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Abstract. Zinc finger protein 667 (ZNF667, also referred 
as Mipu1), a widely expressed KRAB/C2H2‑type zinc finger 
transcription factor, can protect against hypoxic‑ischemic 
myocardial injury. Pro‑angiogenesis is regarded as a prom‑
ising strategy for the treatment of acute myocardial infarction 
(AMI). However, whether ZNF667 is involved in the angio‑
genesis following AMI remains to be elucidated. The present 
study reported that the expression of ZNF667 in CD31‑positive 
endothelial cells (ECs) was upregulated in the heart of AMI 
mice. Hypoxic challenge (1% oxygen) promoted the mRNA 
and protein expression of ZNF667 in the human umbilical 
vein endothelial cells (HUVECs) in a time‑dependent manner. 
Moreover, ZNF667 promoted hypoxia‑induced invasion 
and tube formation of HUVECs. Mechanically, ZNF667 
could directly bind to the promoter of anti‑angiogenic gene 
VASH1 and inhibit its expression. Consequently, VASH1 
overexpression abolished hypoxic challenge or ZNF667 over‑
expression‑induced invasion and tube formation of HUVECs. 
Further bioinformatic analyses suggested that overexpression 

of ZNF667 or knockdown of VASH1‑induced differentially 
expressed genes in HUVECs were greatly enriched in the Wnt 
signaling pathway (DAAM1, LEF1, RAC2, FRAT1, NFATc2 
and WNT5A). Together, these data suggested that ZNF667 
facilitates myocardial ischemia‑driven angiogenesis through 
transcriptional repression of VASH1 and regulation of Wnt 
signaling pathway.

Introduction

Ischemic heart disease (IHD), also referred to as the coronary 
artery disease, is one of the most common diseases and has 
been the leading cause of mortality and disability worldwide 
in the last two decades (1,2). The major causes of IHD are 
atherosclerosis, atherosclerotic plaque rupture and thrombosis 
in the coronary arteries, which lead to low perfusion in the 
region supplied by the occluded vessels. Decreased blood flow 
can induce myocardial hypoxic injury. Due to the intrinsic 
inability of myocardium to regenerate, it fails to self‑rehabilitate 
following myocardial infarction. Persistent ischemia can 
ultimately result in irreversible myocardial injury, remodeling 
of the remaining non‑infarcted myocardium and even heart 
failure (3,4). Early restoration of blood supply to the ischemic 
myocardium may improve the prognosis of patients with IHD.

Cardiac angiogenesis is an essential regenerative event 
in the ischemic injured hearts following acute myocardial 
infarction (AMI) and de novo formation of microvessels 
salvages the ischemic myocardium at the early stage  (5). 
However, compelling evidence suggests that cardiac 
angiogenesis following ischemia is inadequate, which may 
promote irreversible transition from adaptive cardiac hyper‑
trophy to cardiac dysfunction. Consequently, pro‑angiogenic 
therapy, which generates new blood vessels from existing 
vasculature, appears to be a promising strategy for the treat‑
ment of IHD. To date, various pro‑angiogenic strategies 
have emerged, including targeted delivery of pro‑angiogenic 
factors, implantation of stem cells and targeted genome engi‑
neering (6‑10). Although the pro‑angiogenic effects of these 
methods are appealing, there are limitations and concerns, 
such as delivery modality, uncontrolled angiogenesis, limited 
half‑life of growth factors and effects on other organs (6‑10). 
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Hence, exploring novel endogenous pro‑angiogenic media‑
tors is of great importance.

Angiogenesis is a co‑regulated and balanced process of 
pro‑angiogenic factors [e.g., vascular endothelial growth 
factor A (VEGFA), fibroblast growth factor 2 (FGF2) and 
hepatocyte growth factor (HGF)] and anti‑angiogenic factors 
[e.g., angiostatin, vasohibin 1 (VASH1) and thrombospon‑
dins (TSP)] (7,11‑13). To date, numerous studies have been 
conducted to understand the roles of these angiogenic factors in 
the pro‑angiogenic and anti‑angiogenic therapy (11,12,14‑16). 
However, the regulation of these gene expressions during 
angiogenesis has not been extensively elucidated. Increasing 
attention focuses on various transcription factors (TFs) that 
are expressed in the endothelial cells (ECs) during vascular 
development. TFs bind to specific DNA sequences within the 
promoter regions, form a complex with different co‑regulatory 
proteins and thus result in transcriptional activation or repres‑
sion of genes. It has been reported that multiple TFs, such as 
hypoxia‑inducible factor (HIF)‑1, Sp1 transcription factor 
(SP1), transcription factor AP‑2 α (TFAP2A), early growth 
response 1 gene (EGR1), signal transducer and activator 
of transcription 6 (STAT6) and estrogen‑related receptor γ 
(ERRγ) can transcriptionally regulate VEGF family members 
by directly interacting with specific binding sites on their 
promoter sequences (17‑19). In addition, ischemia‑hypoxia can 
drive the transcription of various anti‑angiogenic factors by 
different TFs, such as EGR1, JUN and enhancer of zeste 2 
polycomb repressive complex 2 subunit (EZH2) (20).

Zinc finger protein 667 (ZNF667) was previously named 
as myocardial ischemic preconditioning upregulated protein 1 
(Mipu1). It was first identified by our laboratory in 2004 as it is 
upregulated during myocardial ischemic preconditioning (21). 
ZNF667 is a Krüppel‑associated box (KRAB)/C2H2‑type zinc 
finger transcription factor and exerts remarkable cardiopro‑
tective functions. For instance, ZNF667 can protect against 
H2O2‑induced apoptosis of cardiomyocytes through transcrip‑
tional inhibition of Bax and Fas (22,23). Moreover, ZNF667 
has a transcriptional repressive effect on SRE and JUN in the 
mitogen‑activated protein kinase signaling pathway in the 
H9c2 cardiomyoblasts (24). It is worth noting that ZNF667 
contributes to HIF1A‑mediated cytoprotective effects through 
inhibiting the transcription of pro‑apoptotic gene BAX and 
activating mitochondrial apoptotic pathway (25). It is known 
that HIF1A can potentially activate the transcription of 
various angiogenesis‑related factors in response to hypoxia 
and participate in every step of angiogenesis (26). However, 
whether ZNF667 is involved in the angiogenesis following 
myocardial ischemia through transcriptional regulation of 
angiogenesis‑related factors is largely unknown. Hence, 
the present study investigated the effect of ZNF667 on 
angiogenesis following AMI and its potential mechanisms.

