expression.  

Activation of JNK is crucial for Wnt4 
regulating MEndoT 

Since p-JNK inhibitor which we used is not very 
specific for JNK, we further investigated the crucial 
role of p-JNK in the induction of MEndoT. Here, we 
increased p-JNK level by using pharmocolagical 
agonist anisomycin [42] or recombinant MAP2K7 [43], 
a kinase specifically activates JNK, in cardiac 
fibroblasts. Both anisomycin and recombinant 
MAP2K7 can increase JNK phosphorylation and 
induce the occurence of MEndoT (Figure 6A-B, 
Figure S5A). 

 

 
Figure 2: p53 regulate MEndoT by directly targeting Wnt4 promotor regions. (A) qPCR analysis of Wnt4 and endothelial cell marker genes in cardiac fibroblasts after 
serum starvation and treated with RITA (p53 activator, 50 µM) and pifithrin-α (p53 inhibitor, 50 µM), n = 4. (B) The chromatin immunoprecipitation (ChIP) sequencing for p53 
on serum-starved cardiac fibroblasts showed that Wnt4 promoter region was a direct-binding site of p53. (C) ChIP-qPCR assay of Wnt4 after p53 ChIP, n = 3. (D) The enhanced 
MEndoT by RITA was inhibited after Wnt4 knockdown, n = 4. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, using unpaired t-test, one-way anova and 
two-way anova). Note: FBS (fetal bovine serum), RITA (reactivation of p53 and induction of tumour apoptosis). 
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Figure 3: MEndoT downregulated by Wnt4 knockdown. (A-C) qPCR analysis of gene expression in cardiac fibroblasts after Wnt4 shRNA lentivirus transduction, n = 4. 
(A) Wnt4. (B) Endothelial cell marker genes and angiogenesis-related genes. (C) Fibroblast cell marker genes and pro-fibrotic genes. (D) Capillary tube formation on Matrigel and 
the quantification, n = 3, Scale bar: 750 µm. (E) Ac-LDL intake and the quantification, n = 5, Scale bar: 200 µm. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, 
using unpaired t-test, one-way anova and two-way anova, fluorophores is indicated by arrowhead.) Note: Angpt1 (angiopoietin 1), α-SMA (actin alpha 2, smooth muscle, aorta), 
CD31 (Pecam1, platelet and endothelial cell adhesion molecule 1), Cdh2 (cadherin 2), Cthrc1 (collagen triple helix repeat containing 1), eNOS (nitric oxide synthase 3), IL-34 
(interleukin 34), Pdgfd (platelet derived growth factor D), Postn (periostin), Sparc (secreted acidic cysteine rich glycoprotein), TGF-β1 (transforming growth factor beta 1), 
VECAD (cadherin 5). 

 
Next, to determine the role of different JNK iso-

forms in Wnt4-induced MEndoT, we downregulated 
JNK1 and JNK2 expression in cardiac fibroblasts by 
shRNAs lentivirus transduction in combination with 
treatment of human recombinant Wnt4 protein. In 
this experiment, after treatment with human 
recombinant Wnt4 protein, p-JNK level was 
significantly increased, and the expression of 
endothelial cell markers were upregulated (Figure 6C, 

Figure S5B), which is consistent with the results from 
Wnt4 lentivirus transduction (Figure 5B, Figure S4B). 
However, knock down of JNK1 or JNK2 attenuated 
Wnt4-upregulated p-JNK levels, while expression of 
endothelial markers was also significantly reduced 
(Figure 6C), suggesting that both JNK1 and JNK2 
phosphorylation are involved in Wnt4-induced 
MEndoT. 
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Figure 4: MEndoT can be induced by Wnt4 overexpression. The cardiac fibroblasts were transducted with Wnt4 lentivirus and cultured in 10% FBS cell culture 
conditions. (A) qPCR analysis of Wnt4 and endothelial cell markers, n = 3. (B) Capillary tube formation on Matrigel and the quantification, n = 3, Scale bar: 750 µm. (C) Ac-LDL 
intake and the quantification, n = 5, Scale bar: 200 µm. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, using unpaired t-test and two-way anova, fluorophores 
is indicated by arrowhead.)  

