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Abstract. Angiogenesis is essential for various biological 
processes, including tumor blood supply delivery, cancer cell 
growth, invasion and metastasis. Plasmacytoma variant trans-
location 1 (PVT1) long noncoding RNA (lncRNA) has been 
previously reported to affect angiogenesis of glioma micro-
vascular endothelial cells by regulating microRNA (miR)‑186 
expression level. However, the specific underlying molecular 
mechanism of PVT1 regulation of angiogenesis in vascular 
endothelial cells remains to be elucidated. The present study 
investigated the role of PVT1 in cell proliferation, migration 
and vascular tube formation of human umbilical vein endothe-
lial cells (HUVECs) using MTT assay, Transwell migration 
assay and in vitro vascular tube formation assay, respectively. 
In order to determine the effect of miR‑26b on cell prolif-
eration, migration and vascular tube formation of HUVECs, 
miR‑26 mimic or miR‑26b inhibitor were transfected into 
HUVECs. Reverse transcription‑quantitative polymerase 
chain reaction and western blotting were conducted to quantify 
the mRNA and protein expression levels of target genes. The 
present study confirmed that miR‑26b bound 3'‑untranslated 
region (3'‑UTR) and subsequently influenced gene expression 
level using dual luciferase reporter assay. The current study 
observed that PVT1 affected cell proliferation, migration and 
in vitro vascular tube formation of HUVECs. In addition, 
it was determined that PVT1 was able to bind and degrade 
miR‑26b to promote connective tissue growth factor (CTGF) 
and angiopoietin 2 (ANGPT2) expression. miR‑26b was also 
identified to have a suppressive role in cell proliferation, 

migration and in vitro vascular tube formation of HUVECs 
via binding 3'‑UTR regions and downregulating CTGF and 
ANGPT2 expression levels. The current findings may improve 
the understanding of the underlying mechanism of PVT1 
contributing to angiogenesis of vascular endothelial cells 
and offer rationale for targeting PVT1 to treat angiogenesis 
dysfunction‑associated diseases, including cancer metastasis.

Introduction

A previous study suggested that various biological processes 
are determined by the regulatory potential of the noncoding 
portions of the genome. It has been previously estimated that 
~1.5% of the genome is responsible for protein coding, whereas 
a number of noncoding regulatory elements are transcribed 
into noncoding RNA (ncRNA) (1). Long noncoding (lncRNAs) 
(>200 nucleotides) are a novel form of ncRNAs, which have 
been identified to exert their gene transcription regulatory effect 
through the epigenetic regulatory mechanism. LncRNA plas-
macytoma variant translocation 1 (PVT1) has been reported to 
be associated with cell proliferation, invasion and metastasis, 
apoptosis and tumor prognosis (2‑7). Although, some previous 
studies have revealed that lncRNAs such as MEG3 maternally 
expressed 3, HOX transcript antisense RNA had an important 
role in angiogenesis by directly regulating vascular endothe-
lial growth factor (VEGF) and angiopoietin 2 (ANGPT2); 
however, whether PVT1 had a similar function remains to be 
elucidated (8‑10). A recent study by Ma et al (11) observed that 
PVT1 regulated growth, migration and angiogenesis of glioma 
microvascular endothelial cells by targeting microRNA 
(miR)‑186; therefore, it should be considered if other pathways 
or downstream targets mediate PVT1 regulation of angiogen-
esis in vascular endothelial cells.

MicroRNA is a class of ~22 nucleotide noncoding RNAs. 
They may regulate gene expression through recognizing 
and binding to the 3'‑untranslated region (3'‑UTR) of target 
gene mRNAs, leading to mRNA degradation or translational 
suppression (12). It has been estimated that approximately one 
out of three human genes are regulated by miRNAs (13,14). 
Previous studies have revealed that miRNAs have a critical 
role in a variety of cellular processes in healthy and ailing 
individuals, including pro‑angiogenic therapeutics to 
reconstruct vasculature for patients with ischemic heart and 
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peripheral vascular diseases (15‑18). A previous study reported 
that miR‑26a regulates pathological and physiological angio-
genesis by targeting its downstream bone morphogenetic 
protein/SMAD family member  1 signaling  (19). Another 
study demonstrated that lncRNA PVT1 is a miR‑26b sponge 
and promoted melanoma progression, which indicated that 
lncRNA PVT1 may regulate angiogenesis via interaction with 
miR‑26b (20).

Connective tissue growth factor (CTGF) is a member of 
the CCN family which consists of cysteine‑rich proteins. It 
has been previously demonstrated that CTGF is associated 
with fibrosis, tissue remodeling and tumorigenesis (21). It is of 
note that CTGF has a promoter role in the regulation of vessel 
growth during development, wound healing and vascular 
disease, suggesting CTGF is an angiogenetic inducer (22). 
In previous studies, CTGF has been revealed to be a direct 
downstream target of miR‑26b, indicating that miR‑26b may 
influence angiogenesis via downregulation of CTGF gene 
expression (20).