Materials and methods

Establishment of mouse model of AMI. A total of 34 male 
8‑week‑old C57BL/6J mice (20‑25 g) were purchased from the 
Center of Experimental Animals in Central South University 
of China and randomly divided into two groups: sham‑oper‑
ated group and LAD group (n=17 per group). The mice were 
kept in a controlled environment with 12‑h light/dark cycle, 

room temperature of 20±2˚C, and humidity of 55±10%. They 
were housed individually with free access to food and water 
throughout the experiment. Animal use procedures were 
approved by the animal welfare ethics committee of Central 
South University (approval no. 20131502). In addition, all 
animal protocols conform to the Guide for the Care and Use of 
Laboratory Animals (8th edition) published by the US National 
Institute of Health  (27). An experimental mouse model of 
MI was established by permanently ligating the left anterior 
descending (LAD) coronary artery according to previously 
reported protocols (28). In brief, anesthesia was induced with 
4% isoflurane (800 ml O2/min) and maintained by endotra‑
cheal ventilation of 2‑3% isoflurane (800 ml O2/min). Under 
sterile conditions, the mouse heart was exposed through left 
thoracotomy at the fourth intercostal space and the LAD was 
ligated with a 7‑0 suture. The thoracic incision was closed 
following ST‑segment elevation observed in an electrocar‑
diogram. Mice were extubated when breathing was restored. 
To test the effects of surgery alone, the suture was passed 
around the coronary artery but not ligated in the sham group. 
Then, the performance of left ventricle (LV) was measured 
in mice under inhalational anesthesia with 2‑3% isoflurane 
(800 ml O2/min). A small cannula filled with heparin saline 
(500 U/ml) was inserted into the LV through the apex with 
chest open and mechanically ventilated and positioned along 
the cardiac longitudinal axis. After stabilization for 2 min, the 
pressure signal was continuously recorded using a MacLab 
A/D converter (ADInstruments). The left ventricular systolic 
pressure (LVSP) and left ventricular end‑diastolic pressure 
(LVEDP) were measured and the maximal slope of systolic 
pressure increment (+dp/dt) and diastolic pressure decrement 
(‑dp/dt) were calculated. Mice were anaesthetized through 
isoflurane (2%) inhalation (800 ml O2/min) and then sacrificed 
by cervical dislocation on day 1, 3, 7 and 14 following LAD 
operation.

Measurement of myocardial infarct size. The myocardial 
infarct size was measured by 2% triphenyltetrazolium chlo‑
ride (TTC) staining as described previously  (28). Positive 
TTC staining was in red color, and the infarcted area was 
pale. Images were analyzed by Image‑Pro Plus 6.0 (Media 
Cybernetics, Inc.), and the infarct size was expressed as a 
percentage of ischemic area at risk (% IAR).

Histology and immunohistochemistry (IHC) staining. Mice 
were sacrificed on day 1, 3, 7 and 14 after surgery, the hearts 
were harvested and fixed in 4% paraformaldehyde overnight 
at 4˚C and then embedded in paraffin for sectioning according 
to standard protocols. Tissue sections at 5 µm thickness were 
mounted on a Superfrost Plus glass slide at 42‑55˚C, dried at 
60˚C for 2 h and used for hematoxylin and eosin (H&E; room 
temperature for 5 and 2 min, respectively) and IHC staining 
(primary antibody at 4˚C overnight and second antibody at 
room temperature for 1, respectively). Antibodies were used as 
follows: anti‑CD31 antibody (Wuhan Servicebio Technology 
Co., Ltd.; cat. no. GB11063‑2; 1:300 dilution), anti‑ZNF667 
antibody (Abcam; cat.  no.  ab106432; 1:800 dilution) and 
anti‑VASH1 antibody (Bioworld Technology, Inc. technology; 
cat. no. BS8509; 1:400 dilution). Microvessel density (MVD) 
was calculated by identifying 3 fields from area of highest 
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vascular density in the ischemic myocardium per slide of 
each sample and counting at low power lens (magnification, 
x200)  (29). Images were captured using automatic digital 
slide scanning system (KFBIO). A total of five random fields 
per section were analyzed using Image Pro‑Plus 7.0 software 
(Media Cybernetics, Inc.) in a double‑blind fashion to analyze 
the percentage of positive expression.

Cell culture. Human umbilical vein endothelial cell line 
(HUVECs) was purchased from the American type culture 
collection (cat. no. CRL‑1730) and cultured in Dulbecco's 
Modified Eagle Medium (DMEM; HyClone; Cytiva) supple‑
mented with 10% fetal bovine serum (FBS), 100  µg/ml 
streptomycin, 100 U/ml penicillin, 0.03 mg/ml endothelial cell 
growth supplements and 0.1 mg/ml heparin (MilliporeSigma). 
Cells were maintained at 37˚C in a humidified atmosphere 
containing 95% air and 5% CO2. For hypoxic conditions, cells 
were cultured at 37˚C in a humidified temperature‑controlled 
incubator (Don Whitley Scientific Ltd.) containing 5% CO2, 
94% N2 and 1% O2. Cells were trypsinized and resuspended in 
DMEM after they reached confluency.

Transient transfection. Plasmid pcDNA3.1‑ZNF667, 
pcDNA3.1‑VASH1 and control vector pcDNA3.1 were 
constructed by our lab as previously described (24,30). The 
plasmid was diluted in Opti‑MEM (Gibco; Thermo Fisher 
Scientific, Inc.) and mixed with MegaTran 1.0 transfec‑
tion reagent (OriGene Technologies, Inc.) according to the 
manufacturer's instructions. In brief, HUVECs were seeded 
in a 6‑well plate at a density of 5x104 cells/well 24 h prior to 
transfection. When the cells reached 70% confluence, 1.5 µg of 
plasmid was diluted in 100 µl of Opti‑MEM and then 4.5 µl of 
MegaTran 1.0 was added to the diluted plasmid. The MegaTran 
1.0/plasmid mixture was vortexed for 10 seconds, incubated at 
room temperature for 10 min and gently added to different wells 
that already contained about 900 µl of DMEM medium. The 
siRNA sequences used for this study were as follows: scramble 
siRNA (sense: 5'‑GAG​UUG​AAA​UCU​ACU​GGU​CAU​UA‑3'; 
anti‑sense: 5'‑UAA​UGA​CCA​GUA​GAU​UUC​AAC​UC‑3'), 
ZNF667 siRNA (sense: 5'‑CUU​CAU​CAG​AAC​AUU​CAU​
A‑3'; anti‑sense: 5'‑UAU​GAA​UGU​UCU​GAU​GAA​G‑3') and 
VASH1 siRNA (sense: 5'‑GCU​GUG​CAG​CGC​UAC​AUC​A‑3'; 
anti‑sense: 5'‑UGA​UGU​AGC​GCU​GCA​CAG​C‑3'). SiRNAs 
were diluted in Opti‑MEM and mixed with Lipofectamine® 
3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. At 48 h after transfection, cells 
were incubated either in normoxic or hypoxic condition.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
from 5x105 cells was extracted using the TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) and reverse transcribed to 
cDNA using PrimeScript RT reagent kit (Takara Bio, Inc.). 
The mRNA expression was detected by SYBR® Premix Ex 
Taq (Takara Shuzo Co.) using ABI 7500 real‑time PCR system 
(Thermo Fisher Scientific, Inc.). PCR cycling conditions were 
as follows: Initial denaturation at 94˚C for 5 min; followed 
by 35 cycles of denaturation at 94˚C for 30 sec, annealing 
at 55˚C for 30 sec and extension at 72˚C for 30 sec. Relative 
quantitation of mRNA was analyzed using the equation as 
follows: Ratio=2‑ΔΔCq and normalized using ACTB gene (31). 