 

Wnt4 upregulation in cardiac fibroblasts was 
crucial for cardiac function after I/R injury 

The pAAV-CGB-DIO-miR30shRNA-WPRE 
vector containing loxP sites on both sides of an 
inverted target gene sequence represents a new 
technology that can help express target genes 
specifically in Cre-expressing cells (Figure S6A) [44]. 
The specifically recombination and expression of 
target gene in Cre-expressing cells was confirmed by 
using the pAAV-CGB-DIO-EGFP-Scramble- 
miR30shRNA-WPRE virus in Col1a2-CreERT: 
R26RtdTomato mice and the green fluorescent proteins 
(GFP) was mainly expressed in tdTomato-labeled 
cardiac fibroblasts (Figure S6B). Using this 
technology, we generated the pAAV-CGB-DIO-Wnt4- 
miR30shRNA-WPRE virus and administered it to 
Col1a2-CreERT mice via jugular vein administration. 

From the next day, tamoxifen was administered via IP 
injection for 10 days. 5 days after cessation of 
tamoxifen administration, the Col1a2-CreERT mice 
were subjected to sham or I/R injury. The 
pAAV-CGB-DIO-EGFP-Scramble-miR30shRNA-WPR
E virus served as the control.  

Western blot assays on cardiac fibroblasts 
isolated from the whole heart within 24 h 
demonstrated that Wnt4 expression was 
downregulated by 71% on day 7 after I/R injury after 
administration of the pAAV-CGB-DIO-Wnt4- 
miR30shRNA-WPRE virus and tamoxifen (Figure 
7A). In addition to downregulation of Wnt4 
expression, the expression of endothelial cell marker 
gene VECAD and Occludin were also decreased by 
87% and 68%, respectively (Figure 7A). By 
performing immunofluorescence staining on heart 
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sections of Col1a2-CreERT: R26RtdTomato mice on day 7 
after I/R injury, we observed that the number of 
Wnt4-expressing tdTomato-labeled cells decreased by 
36% and that of Wnt4-expressing MEndoT-derived 
cells decreased by 34%, leading to a 30% decrease in 
MEndoT in the injury border zone (Figure 7B-C, 
Figure S6C). These results indicate that Wnt4 
knockdown specifically in cardiac fibroblasts can 
decrease MEndoT after I/R injury.  

The Evans blue and TTC staining results showed 
that specifically knockdown of Wnt4 in cardiac 
fibroblasts didn’t affect the infarct size 24 h following 
the I/R injury (Figure S6D). However, day 7 and 14 

post I/R injury, echocardiography showed that Wnt4 
knockdown in cardiac fibroblasts led to worsened 
cardiac function, increased fibrosis deposition, and 
decreased vascular density (Figure 7D-G). Wnt4 is a 
secreted protein and may therefore affect endothelial 
cells; however, considering that Wnt4 was mainly 
knocked down in cardiac fibroblasts, the decreased 
vascular density was partly due to the decrease in 
MEndoT caused by Wnt4-specific knockdown in 
cardiac fibroblasts (Figure 7G). Our findings indicate 
that Wnt4 expression in cardiac fibroblasts is crucial 
for cardiac function during I/R injury, which may 
play a role in MEndoT modulation. 