The present study revealed that PVT1 directly interacts with 
miR‑26b to reduce the expression level, which subsequently 
promoted CTGF and ANGPT2 expression levels, which 
contributed to cell proliferation, migration and angiogenesis 
of vascular endothelial cells.

Materials and methods

Cell line. Human umbilical vein endothelial cells (HUVECs) 
and 293T cells were purchased from America Type Culture 
Collection (Manassas, VA, USA). HUVECs were cultured in 
vascular cell basal medium (ScienCell Research Laboratories, 
Inc., San Diego, CA, USA) supplemented with 10 ng/ml VEGF 
at 37˚C, 5% CO2. 293T cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM) (HyClone; GE Healthcare, 
Logan, UT, USA) supplemented with 10% fetal bovine 
serum (FBS) (BI) and 1% penicillin (100 U/ml)/streptomycin 
(100  U/ml) (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA).

Plasmid transfection and lentivirus package. PVT1 full‑length 
cDNA was cloned into a pEX2 plasmid and the short hairpin 
RNA (shRNA) targeting PVT1 was cloned into a pLKO.1‑TRC 
vector (all from Shanghai GenePharma Co., Ltd., Shanghai, 
China), where the transcription was under the control of the 
U6 promoter. shPVT1 target sequence was 5'‑CAG​CCA​TCA​
TGA​TGG​TAC​T‑3'. In order to generate lentiviruses, the trans-
ducing vectors (pPAX2 and pVSVG; Shanghai GenePharma 
Co., Ltd.) were co‑transfected into 293T cells with polybrene 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany). The 
supernatant was harvested at 24 and 48 h after transfection, 
filtered through 0.45 µm membrane and concentrated using a 
centrifugal filter (EMD Millipore, Billerica, MA, USA).

Luciferase reporter assay. The CTGF mutant 3'‑UTR was 
generated by replacing the seed regions of the miR‑26b 
binding sites with 5'‑TTGGTT‑3' and PVT1 mutant was 
generated using site‑directed mutagenesis (23). Subsequently, 
the mutant sequence was cloned into the firefly lucif-
erase‑expressing vector pGL3 (Shanghai GenePharma Co., 
Ltd.). As for luciferase assay, the HUVECs were seeded in 

24‑well plates at 4x104 cells/well the day before transfection 
and transfected with the CTGF wild type or mutant 3'‑UTR 
reporter vector (Shanghai GenePharma Co., Ltd.), PVT1 
or PVT1 mutant using Lipofectamine®  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). The cells were harvested and 
lysed 48 h after transfection and the luciferase activity was 
assayed using the Dual‑Luciferase Reporter system (Promega 
Corporation, Madison, WI, USA). The β‑lactamase gene of 
the pGL3 luciferase vector was used for the normalization of 
the luminescence levels. Three independent experiments were 
performed.

Transwell migration assay. The cells were transfected with 
miR‑26b mimic using Lipofectamine® 2000, miR‑26b inhib-
itor (both from Shanghai GenePharma Co., Ltd.), PVT1 or 
shPVT1. After 24 h, the cells were starved in medium without 
serum for another 12 h and then digested with trypsin and 
then 3x104 cells were seeded in the top chamber of 24‑well 
Transwell culture inserts (Promega Corporation). The medium 
supplemented with 20% FBS used as chemoattractant was 
added to bottom chamber. After 24 h incubation, the cells were 
fixed for 10 min with 4% paraformalin and cells which had not 
migrated were removed. The cells on the lower side of the filter 
were stained with 0.005% crystal violet for 30 min in 25˚C and 
then the number of cells was counted and photographed with 
an inverted microscope at magnification of x100 and three 
fields of view.

Cell proliferation assay. The proliferation of HUVECs from 
various groups were examined via MTT assay. The cells 
were counted and plated into 96‑well plates at a density of 
2x103 cells/well for 24 h, then 0.1 mg/ml MTT was added to 
cells at 37˚C for 3 h and lysed in DMSO at room temperature 
for 30 min. Finally, absorbance was quantified at 490 nm 
using a microplate reader (Omega Bio‑Tek, Inc., Norcross, GA, 
USA).