All the experiments were repeated three times. Primers used 
in this study are listed in Table I. All procedures including 
RNA extraction, cDNA synthesis, and qPCR were performed 
according to the manufacturer's instructions.

RNA sequencing (RNA‑seq). Total RNA from HUVECs trans‑
fected with pcDNA3.1 or pcDNA3.1‑ZNF667 plasmid was 
extracted using TRIzol® reagent (Thermo Fisher Scientific, 
Inc.) and the quality and integrity [RNA Integrity Number 
(RIN)>8.1] of RNA was verified by a Bioanalyzer. Each sample 
had three biological replicates that were processed in separate 
batches. RNA‑seq library preparation and Illumina sequencing 
were performed using HiSeq 2500 platform (Beijing Genomics 
Institute). An average of 20±0.5 million reads were produced 
from each sample for minimal sequencing coverage. The 
raw data files containing reads and quality scores have been 
uploaded to the Gene Expression Omnibus (GEO) database: 
GSE208105 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE208105).

Immunoblotting. 	Myocardial tissues and HUVECs were 
homogenized or scraped using radioimmunoprecipitation 
assay (RIPA) buffer [150 mM NaCl, 1% Triton X‑100, 1% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris‑HCl (pH 7.5) 
and 2  mM EDTA (pH  8.0)] supplemented with protease 
inhibitors. The lysate was centrifuged at 14,000 x g for 10 min 
at 4˚C and then the protein concentration was quantified by 
the Bradford method. Protein samples were then mixed with 
5X loading buffer. Equal amounts of protein (20‑50 µg) were 
loaded on 10% sodium dodecyl‑sulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE) and then transferred to polyvi‑
nylidene fluoride membranes (Millipore). After blocking with 
5% non‑fat milk (diluted in Tris‑buffered saline with Tween 20) 
for 2 h, membranes were incubated with different primary 
antibodies at 4˚C overnight. The following antibodies were 
used for immunoblotting: Anti‑GFP antibody (Cell Signaling 
Technology, Inc.; cat. no. 2555S; 1:1,000 dilution), anti‑VASH1 
antibody (Bioworld Technology, Inc.; cat. no. BS8509; 1:1,000 
dilution), anti‑GADPH antibody (Millipore; cat. no. G9545; 
1:3,000 dilution). Subsequently, the membranes were incubated 
with HRP‑labeled Goat Anti‑Rabbit IgG (H + L) (Beyotime 
Institute of Biotechnology; cat. no. A0208; 1:5,000 dilution) 
or HRP‑labeled Goat Anti‑Mouse IgG (H + L) (Beyotime 
Institute of Biotechnology; cat. no. A0216; 1:5,000 dilution) 
at room temperature for 1 h. Enhanced chemiluminescence 
(ECL) was performed by using Clarity Max Western ECL 
Substrate (Bio‑Rad Laboratories, Inc.; cat. no. 1705062). The 
relative band intensity was calculated using Image Pro‑Plus 7.0 
software (Media Cybernetics, Inc.). GAPDH was used as a 
loading control for protein normalization.

Chromatin immunoprecipitation‑quantitative PCR. 
Chromatin immunoprecipitation (ChIP) assay was performed 
using the ChIP assay kit (Beyotime Institute of Biotechnology; 
cat. no. P2078) according to the manufacture's protocol. Before 
ChIP assay, the potential binding sites in the promoters of 10 
angiogenesis‑related genes were predicted using the JASPAR 
database (http://jaspar.genereg.net/), in which the scores of 
predicted binding sites ≥8.0 and relative scores of predicted 
binding sites ≥0.8 were screened out and further identified 
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by ChIP assay and qPCR. A total number of 5x106 HUVECs 
were crosslinked, resuspended and lysed in 10 ml cell culture 
medium containing 37% formaldehyde, then sonicated to 
shear the DNA into a range of 400‑800 bp. The chromatin 
fraction was then immunoprecipitated using ZNF667 antibody 
(Abcam; cat. no. ab106432, 1:50 dilution) or IgG antibody 
(Abcam; cat. no. ab172730, 1:50 dilution) at 4˚C overnight. 
Then the mixture was incubated with protein A + G agarose 
beads at 4˚C for 1 h, which was isolated and washed sequen‑
tially by sequentially, high salt immune complex wash buffer, 
LiCl immune complex wash buffer, TE buffer. Purified DNA 
was then subjected to qPCR as described above using primers 
near the specific DNA binding site 5'‑TGT​CTT​ATC​GAA‑3' 
in the ZNF667 promoter. The detection of a band on agarose 
gel electrophoresis indicated the presence of binding between 
the transcription factor and target genes. The percentage of 
input was calculated and normalized by IgG as a fold change. 
Primers for ChIP analysis were as follows: VEGFA‑forward: 
5'‑TAG​CAA​AGA​GGG​AAC​GGC​TC‑3'; reverse: 5'‑AAC​TCT​
GTC​CAG​AGA​CAC​GC‑3'; PFKFB3‑forward: 5'‑CTT​GTC​
GCT​GAT​CAA​GGT​GA‑3'; reverse: 5'‑TAG​TAC​ACG​ATG​
CGG​CTC​TG‑3'; VASH1‑forward: 5'‑AGG​ACC​GGA​AGA​
AGG​ATG​TT; reverse: 5'‑TGG​TAC​CCG​TTA​AGG​TCT​GG‑3'.

Electrophoretic mobilit y shif t assay (EMSA). The 
DNA‑protein interaction was analyzed using LightShift 

Chemiluminescent EMSA kit (Thermo Fisher Scientific, 
Inc.; cat. no. 20148) according to the manufacturer's instruc‑
tions. DNA probes were generated according to sequences 
between ‑226 to ‑222 bp upstream of the transcription start 
site (TSS) of human VASH1 promoter as double‑stranded, 
biotin‑labeled oligonucleotides corresponding to the wild 
type sequences (5'‑AGG​GGG​AGC​ATC​TTA​AAG​CAC​
ACA​C‑3') and mutant sequence (5'‑AGT​GGG​AGC​ATA​
GTA​AAG​CAC​ACA​C‑3'). Specific binding was confirmed 
using 100‑fold excess of unlabeled mutant oligonucleotides 
(mutant cold probe) and 100‑fold excess of unlabeled iden‑
tical oligonucleotides (cold probe), respectively. The nuclear 
extract was incubated with different oligonucleotides at 
room temperature for 20 min before being separated on a 6% 

non‑denaturing acrylamide gel. Target bands were detected 
by ECL mentioned above.