 
 
 

 
Figure 5: Wnt4 induce MEndoT via the p-JNK/JNK signaling pathway. (A) qPCR analysis of gene expression after Wnt4 overexpression in cardiac fibroblasts to induce 
MEndoT and added β-catenin inhibitors IWR-1-endo (50 µM) and p-JNK/JNK pathway inhibitor SP600125 (50 µM). (B-D) Western blot for cardiac fibroblasts and the 
quantification. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 4, using unpaired t-test, one-way anova and two-way anova.) 
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Figure 6: Activation of JNK is crucial for Wnt4 protein induced MEndoT. (A) Western blot analysis of the expression of p-JNK, JNK, VECAD and Occludin in cardiac 
fibroblasts after adding with anisomycin (JNK activator, 25 nM) for 24 h, 48 h and 72 h, and the quantification. n = 4. (B) Western blot analysis of the expression of p-JNK, JNK, 
VECAD and Occludin in cardiac fibroblasts after adding with recombinant MAP2K7 (JNK kinase, 80 ng/mL) for 6 h, 12 h and 24 h, and the quantification. n = 4. (C) Western blot 
analysis of the expression of p-JNK, JNK1, JNK2, VECAD and Occludin in cardiac fibroblasts, and the quantification. JNK1 or JNK2 were knock down in cardiac fibroblasts by the 
transduction of pCLenti-shRNA-virus. MEndoT were induced by adding recombinant Wnt4 (20 ng/mL) for 72 h. n = 4. (All graphs show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001, n = 4, using unpaired t-test and one-way anova.) 
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Figure 7: Wnt4 upregulation in cardiac fibroblasts is crucial for cardiac function after ischemic reperfusion (I/R) injury. Col1a2-CreERT and Col1a2-CreERT: 
R26RtdTomato mice subjected to sham or I/R injury after administration of pAAV-CGB-DIO-Wnt4-miR30shRNA-WPRE virus (pAAV-CGB-DIO-EGFP-Scramble-miR30shRNA- 
WPRE virus serve as scramble control) and tamoxifen. (A) Western blot for Wnt4 and endothelial cell marker genes in cardiac fibroblasts isolated within 24 h from whole heart 
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at day 7 post cardiac injury and the densitometric quantification, n = 4 animals/group. (B-C) Triple immunofluorescence staining of tdTomato, Wnt4 and VECAD in injury border 
zone after Wnt4 knockdown in cardiac fibroblasts and the quantification, n = 3 animals/group, Scale bar: 10 µm. (D) The representative image of echocardiography M model. (E) 
Cardiac function assayed by echocardiography, n = 7 animals/group. (F) Masson’ trichrome staining of heart tissue and quantification of fibrosis area by Image J, n = 7 
animals/group. (G) Immunofluorescence staining of isolectin B4 for vascular density and quantification by Image J and AngioTool, n = 4 animals/group, Scale bar: 20 µm. (All graphs 
show mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, using unpaired t-test and two-way anova, Colocalization of fluorophores is indicated by arrowhead.) 

 

Wnt4 overexpression in cardiac fibroblasts 
rescued cardiac function worsened by p53 
depletion in cardiac fibroblasts after cardiac 
I/R injury 

Our previous research showed that the genetic 
deletion of p53 in cardiac fibroblasts significantly 
decreased the induction of endothelial cell gene 
expression and worsened cardiac function [12]. We 
hypothesized that, if the Wnt4 gene is a crucial target 
of p53 for regulating MEndoT, overexpression of 
Wnt4 specifically in cardiac fibroblasts may rescue the 
cardiac function which was worsened by the genetic 
deletion of p53 in these cells. Therefore, we generated 
Col1a2-CreERT: p53CKO mice and administered the 
pAAV-CMV-DIO-Wnt4-3xFLAG-WPRE virus, which 
has loxP sites on both sides of an inverted Wnt4 gene 
sequence (Figure 8A), 2 weeks before I/R injury. 
Tamoxifen was administered the day after the virus 
was administered. In this mouse model, after 
tamoxifen administration, Cre-expressing cardiac 
fibroblasts will show both decreased p53 expression 
and Wnt4 overexpression in the same cell (Figure 8A). 
The pAAV-CMV-DIO-EGFP-3xFLAG-WPRE virus 
served as the control. Western blot assays on cardiac 
fibroblasts isolated within 24 h from the whole heart 
of Col1a2-CreERT: p53CKO mice show that p53 was 
significantly downregulated by 49% on day 7 after 
I/R injury after tamoxifen administration (Figure 8B). 
In addition to downregulated p53 expression, the 
expression of the endothelial cell marker genes 
VECAD, Occludin, and Wnt4 decreased by 84%, 41%, 
and 68%, respectively (Figure 8B). However, in 
Col1a2-CreERT: p53CKO mice administered both the 
pAAV-CMV-DIO-Wnt4-3xFLAG-WPRE virus and 
tamoxifen, Wnt4 expression was upregulated, and the 
endothelial cell marker gene expression was 
significantly rescued in comparison with that in the 
Col1a2-CreERT: p53CKO mice. Immunofluorescence 
staining on heart sections further confirmed the 
western blot results that the expression of the 
endothelium-specific genes in cardiac fibroblasts is 
specifically regulated by the p53 signaling pathway 
and that Wnt4 is a crucial downstream target gene of 
p53 for MEndoT regulation (Figure 8C-D, Figure 
S7A). 