Matrigel‑based tube formation assay. Tube formation assay 
was performed as reported previously (29). Firstly, Matrigel 
matrix (BD Biosciences; cat. no. 354234) was fully dissolved 
at 4˚C overnight. Then, 50 µl of Matrigel matrix was added to 
96‑well plates and incubated at 37˚C for 30 min. Next, 3‑5x103 
HUVECs in 150 µl of cell culture medium were seeded on 
the Matrigel in each well. The tubular formation of HUVECs 
in five random fields were imaged using an inverted‑phase 
contrast microscope. The number of tubules, loops and 
branch points were quantified using online tool WimTube 
(Wimasis, Onimagin Technologies SCA).

Scratch wound healing assay. A total of 2x105 HUVECs 
were plated in each well of 6‑well plates. After the cells were 
adherent to the plate, a 10 µl sterile pipette tip was used to 
scratch at the middle of each well. Invasion was determined 
by visual assessment of cells that had repopulated wound 
margins using phase‑contrast microscopy. The distance of 
the scratch was measured using ImageJ (National Institutes 
of Health) at 0 and 24 h following incubation and relative 
invasion distance was compared with the control group (e.g., 
scramble siRNA or pcDNA3.1 group). The total amount of 
invasion was calculated by subtracting the final invasion area 
for each image.

Bioinformatics analysis of RNA‑seq data and GEO arrays. 
Microarray data set: RNA‑seq for ZNF667 overexpression 
was completed in the Beijing Genomics Institute as mentioned 
above (GSE208105). RNA‑seq data of VASH1 knockdown was 
obtained from publicly available Gene Expression Omnibus 
(GEO) database GSE27871. Wilcoxon rank‑sum test was 
used to determine the differentially expression genes (DEGs) 
between the above groups. Transcripts were further filtered 
by fold change ≥2, P<0.05. Biological insights from candidate 
genes were obtained by performing Gene Ontology (GO) 
(biological processes) enrichment and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis.

Table I. Primer sequences of target genes for reverse transcription‑quantitative PCR 

Gene	 Accession number	 Forward primer (5' to 3')	 Reverse primer (5' to 3')

VASH1	 NM_014909	C AAATGCCTGGAAGCCGTGATC	 AGCACGATGTGGCGGAAGTAGT
DAAM1	 NM_001270520	 ATTCCTCAGCCCACAAATGCCC	 GCAGAGAAGGTTCTTTCCAGGTC
LEF1	 NM_016269	C TACCCATCCTCACTGTCAGTC	 GGATGTTCCTGTTTGACCTGAGG
RAC2	 NM_002872	C AGCCAATGTGATGGTGGACAG	 GGAGAAGCAGATGAGGAAGACG
FRAT1	 NM_005479	 TCCCAACCAGAAACCCGCACAG	 TAACTGCAGCCGTCGCGAATGA
PLCB2	 XM_017022317	CC TGGAAGTGACGGCTTATGAG	 GCTCTGTGAAGGACGAGATGAC
AXIN2	 NM_004655	C AAACTTTCGCCAACCGTGGTTG	 GGTGCAAAGACATAGCCAGAACC
NFATC2	 NM_001258297	 GATAGTGGGCAACACCAAAGTCC	 TCTCGCCTTTCCGCAGCTCAAT
CXXC4	 NM_025212	 TGCCCGCAGAATCATTCCTCCT	 ACGCCACAGTTGATGAGCCTCT
WNT5A	 NM_003392	 TACGAGAGTGCTCGCATCCTCA	 TGTCTTCAGGCTACATGAGCCG
ZNF667	 NM_001321356	 AAACCCCGTCTCCACTGAAAAA	C AAGCGATTCTTCTCCTTCAGC
ACTB	 NM_001101	C ACCATTGGCAATGAGCGGTTC	 AGGTCTTTGCGGATGTCCACGT
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Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 7.0 (GraphPad Software, Inc.) software. 
Measurement data were represented as mean ± standard devia‑
tion. Differences among groups were determined by one‑way 
analysis of variance (ANOVA). Post hoc test was performed 
using the least significant difference (LSD) test when ANOVA 
was significant. Differences between two groups were 
analyzed by unpaired Student's t‑tests. P<0.05 was considered 
to indicate a statistically significant difference.

Results

ZNF667 is highly expressed in the ECs of ischemic 
myocardium following AMI. To investigate the role of 

ZNF667 in angiogenesis following myocardial ischemia, a 
mouse model of AMI was established through LAD ligation 
(Figs. 1A and S1A). On day 14 after LAD ligation, the AMI 
mice developed severe left ventricular wall thinning, extensive 
fibrosis and abnormal cardiac hemodynamics when compared 
with the sham‑operated controls (Figs. 1B and S1B‑G). To 
assess the neovascularization of ischemic myocardium, the 
expression of endothelial markers, such as CD31, was detected 
in the ischemic myocardium and then microvessel density 
(MVD) based on CD31‑positive ECs was calculated. The 
results showed that MVD was prominently increased in the 
ischemic myocardium (Fig. 1C‑E). In addition, the expression 
of ZNF667 in the ischemic myocardium increased with the 
extension of ischemic time and reached a peak on day 14 after 

Figure 1. The expression of ZNF667 and angiogenesis were increased in the ischemic myocardium of AMI mice. (A) The statistics histogram of myocardial 
infarct size of mice on day 14 after LAD ligation (n=5 per group). (B) Morphological and pathological changes of myocardium were observed by hematoxylin 
and eosin staining on day 14 following surgery (Scale bar=100 µm). (C) The expression of CD31 (upper) and ZNF667 (lower) in the ischemic myocardium 
(left ventricle) of mice was detected by immunohistochemistry on day 14 following surgery (Scale bar=50 µm). (D) Microvessel density was calculated by 
identifying five fields from an area of highest vascular density in the ischemic myocardium per slide of each sample and counting at low power lens (n=5 per 
group). (E) The statistics histogram of positive expression of ZNF667 in the ischemic myocardium (left ventricle) of mice (n=5 per group). (F) Expression of 
ZNF667 in the left ventricle of mice on day 1, 3, 7 and 14 following surgery was detected by immunoblotting. (G) Quantification of immunoblot analysis of 
ZNF667 (n=3 per group). (H) The expression of CD31 and ZNF667 in the serial ischemic myocardium sections of AMI mice on day 14 following surgery 
were detected by immunohistochemistry. Scale bar (left)=200 µm, (right)=50 µm. The arrows indicate the co‑localization of positive expression of CD31 and 
ZNF667. (I) Quantification of positive expression rate of ZNF667 in CD31‑positive cells in the ischemic myocardium of AMI mice (n=5 per group). Data are 
presented as mean ± standard deviation. ZNF667, zinc finger protein 667; AMI, acute myocardial infarction; LAD, left anterior descending coronary artery.
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LAD ligation (Fig. 1F and G). The expression of ZNF667 in 
the ECs was further detected by IHC using serial sections. As 
shown in Fig. 1H and I, ZNF667 showed marked co‑localization 
with CD31 and the expression of ZNF667 in CD31‑positive 
ECs was higher than that in the sham controls (Fig. 1G). These 
data indicated that ZNF667 was highly expressed in the ECs 
within the ischemic myocardium and might be involved in 
neovascularization following an AMI.