Based on the TUNEL staining on heart section 
upon acute 24 h I/R injury, we found specifically 
knockdown of p53 and Wnt4 overexpression in 

cardiac fibroblasts didn’t affect the apoptosis of 
cardiomyocyte (Figure S7B). However, day 7 and 14 
post I/R injury, echocardiography showed that 
cardiac function worsened, fibrosis deposition 
increased, and vascular density decreased in mice 
with p53 knockdown specifically in cardiac fibroblasts 
(Figure 8E-H). Conversely, after wnt4 overexpression 
in cardiac fibroblasts with p53 depletion, we observed 
that the worsening cardiac function from p53 CKO 
mice was rescued (Figure 8E-H). The decrease in 
fibrosis deposition and increase in vascular density 
may, at least partly, be due to the increase in MEndoT 
induced by Wnt4 overexpression. 

Discussion 
In the current study, we investigated the 

spatio-temporal expression of Wnt4 and revealed that 
Wnt4 is a “cardiac response to injury” gene that 
driving early repair events by regulating MEndoT in 
the heart. Wnts are dynamically expressed during 
cardiac development and participate in cardiogenesis; 
however, the expression of most Wnts in the adult 
heart is low [15]. Using Wnt antagonists such as 
secreted frizzled-related protein (Sfrp2) to determine 
the role of Wnts in cardiac repair has led to discrepant 
results in myocardial outcomes that indicate the 
complexity of Wnts in regulating cardiac repair 
[21,22,45,46]. In this regard, it is very necessary to 
determine the pathophysiological role of specific 
Wnts in cardiac repair. In our previous studies, we 
screened the expression of 19 Wnts following I/R 
injury and found that canonical Wnt1 and 
noncanonical Wnt4 expression were significantly 
upregulated following cardiac injury. We had earlier 
focused on the role of Wnt1 and revealed a novel 
function of Wnt1 as a “cardiac response to injury” 
gene that aided in driving early repair events in the 
heart by activating the epicardium and cardiac 
fibroblasts [2]. In contrast to profibrotic role of Wnt1 
in cardiac repair, our findings not only support the 
antifibrotic roles of Wnt4 that are consistent with the 
findings of some previous studies indicating the 
potential antifibrotic role of Wnt4 in skin and renal 
fibrosis [32,33], but also support the proendothelial 
roles of Wnt4 that are also consistent with some 
previous studies that mesenchymal stem cells can 
improve cardiac function after cardiac injury by 
regulating endothelial cells via the Wnt4 [35,36].  
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Figure 8: Wnt4 overexpression in cardiac fibroblasts rescued cardiac function worsened by p53 depletion in cardiac fibroblasts after ischemic reperfusion 
(I/R) injury. Col1a2-CreERT: p53 CKO mice subjected to sham or I/R injury after administration of pAAV-CMV-DIO-Wnt4-3xFLAG-WPRE virus 
(pAAV-CMV-DIO-EGFP-3xFLAG-WPRE virus serve as control) and tamoxifen. (A) Schematic diagram show p53 knockdown and Wnt4 overexpression in Col1a2+ cardiac 
fibroblasts. (B) Western blot for p53, Wnt4 and endothelial cell markers in cardiac fibroblasts isolated within 24 h from whole heart at day 7 post cardiac I/R injury and the 
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densitometric quantification, n = 4 animals/group. (C-D) Triple immunofluorescence staining of tdTomato, Wnt4 and VECAD in injury border zone and the quantification, n = 
4 animals/group, Scale bar: 10 µm. (E) The representative image of echocardiography M model. (F) Cardiac function analyzed by echocardiography, p53+/+ group n = 7 animals, 
p53-/- group n = 10 animals, p53-/-/Wnt4 group n = 10 animals. (G) Masson’ trichrome staining of heart tissue and quantification of fibrosis area by Image J, n = 7 animals/group. 
(H) Immunofluorescence staining of isolectin B4 for vascular density and quantification by Image J and AngioTool, n = 6 animals/group, Scale bar: 20 µm. (All graphs show mean 
± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, using one-way anova and two-way anova.). Note: p53+/+ is mice with p53-intact, p53-/- is mice with p53 CKO in cardiac 
fibroblasts, p53-/-/Wnt4 is mice with p53 CKO but Wnt4 overexpressed in cardiac fibroblasts. 

 
MEndoT has been found to be beneficial for 

cardiac repair and the p53 signaling pathway involves 
it [12]; however, the mechanism underlying MEndoT 
regulation was unclear. p53 is a multifunctional gene 
whose activation or overexpression may have a 
complex effect. As one of crucial target gene of p53 
during MEndoT, Wnt4 can induce the occurring of 
MEndoT even in normal cell culture condition. In 
contrast to recent studies that Wnt4 exerts its effects 
via the β-catenin signaling pathway [25,29,31–
33,36,39], Wnt4 induces fibroblasts to adopt the 
endothelial phenotype via the p-JNK/JNK signaling 
pathway instead of the β-catenin signaling pathway. 
However, Wnt4 expression is dependent on β-catenin, 
which indicates that the Wnt4/β-catenin signaling 
pathway reported [25,29,31–33,36,39] may be 
attributable to the crosstalk between the canonical and 
noncanonical pathways during cell fate 
transformation. MEndoT-derived cells are an 
endothelial-like highly heterogeneous cell population 
[10]. Improving the functional maturity of 
MEndoT-derived cells is important for cardiac repair. 
However, considering it is a complex process 
involving multiple genes and steps, in-depth analysis 
on the functional maturity of MEndoT-derived cells 
has not been focused in the current study. Further 
research on identification of other crucial genes 
involved in MEndoT regulation will help to achieve 
the objective of precisely orchestrating cardiac 
fibroblasts into a functional endothelial cell fate 
instead of a myofibroblast fate.  

In all, our findings demonstrate an antifibrotic 
and proendothelial roles of Wnt4 in cardiac repair 
which not only provide new insight into the 
mechanism for cardiac repair, but also provide a 
potential gene to precisely regulate MEndoT for 
treatment of heart disease.  

Supplementary Material  
Supplementary figures. 
https://www.thno.org/v12p4110s1.pdf  

Acknowledgments 
We thank Dr. Andrew Leask from University of 

Western Ontario for permission to use Col1a2-CreERT 
mice for our research. This work was supported by 
National Natural Science Foundation of China (NSFC 
#81670262, 82000259, 82170264), Guangzhou Lingnan 
Yingjie Project and Guangzhou Science and 
Technology Basic and Applied Basic Research Project 

(202102010191). We would like to thank Editage 
(www.editage.com) for English language editing. 