ZNF667 mediates hypoxia‑induced invasion and tube forma‑
tion of HUVECs. HUVECs exposed to hypoxic condition 
(1% O2) were used to mimic the ischemic situation in vivo. 
It was found that hypoxia increased both, the mRNA and 
protein expression, of ZNF667 in a time‑dependent manner 
(Fig. 2A‑C). As shown in Fig. 2F and G, hypoxia exposure 
significantly promoted the invasion and tube formation of 
HUVECs. However, downregulation of ZNF667 expression 
by siRNA mitigated hypoxia‑enhanced invasion and tube 
formation of HUVECs (Fig. 2D, H, I, L and M). Moreover, 
overexpression of ZNF667 evidently enhanced invasion and 
tube formation of HUVECs exposed to normoxic condi‑
tions (Fig. 2E, J, K, N and O). These data further indicated 
that ZNF667 could mediate ischemia‑ or hypoxia‑induced 
angiogenesis.

ZNF667 inhibits the transcription of VASH1 through directly 
binding to its promoter. As a KRAB/C2H2‑type zinc finger 
transcription factor, ZNF667 exerts its function mainly 
through binding to specific core sequence 5'‑CTTA‑3' in the 
promoter regions of different target genes (23). Bioinformatic 
prediction was hence used to screen out angiogenesis‑related 
target genes of ZNF667. The present study predicted and 
evaluated the potential binding sites in the promoters of 10 
angiogenesis‑related genes (VEGFA, VASH1, SVBP, PFKFB3, 
FGF2, KDR, FLT1, ANGPT1, ANGPT12 and TEK) using the 
JASPAR database (http://jaspar.genereg.net/), in which the 
scores of predicted binding sites ≥8.0 and relative scores of 
predicted binding sites ≥0.8 were screened out and further 
identified by ChIP assay and qPCR (Table SI). Finally, three 
angiogenesis‑related genes that have ZNF667 binding sites in 
their promoters were screened out as candidate target genes of 
ZNF667, including VEGFA, VASH1 and PFKFB3. Multiple 
putative ZNF667 binding sites were found in the promoter 
region of VEGFA (‑491 to ‑485; ‑614 to ‑608; ‑1123 to ‑1117), 
VASH1 (‑154 to ‑148; ‑226 to ‑220) and PFKFB3 (‑214 to ‑208; 
‑689 to ‑683) through bioinformatics analysis (Fig. 3A).

To further identify the transcriptional regulation of 
ZNF667 on these three genes, a ChIP assay was performed. 
A higher amount of chromatin‑containing VASH1 promoter 
region (‑226 to ‑220) was immunoprecipitated by anti‑GFP 
antibody compared with control IgG in HUVECs trans‑
fected with pcDNA3.1‑ZNF667 plasmid (Fig.  3B). In 
ZNF667‑overexpressed HUVECs, the mRNA expression 
of VASH1 decreased by 75%, while no obvious change was 
observed in the mRNA expression of VEGFA and PFKFB3. 
Band shift was abolished by specific competitor (Fig. 3D, 
lane 3), while no obvious change was observed by the addition 
of mutant VASH1 competitor (Fig. 3D, lane 4). Super shift was 
observed following incubation with ZNF667 antibody (Fig. 3D, 
lanes 5 and 6), indicating the specificity of the bound complex. 

These data strongly suggested that ZNF667 could directly bind 
to the promoter of VASH1. Next, the regulation was identified 
through detecting the effect of ZNF667 on VASH1 expression. 
As shown in Fig. 3C, E and F, overexpression of ZNF667 
predominantly decreased the mRNA and protein levels of 
VASH1. This suggested that ZNF667‑regulated angiogenesis 
might be related to the inhibition of VASH1 transcription.

The expression of VASH1 is downregulated in the ECs of 
ischemic myocardium following AMI. Although VASH1 is 
commonly regarded as an angiogenesis inhibitor, its role and 
correlation with ZNF667 in myocardial ischemia remain to be 
elucidated. Hence, the expression of VASH1 was detected in 
the ischemic myocardium and it was found that the expression 
of VASH1 significantly increased on day 1 and 3 after LAD 
ligation when compared with sham controls. However, VASH1 
expression decreased with the extension of ischemic duration 
and was negatively associated with the expression of ZNF667 
(Fig. 4A and B). VASH1, a protein preferentially expressed in 
ECs, was also found to be expressed in different types of cells, 
such as fibroblasts and smooth muscle cells. Consequently, 
the expressions of CD31 and VASH1 were detected by IHC 
using serial sections. The results showed that the expression 
of VASH1 in CD31‑positive ECs of ischemic myocardium 
distinctly decreased (Fig. 4C and D). Taken together, these 
results suggested that downregulation of VASH1 might be 
involved in neovascularization following AMI.

Hypoxia‑induced downregulation of VASH1 facilitates the 
invasion and tube formation of HUVECs in vitro. To further 
explore the role of VASH1 during myocardial ischemia, 
the expression of VASH1 in HUVECs exposed to hypoxic 
conditions was detected. It was shown that hypoxic exposure 
decreased the mRNA and protein expressions of VASH1 in a 
time‑dependent manner (Fig. 5A‑C). In addition, downregula‑
tion of VASH1 expression by siRNA promoted the invasion and 
tube formation of HUVECs exposed to normoxic conditions 
(Fig. 5D, F, G, J and K), whereas overexpression of VASH1 in 
hypoxic conditions abrogated the hypoxia‑enhanced invasion 
and tube formation of HUVECs (Fig. 5E, H, I, L and M). These 
data suggested that VASH1 could inhibit hypoxia‑induced 
angiogenesis.

ZNF667 promotes invasion and tube formation of HUVECs 
through transcriptional repression of VASH1. Based on the 
regulation of ZNF667 on VASH1 transcription, the effect 
of VASH1 on ZNF667‑mediated angiogenesis was further 
explored. HUVECs transfected with pcDNA3.1‑ZNF667 
and/or pcDNA3.1‑VASH1 were exposed to normoxic 
conditions. It was shown that overexpression of ZNF667 
by pcDNA3.1‑ZNF667 enhanced invasion and tube 
formation of HUVECs, whereas upregulation of VASH1 
expression by pcDNA3.1‑VASH1 abolished ZNF667 overex‑
pression‑promoted invasion and tube formation of HUVECs 
(Fig.  6A‑D). These data strongly indicate that ZNF667 
promotes the invasion and tube formation of HUVECs through 
negative transcriptional regulation of VASH1.