Author Contributions 
W.D. and Y.Z. performed most of the 

experiments and data analysis together with D.W., 
Y.L., C.Z., J.G., F.L., R.L. and X.Z.; D.W., W.C. and J.D. 
designed the study and wrote and edited the 
manuscript. All the authors reviewed the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Deb A, Ubil E. Cardiac fibroblast in development and wound healing. J Mol 

Cell Cardiol. 2014; 70: 47–55.  
2.  Duan J, Gherghe C, Liu D, Hamlett E, Srikantha L, Rodgers L, et al. 

Wnt1/βcatenin injury response activates the epicardium and cardiac 
fibroblasts to promote cardiac repair. EMBO J. 2012; 31: 429–42.  

3.  Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. 
Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. Cell. 2007; 131: 861–72.  

4.  Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell. 2006; 126: 
663–76.  

5.  Margariti A, Winkler B, Karamariti E, Zampetaki A, Tsai T, Baban D, et al. 
Direct reprogramming of fibroblasts into endothelial cells capable of 
angiogenesis and reendothelialization in tissue-engineered vessels. Proc Natl 
Acad Sci U S A. 2012; 109: 13793–8.  

6.  Qian L, Huang Y, Spencer CI, Foley A, Vedantham V, Liu L, et al. In vivo 
reprogramming of murine cardiac fibroblasts into induced cardiomyocytes. 
Nature. 2012; 485: 593–8.  

7.  Song K, Nam Y-J, Luo X, Qi X, Tan W, Huang GN, et al. Heart repair by 
reprogramming non-myocytes with cardiac transcription factors. Nature. 
2012; 485: 599–604.  

8.  Liu Z, Wang L, Welch JD, Ma H, Zhou Y, Vaseghi HR, et al. Single-cell 
transcriptomics reconstructs fate conversion from fibroblast to cardiomyocyte. 
Nature. 2017; 551: 100–4.  

9.  Brumm AJ, Nunez S, Doroudchi MM, Kawaguchi R, Duan J, Pellegrini M, et 
al. Astrocytes Can Adopt Endothelial Cell Fates in a p53-Dependent Manner. 
Mol Neurobiol. 2017; 54: 4584–96.  

10.  Dong W, Li R, Yang H, Lu Y, Zhou L, Sun L, et al. Mesenchymal-endothelial 
transition-derived cells as a potential new regulatory target for cardiac 
hypertrophy. Sci Rep. 2020; 10: 6652.  

11.  Moore JB, Zhao J, Keith MCL, Amraotkar AR, Wysoczynski M, Hong KU, et 
al. The Epigenetic Regulator HDAC1 Modulates Transcription of a Core 
Cardiogenic Program in Human Cardiac Mesenchymal Stromal Cells Through 
a p53-Dependent Mechanism. Stem Cells. 2016; 34: 2916–29.  

12.  Ubil E, Duan J, Pillai ICL, Rosa-Garrido M, Wu Y, Bargiacchi F, et al. 
Mesenchymal-endothelial transition contributes to cardiac neovascularization. 
Nature. 2014; 514: 585–90.  

13.  Wang G, Cruz AS, Youker K, Marcos-Abdala HG, Thandavarayan RA, Cooke 
JP, et al. Role of Endothelial and Mesenchymal Cell Transitions in Heart 
Failure and Recovery Thereafter. Front Genet. 2020; 11: 609262.  

14.  Gordon MD, Nusse R. Wnt Signaling: Multiple Pathways, Multiple Receptors, 
and Multiple Transcription Factors. J Biol Chem. 2006; 281: 22429–33.  

15.  Eisenberg LM, Eisenberg CA. Wnt signal transduction and the formation of 
the myocardium. Dev Biol. 2006; 293: 305–15.  

16.  Chien AJ, Conrad WH, Moon RT. A Wnt Survival Guide: From Flies to 
Human Disease. J Investig Dermatol. 2009; 129: 1614–27.  

17.  Gurley KA, Rink JC, Sánchez Alvarado A. Beta-catenin defines head versus 
tail identity during planarian regeneration and homeostasis. Science. 2008; 
319: 323–7.  

18.  Ito M, Yang Z, Andl T, Cui C, Kim N, Millar SE, et al. Wnt-dependent de novo 
hair follicle regeneration in adult mouse skin after wounding. Nature. 2007; 
447: 316–20.  

19.  Labus MB, Stirk CM, Thompson WD, Melvin WT. Expression of Wnt genes in 
early wound healing. Wound Repair Regen. 1998; 6: 58–64.  



Theranostics 2022, Vol. 12, Issue 9 
 

 
https://www.thno.org 

4126 

20.  Hermans KCM, Blankesteijn WM. Wnt Signaling in Cardiac Disease. Compr 
Physiol. 2015; 5: 1183–209.  

21.  He W, Zhang L, Ni A, Zhang Z, Mirotsou M, Mao L, et al. Exogenously 
administered secreted frizzled related protein 2 (Sfrp2) reduces fibrosis and 
improves cardiac function in a rat model of myocardial infarction. Proc Natl 
Acad Sci U S A. 2010; 107: 21110–5.  

22.  Kobayashi K, Luo M, Zhang Y, Wilkes DC, Ge G, Grieskamp T, et al. Secreted 
Frizzled-related protein 2 is a procollagen C proteinase enhancer with a role in 
fibrosis associated with myocardial infarction. Nat Cell Biol. 2009; 11: 46–55.  

23.  McMahon AP, Bradley A. The Wnt-1 (int-1) proto-oncogene is required for 
development of a large region of the mouse brain. Cell. 1990; 62: 1073–85.  

24.  Nusse R, Varmus HE. Many tumors induced by the mouse mammary tumor 
virus contain a provirus integrated in the same region of the host genome. 
Cell. 1982; 31: 99–109.  

25.  Chen Z, Zhu J, Fu Y, Richman A, Han Z. Wnt4 is required for ostia 
development in the Drosophila heart. Dev Biol. 2016; 413: 188–98.  

26.  Jeays-Ward K, Hoyle C, Brennan J, Dandonneau M, Alldus G, Capel B, et al. 
Endothelial and steroidogenic cell migration are regulated by WNT4 in the 
developing mammalian gonad. Development. 2003; 130: 3663–70.  

27.  Stark K, Vainio S, Vassileva G, McMahon AP. Epithelial transformation of 
metanephric mesenchyme in the developing kidney regulated by Wnt-4. 
Nature. 1994; 372: 679–83.  

28.  Vainio S, Heikkilä M, Kispert A, Chin N, McMahon AP. Female development 
in mammals is regulated by Wnt-4 signalling. Nature. 1999; 397: 405–9.  

29.  He W, Dai C, Li Y, Zeng G, Monga SP, Liu Y. Wnt/β-Catenin Signaling 
Promotes Renal Interstitial Fibrosis. J Am Soc Nephrol. 2009; 20: 765–76.  

30.  Nguyen HT, Thomson AA, Kogan BA, Baskin LS, Cunha GR. Expression of 
the Wnt gene family during late nephrogenesis and complete ureteral 
obstruction. Lab Invest. 1999; 79: 647–58.  

31.  Surendran K, McCaul SP, Simon TC. A role for Wnt-4 in renal fibrosis. Am J 
Physiol Renal Physiol. 2002; 282: F431-441.  

32.  DiRocco DP, Kobayashi A, Taketo MM, McMahon AP, Humphreys BD. 
Wnt4/β−Catenin Signaling in Medullary Kidney Myofibroblasts. J Am Soc 
Nephrol. 2013; 24: 1399–412.  

33.  Saitoh A, Hansen LA, Vogel JC, Udey MC. Characterization of Wnt Gene 
Expression in Murine Skin: Possible Involvement of Epidermis-Derived Wnt-4 
in Cutaneous Epithelial–Mesenchymal Interactions. Exp Cell Res. 1998; 243: 
150–60.  