Wnt signaling pathway may be the downstream effector of 
ZNF667‑suppressed VASH1 transcription. For an improved 
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Figure 2. Effect of ZNF667 on the invasion and tube formation of HUVECs exposed to hypoxia. HUVECs cells were cultured in vitro and exposed to 
hypoxic condition for different time. (A) The protein expression of ZNF667 was determined by immunoblotting. (B) Quantification of immunoblot analysis 
of ZNF667 (n=3 per group). (C) The mRNA expression of ZNF667 in HUVECs was determined by qPCR (n=3 per group). (D) The mRNA expression of 
ZNF667 in HUVECs transfected with ZNF667 siRNA or scramble siRNA was determined by qPCR (n=3 per group). (E) The mRNA expression of ZNF667 
in HUVECs transfected with pcDNA3.1‑ZNF667 or pcDNA3.1 was determined by qPCR (n=3 per group). (F) Representative micrographs of scratch wound 
healing assay and (G) in vitro Matrigel angiogenesis assay on HUVECs exposed to normoxic or hypoxic conditions; scale bar=100 µm. (H) Representative 
micrographs of scratch wound healing assay and (I) in vitro Matrigel angiogenesis assay on HUVECs transfected with scramble siRNA or ZNF667 siRNA 
and exposed to hypoxic condition; scale bar=100 µm. (J) Representative micrographs of scratch wound healing assay and (K) in vitro Matrigel angiogenesis 
assay on HUVECs transfected with pcDNA3.1 or pcDN3.1‑ZNF667 and exposed to normoxic condition; scale bar=100 µm. (L) Quantitative analysis of scratch 
wound healing assay and (M) in vitro Matrigel angiogenesis assay on HUVECs exposed to normoxic or hypoxic conditions (n=5 per group). Relative invasion 
distance was analyzed by subtracting the final invasion area for each image (n=5 per group). (N) Quantitative analysis of the scratch wound healing assay and 
(O) in vitro Matrigel angiogenesis assay on HUVECs transfected with scramble siRNA, ZNF667 siRNA, pcDNA3.1, or pcDN3.1‑ZNF667 and exposed to 
hypoxic or normoxic condition (n=5 per group). Data are presented as mean ± standard deviation. ZNF667, zinc finger protein 667; HUVEC, human umbilical 
vein endothelial cells; siRNA, small interfering RNA.
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understanding of the landscape of ZNF667‑regulated VASH1, 
gene expression profiling was conducted on two different data‑
sets. One was the GEO GSE27871 microarray dataset derived 
from HUVECs transfected with VASH1 siRNA (GSE27871). 
The other one comprised two RNA‑seq datasets: untreated 
HUVECs and HUVECs with ZNF667 overexpression 
(GSE208105). DEGs between the two RNA‑seq datasets were 
screened out by VennDiagram package. Pair‑wise analyses 
identified 308 co‑upregulated DEGs and 95 co‑downregulated 
DEGs from the two datasets (Fig. 7A). To identify the cellular 
processes commonly affected by ZNF667 upregulation and 
VASH1 downregulation, biological function distribution 
analysis of the 403 DEGs was performed using the GO data‑
base. Gene set enrichment analysis demonstrated that multiple 
angiogenic processes were involved, such as extracellular 
structure organization, cell invasion and blood vessel develop‑
ment (Fig. 7B). Pathway analysis provided a summary view 
of the potential ZNF667, and VASH1‑associated networks 
and the present study eventually focused on the Wnt signaling 
pathway, which is often regarded as a proliferative and 
self‑renewal signaling pathway and is also implicated in the 
processes mentioned above.

In the KEGG pathway analysis, genes such as disheveled‑
associated activator of morphogenesis 1 (DAAM1), lymphoid 
enhancer‑binding factor‑1 (LEF1), Rac family small 
GTPase 2 (RAC2), frequently rearranged in advanced T‑cell 
lymphomas‑1 (FRAT1), phospholipase C beta 2 (PLCB2), 
axin 2 (AXIN2), nuclear factor of activated T‑cells 2 
(NFATc2), CXXC finger protein 4 (CXXC4) and Wnt family 
member 5A (WNT5A) were enriched in the Wnt signaling 
pathway (P<0.05), indicating that they might be involved 
in ZNF667‑VASH1‑reglulated angiogenesis (Fig.  7C). 
Therefore, the present study further examined the expression 
of these genes using RT‑qPCR. It was found that the mRNA 
expression of RAC2, LEF1, DAAM1, NFATc2 and Wnt5A 
was significantly increased in the HUVECs with ZNF667 
overexpression. By contrast, the expression of FRAT1 
decreased. CXXC4, AXIN2 and PLCB2 were ultimately 
excluded because of their low expression in HUVECs. 
Notably, HUVECs with VASH1 downregulation exhibited 
similar effect on the aforementioned genes (Fig. 7D). Taken 
together, Wnt signaling pathway might be the downstream 
effector of ZNF667‑suppressed VASH1 transcription and 
further regulate angiogenesis.

Figure 3. Screening and identification of angiogenesis‑related genes regulated by ZNF667. (A) RNA‑seq was performed on HUVECs transfected with 
pcDNA3.1 and pcDNA3.1‑ZNF667. Candidate angiogenesis‑related genes regulated by ZNF667 were then screened out. Schematic representation of consensus 
ZNF667 core sequence of the specific DNA binding sites (CTTA; red stars) in the promoter region of candidate angiogenesis‑related genes. Arrowheads 
indicate the orientation of transcription. (B) ChIP assay was performed with cell lysates from HUVECs transfected with pcDNA3.1 and pcDNA3.1‑ZNF667. 
The chromatin was immunoprecipitated with anti‑GFP or normal IgG, which served as a negative control. The fold‑change of precipitated genomic fragment 
containing ZNF667 binding site on the VASH1, VEGFA and PFKFB3 promoter was determined by reverse transcription‑quantitative PCR. The net quantities 
of enriched DNA were corrected with their corresponding input DNA. (C) The mRNA expression of VASH1 in HUVECs transfected with pcDNA3.1 and 
pcDNA3.1‑ZNF667 was detected by reverse transcription‑quantitative PCR (n=3 per group). (D) ZNF667 protein created a shift (lane 6, arrowed) in vitro. 
EMSA was then performed with 8 µg protein of cell nuclear extracts from hypoxia (1% O2, 48 h) stimulated cells. (E) The protein expression of VASH1 
and ZNF667 in HUVECs transfected with pcDNA3.1 and pcDNA3.1‑ZNF667 was detected by immunoblotting. (F) Quantification of immunoblot analysis 
of ZNF667 and VASH1 (n=3 per group). Data are presented as mean ± standard deviation. RNA‑seq, RNA‑sequencing; HUVEC, human umbilical vein 
endothelial cells; ZNF667, zinc finger protein 667; VASH1, vasohibin 1; EMSA, electrophoretic mobility shift assay.
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Discussion