34.  Liu J, Zhao B, Zhu H, Pan Q, Cai M, Bai X, et al. Wnt4 negatively regulates the 
TGF-β1-induced human dermal fibroblast-to-myofibroblast transition via 
targeting Smad3 and ERK. Cell Tissue Res. 2020; 379: 537–48.  

35.  Leroux L, Descamps B, Tojais NF, Seguy B, Oses P, Moreau C, et al. Hypoxia 
Preconditioned Mesenchymal Stem Cells Improve Vascular and Skeletal 
Muscle Fiber Regeneration After Ischemia Through a Wnt4-dependent 
Pathway. Mol Ther. 2010; 18: 1545–52.  

36.  Zhang B, Wu X, Zhang X, Sun Y, Yan Y, Shi H, et al. Human Umbilical Cord 
Mesenchymal Stem Cell Exosomes Enhance Angiogenesis Through the 
Wnt4/β-Catenin Pathway: HucMSC Exosomal Wnt4 Promotes Angiogenesis. 
Stem Cells Transl Med. 2015; 4: 513–22.  

37.  Wang F, He Q, Gao Z, Redington AN. Atg5 knockdown induces 
age-dependent cardiomyopathy which can be rescued by repeated remote 
ischemic conditioning. Basic Res Cardiol. 2021; 116: 47.  

38.  Zheng X, Weigert A, Reu S, Guenther S, Mansouri S, Bassaly B, et al. Spatial 
Density and Distribution of Tumor-Associated Macrophages Predict Survival 
in Non–Small Cell Lung Carcinoma. Cancer Res. 2020; 80: 4414–25.  

39.  Jordan BK, Shen JH-C, Olaso R, Ingraham HA, Vilain E. Wnt4 overexpression 
disrupts normal testicular vasculature and inhibits testosterone synthesis by 
repressing steroidogenic factor 1/β-catenin synergy. Proc Natl Acad Sci U S A. 
2003; 100: 10866–71.  

40.  Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, et al. 
Activation of β-Catenin-Tcf Signaling in Colon Cancer by Mutations in 
β-Catenin or APC. Science. 1997; 275: 1787–90.  

41.  Yost C, Torres M, Miller JR, Huang E, Kimelman D, Moon RT. The 
axis-inducing activity, stability, and subcellular distribution of beta-catenin is 
regulated in Xenopus embryos by glycogen synthase kinase 3. Genes Dev. 
1996; 10: 1443–54.  

42.  Kim J-H, Hong A, Kim Y-H, Yoo H, Kang SW, Chang SE, et al. JNK suppresses 
melanogenesis by interfering with CREB-regulated transcription coactivator 
3-dependent MITF expression. Theranostics. 2020; 10: 4017–29.  

43.  Liu J, Wang T, Creighton CJ, Wu SP, Ray M, Janardhan KS, et al. JNK1/2 
represses Lkb1-deficiency-induced lung squamous cell carcinoma 
progression. Nat Commun. 2019; 10: 2148.  

44.  Du H, Deng W, Aimone JB, Ge M, Parylak S, Walch K, et al. Dopaminergic 
inputs in the dentate gyrus direct the choice of memory encoding. Proc Natl 
Acad Sci U S A. 2016; 113: E5501–10.  

45.  Mirotsou M, Zhang Z, Deb A, Zhang L, Gnecchi M, Noiseux N, et al. Secreted 
frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal stem 
cell-released paracrine factor mediating myocardial survival and repair. Proc 
Natl Acad Sci U S A. 2007; 104: 1643–8.  

46.  Zhang Z, Deb A, Zhang Z, Pachori A, He W, Guo J, et al. Secreted frizzled 
related protein 2 protects cells from apoptosis by blocking the effect of 
canonical Wnt3a. J Mol Cell Cardiol. 2009; 46: 370–7. 

 