Zinc‑finger proteins (ZFPs) are mainly involved in transcrip‑
tional regulation, ubiquitin‑mediated protein degradation, 
cell invasion and numerous other processes (32,33). Growing 
evidence indicates that ZFPs have various cardioprotective 
effects. For instance, overexpression of zinc‑finger protein 418 
(ZNF418) protects against cardiac hypertrophy and fibrosis (34). 
JAZF1, also called zinc finger protein 802 (ZNF802), enhances 
the proliferation and angiogenesis of cardiac microvascular 
endothelial cell through the activation of Akt signaling 
pathway in myocardial ischemia‑reperfusion (35). ZNF667, 
an N‑terminal KRAB/C2H2 zinc‑finger superfamily protein, 
was identified in our laboratory because of its upregulation 
during the myocardial ischemic preconditioning process (21). 
In our previous studies, ZNF667 has been shown to serve an 
essential role in protecting cardiomyocytes against ischemia‑
reperfusion or oxidation stress‑induced injury (23,25,36,37). 
In the present study, to investigate the effects of ZNF667 on 
angiogenesis following AMI and its therapeutic potential, a 
mouse model of AMI was established through LAD ligation 
as an ischemia‑reperfusion model of mouse heart is unsuitable 
for the investigation of angiogenesis. For the first time, to the 
best of the authors' knowledge, ZNF667 was found to be highly 
expressed in the ECs of ischemic myocardium following AMI. 
Moreover, hypoxia‑induced upregulation of ZNF667 could 

promote the invasion of tube formation of ECs. These data 
disclosed a novel role of ZNF667 in AMI.

As a transcription factor, ZNF667 displays a marked 
anti‑apoptotic and cytoprotective effects on cardiomyocytes 
through transcriptional repression of a series of pro‑apoptotic 
genes, including Fas and Bax (22,23). ZNF667 is upregulated 
by cerebral ischemic preconditioning and protects astrocy‑
toma cells from oxidative stress (37). ZNF667 also mediates 
cytoprotection of HIF1 against hydrogen peroxide‑mediated 
injury in H9c2 cells through transcriptional repression of 
BAX (25). In addition, ZNF667 can inhibit oxLDL‑induced 
foam cell formation, cell apoptosis and lipid accumulation 
in macrophages by directly inhibiting the transcription of 
CD36 (38,39). Nonetheless, to date, no angiogenesis‑related 
gene has been identified as the direct target gene of ZNF667. 
The present study screened out three angiogenesis‑related 
genes as candidate target genes of ZNF667. However, further 
ChIP assay and EMSA identified VASH1 as the only direct 
target gene that is involved in the pro‑angiogenic effect of 
ZNF667. ZNF667 can suppress the transcription of VASH1 
through directly binding to the specific DNA sequence in 
its promoter. So far, no direct evidence indicates the role of 
VASH1 in AMI.

VASH1 was first reported in 2004 by Watanabe et al (40), 
who found that the representative pro‑angiogenic growth 
factors, such as VEGF and fibroblast growth factor 2, can 

Figure 4. The expression of VASH1 was downregulated in the ECs of ischemic myocardium following AMI. (A) Expression of VASH1 in the left ventricle of 
mice was detected by immunoblotting on day 1, 3, 7 and 14 following surgery. (B) Correlation of the expression of VASH1 with ZNF667 in the left ventricle 
of mice on day 1, 3, 7 and 14 day following surgery (n=3 per group). (C) Quantification of positive expression rate of ZNF667 in CD31‑positive cells in the left 
ventricle of AMI mice (n=5 per group). (D) The expression of CD31 and VASH1 were detected by immunohistochemistry in the serial left ventricle sections 
of AMI mice on day 14 day following surgery. Scale bar (left)=200 µm, (right)=50 µm. The arrows indicate the co‑localization of positive expression of CD31 
and VASH1. Data are presented as mean ± standard deviation. VASH1, vasohibin 1; EC, endothelial cell; AMI, acute myocardial infarction; ZNF667, zinc 
finger protein 667.



WANG et al:  ZNF667 FACILITATES ANGIOGENESIS VIA VASH1 AND Wnt10

induce the expression of VASH1, but VASH1 inhibited 
angiogenesis. Hence, it is regarded as an endothelium‑derived 
negative feedback regulator of angiogenesis. Subsequent 
studies demonstrated that VASH1 is implicated in tumori‑
genesis, atherosclerosis, age‑dependent macular degeneration 
and diabetic retinopathy (40‑42). The present study identified 

that the expression of VASH1 increased rapidly in ischemic 
myocardium following AMI and it reached a peak on day 1 
after LAD ligation but gradually decreased with the exten‑
sion of ischemic time. This is contrary to ZNF667 and the 
expression of VASH1 in ischemic myocardium following AMI 
is negatively associated with ZNF667. It was hypothesized 

Figure 5. Effect of VASH1 on the invasion and tube formation of HUVECs exposed to hypoxia. HUVECs cells were cultured in vitro and exposed to 
hypoxic condition for different time. (A) The protein expression of VASH1 was determined by immunoblotting. (n=3 per group). (B) Quantification of 
immunoblot analysis of VASH1 (n=3 per group). (C) The mRNA expression of VASH1 was determined by qPCR. (D) The mRNA expression of VASH1 in 
HUVECs transfected with VASH1 siRNA or scramble siRNA was determined by qPCR (n=3 per group). (E) The mRNA expression of VASH1 in HUVECs 
transfected with pcDNA3.1‑VASH1 or pcDNA3.1 was determined by qPCR (n=3 per group). (F) Representative micrographs of scratch wound healing assay 
and (G) in vitro Matrigel angiogenesis assay on HUVECs transfected with scramble siRNA or VASH1 siRNA and exposed to normoxic condition, scale 
bar=100 µm. (H) Representative micrographs of scratch wound healing assay and (I) in vitro Matrigel angiogenesis assay on HUVECs transfected with 
pcDNA3.1 or pcDNA3.1‑VASH1 and exposed to hypoxic condition, scale bar=100 µm. (J and L) Relative invasion distance was analyzed by subtracting the 
final invasion area for each image (n=5 per group). (K and M) Quantitative analysis of the tube formation of HUVECs (n=5 per group). Data are presented as 
mean ± standard deviation. VASH1, vasohibin 1; HUVEC, human umbilical vein endothelial cells; siRNA, small interfering RNA.
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that the rapid increase in VASH1 may be stimulated by the 
pro‑angiogenic factors aforementioned, while the decrease 
in VASH1 may be mediated by the increase in ZNF667. 
Furthermore, hypoxia and ZNF667 overexpression‑induced 
invasion and tube formation of HUVECs, were abolished by 
VASH1 overexpression. These data indicated that ZNF667 
facilitated ischemia/hypoxia‑induced angiogenesis through 
repressing the transcription of VASH1.

To provide insights into the underlying mechanisms 
of ZNF667‑VASH1‑regulated angiogenesis, GSE27871 
microarray dataset derived from VASH1 siRNA‑treated 
HUVECs and RNA‑seq dataset from HUVECs with ZNF667 
overexpression were merged. A total of 403 common DEGs 
in the two datasets were screened out by the VennDiagram 
package. Subsequent gene set enrichment and pathway 
analyses indicated that Wnt signaling pathway may mediate 
the ZNF667‑VASH1‑regulated angiogenesis. KEGG pathway 
analysis demonstrated that nine genes were enriched in the 
Wnt signaling pathway. However, only six genes, including 
RAC2, LEF1, DAAM1, NFATc2, WNT5A and FRAT1 were 
identified by qPCR. It is known that there are at least three Wnt 
signaling pathways: The canonical Wnt/β‑catenin pathway 
and two non‑canonical pathways, namely Wnt/calcium 
(Wnt/Ca2+) pathway and Wnt/planar cell polarity pathway 

(Wnt/PCP) (43). The canonical Wnt/β‑catenin pathway facili‑
tates the transcription of a number of Wnt target genes that 
are involved in cell proliferation and vascular growth (44,45). 
While activation of non‑canonical Wnt/Ca2+ pathway has been 
shown to antagonize Wnt/CTNNB1 signaling transduction 
through WNT5A‑induced activation of the mitogen‑activated 
protein kinase kinase kinase 7 (MAP3K7)‑nemo like kinase 
(NLK) pathway (46). As such, WNT5A is an activator of the 
non‑canonical Wnt pathway and an inhibitor of the canonical 
Wnt pathway. WNT5A‑mediates non‑canonical Wnt signaling 
and can also promote human endothelial cell proliferation 
and invasion  (47). Accumulating evidence indicates that 
WNT5A exhibits dual effects on angiogenesis, which depends 
on cell types, receptors, downstream effectors and microen‑
vironment (48). In addition to WNT5A, RAC2, DAAM1 and 
NFATc2 are the effectors of non‑canonical Wnt pathway, 
while FRAT1 and LEF1 are the effectors of canonical WNT 
pathway. Expression of RAC2 in ECs is required for the post‑
natal neovascular response (49). DAAM1 regulates endothelial 
cell growth, invasion and angiogenesis through microtubule 
stabilization in a cell type‑selective manner  (50). NFATc2 
acts as a convergence point between stimulatory and inhibi‑
tory signals in the regulation of angiogenesis (51,52). LEF1 
regulates endothelial cell invasion and thereby the initial steps 

Figure 6. Effect of VASH1 on the invasion and tube formation of HUVECs with ZNF667 overexpression. HUVECs were transfected with scramble pcDNA3.1, 
pcDNA3.1‑VASH1 and/or pcDNA3.1‑ZNF667. (A) Representative micrographs of scratch wound healing assay, scale bar=100 µm. (B) Relative invasion 
distance was analyzed by subtracting the final invasion area for each image (n=5 per group). (C) Representative micrographs of in vitro Matrigel angiogenesis 
assay, scale bar=100 µm. (D) Quantitative analysis of the tube formation of HUVECs (n=5 per group). Data are presented as mean ± standard deviation. 
VASH1, vasohibin 1; HUVEC, human umbilical vein endothelial cells; ZNF667, zinc finger protein 667.
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of angiogenesis by modulating metalloproteinase‑2 expression 
when targeted by active β‑catenin (53). Although the role of 
FRAT1 in angiogenesis is unclear, it has been proven to be 
a positive regulator of the Wnt/CTNNB1 signaling pathway 
in many tumor cells (54). ZNF667 overexpression not only 
shows positive effects on the transcription of non‑canonical 
Wnt pathway‑related genes (RAC2, DAAM1, NFAT2 and 
WNT5A), but also shows inhibitory effects on canonical 
Wnt pathway‑related genes (FRAT1). Since WNT5A plays 
an important role in the complex cross‑talk between the 
canonical and non‑canonical Wnt signaling pathways, it was 
hypothesized that WNT5A‑mediated signaling pathway may 

be the downstream effector of ZNF667‑suppressed VASH1 
transcription and further regulates angiogenesis. However, 
further studies are required to verify the actual role of these 
genes in ZNF667‑regulated angiogenesis post AMI.

It is noteworthy to mention that inflammatory response 
serves a critical role in the ventricular remodeling following 
myocardial infarction. The present study also found that 
ZNF667 was expressed in the inflammatory cells infiltrated 
in the myocardium following LAD ligation. Meanwhile, from 
the RNA‑seq data, several inflammation‑related genes, such as 
IL1β, NOD‑like receptor protein 3, CD127 and IL18, were found 
to be upregulated in HUVECs with ZNF667 overexpression. 

Figure 7. Screening and identification of the gene sets and networks associated with ZNF667‑VASH1‑regulated angiogenesis. (A) Venn Diagram of VASH1 
and ZNF667‑associated differentially expressed genes. Top: upregulated genes, bottom: downregulated genes in two gene arrays and RNA sequencing. (B) GO 
analysis of differentially expressed proteins among different biological processes. The GO terms associated with biological process, molecular function and 
cellular component of DEGs. (C) KEGG pathway analysis of the top seven networks derived from 403 DEGs in Fig. 7A. (D) The mRNA expression of six 
candidate genes in HUVECs transfected with pcDNA3.1 or pcDNA3.1‑ZNF667 was identified by reverse transcription‑quantitative PCR (n=3 per group). 
(E) The mRNA expression of six candidate genes in HUVECs transfected with pcDNA3.1 or pcDNA3.1‑VASH1 was identified by qPCR (n=3 per group). Data 
are presented as mean ± standard deviation. ZNF667, zinc finger protein 667; VASH1, vasohibin 1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; DEGs, differentially expressed genes.
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Our previous study showed that lipopolysaccharide can induce 
the expression of ZNF667 in different types of tissues, espe‑
cially in the spleen (55). Therefore, it was hypothesized that 
ZNF667 may also exert an anti‑inflammatory effect during 
AMI, which can contribute to alleviate ischemic myocardial 
injury.

In summary, the present study provided conclusive evidence 
that ZNF667 can facilitate myocardial ischemia‑driven angio‑
genesis through transcriptional regulation of VASH1 and Wnt 
signaling pathway. ZNF667 serves as a promising molecular 
target for the treatment of IHD and other angiogenesis‑related 
diseases. However, whether Wnt pathway is indispensable for 
ZNF667/VASH1 axis‑regulated angiogenesis post myocardial 
ischemia remains to be identified by using Wnt inhibitors 
(e.g., IWP‑2, XAV939) or genetic intervention. Further studies 
are needed to distinguish the role and potential mechanism 
of ZNF667 in compensatory or therapeutic angiogenesis and 
angiogenesis‑driven disorders.
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