In vitro vascular tube formation assay. To examine the ability 
of endothelial tube formation in vitro, the present study used 
15‑well µ‑slides (ibidi GmbH, Martinsried, Germany) coated 
with 10 µl Matrigel as previously described (23). To determine 
the effect of PVT1 and miR‑26b on tube formation, HUVECs 
were pretreated with CoCl2 and transfected with PVT1 and 
miR‑26b mimics or siRNAs against PVT1 or miR‑26b. The 
cells were grown in Medium DMEM (ScienCell Research 
Laboratories, Inc., San Diego, CA, USA) supplemented 10% 
FBS (Thermo Fisher Scientific, Inc.) and 3.75 µg/ml endothelial 
cell growth supplement (BD Biosciences, New Jersey, USA). 
The tube length was measured using MetaMorph version 
7.8.10 (Molecular Devices, LLC, Sunnyvale, CA, USA) and 
compared with the control. The micrographs were captured 
and processed with an inverted microscope.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using TRIzol method. 
The cells were lysed with TRIzol buffer (Thermo Fisher 
Scientific, Inc.), and 200 µl chloroform was added to mixture. 
The resulting solution was centrifuged at 10,000 x g for 10 min 
at 4˚C. The supernatant was harvested and mixed with equiva-
lent volume of isopropanol. The resultant was subjected to 
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centrifugation at 10,000 x g for 10 min at 4˚C. The supernatant 
was removed and 75% ethanol was added to wash the pellet 
and centrifuged at 7,500 x g for 5 min at 4˚C. The ethanol was 
discarded and the pellet dried, 20‑30 µl RNAse‑free H2O was 
used to elute the RNA pellet.

Subsequently, 1 µg total RNA underwent reverse tran-
scription using PrimeScript kit according to manufacturer's 
protocol (Takara Biotechnology Co., Ltd., Dalian, China). 
For qPCR, this experiment was performed using SYBR 
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) as probe 
dye and detected the signal by the standard protocol. The 
expression of miR‑26b was detected using a Bulge‑Loop™ 
miRNA qRT‑PCR Primer set (Guangzhou RiboBio Co., Ltd.) 
according to the manufacturer's protocol. cDNA was synthe-
sized from total RNA using the PrimeScript kit at 25˚C for 
10 min, at 42˚C for 50 min, at 95˚C for 5 min. cDNA was 
then amplified following cycling conditions: One initial PCR 
activation step at 95˚C for 15 min followed by 40 cycles of 
denaturation at 94˚C for 15 sec, annealing at 53˚C for 30 sec, 
and elongation at 72˚C for 30 sec. The U6 and GAPDH were 
used as internal control. The following primers were used: 
PVT1 forward (F), 5'‑GGG​GAA​TAA​CGC​TGG​TGG​AA‑3'  
and reverse (R), 5'‑CCC​ATG​GAC​ATC​CAA​GCT​GT‑3'; CTGF 
F, 5'‑GAG​AGT​CCT​TCC​AGA​GCA​GC‑3' and R, 5'‑CAT​AGT​
TGG​GTC​TGG​GCC​AA‑3'; ANG​PT2 F, 5'‑CCC​TAC​GTG​
TCC​AAT​GCT​GT‑3' and R, 5'‑CCG​CTG​TTT​GGT​TCA​ACA​
GG‑3'; U6 F, 5'‑CTC​GCT​TCG​GCA​GCA​CAT​ATA​CTA‑3' and 
U6 R, 5'‑ACG​AAT​TTG​CGT​GTC​ATC​CTT​GCG‑3'; GAPDH 
F, 5'‑GAG​TCA​ACG​GAT​TTG​GTC​GT‑3' and R, 5'‑TTG​ATT​
TTG​GAG​GGA​TCT​CG‑3'.  Cq values were used for quanti-
fication using a previously described protocol  (24). cDNA 
was prepared for three times and  RT‑qPCR was repeated in 
triplicate parallel experiments.

Western blotting. Cells were harvested and washed with PBS. 
Subsequently SDS loading buffer (Sigma‑Aldrich; Merck 
Millipore) was used to lyse cells. The lysates were boiled at 95˚C 
for 10 min and then subjected to centrifugation at 10,000 x g 
for 1 min at 4˚C. Total protein (50 µg) was loaded onto 10% 
SDS‑PAGE gel and resolved at 120  V for 30  min to 1  h. 
Subsequently, the proteins in the gel were transferred onto a 
PVDF membrane at 300 mA for 2‑3 h. The membrane was 
blocked with 5% non‑fat milk in TBST with 0.1% Tween‑20 
for 1 h at room temperature, and then the membrane was 
incubated with the following primary antibodies at 4˚C 
overnight: CTGF (cat no.  ab6992; 1:1,000), ANGPT2 (cat 
no. ab8452; 1:1,000) (both from Abcam, Cambridge, UK), 
β‑actin (cat no. 60008‑1‑Ig; 1:5,000; ProteinTech Group, Inc., 
Chicago, IL, USA). The following day, the membrane was 
washed with TBST 3 times and incubated with a horseradish 
peroxidase‑conjugated goat anti‑rabbit immunoglobulin G 
(cat. no. A0208; 1:5,000; Beyotime Institute of Biotechnology, 
Haimen, China) at room temperature for 1 h. Finally, the 
membrane was incubated with enhanced chemiluminescent 
reagent (7Sea Biotech, Shanghai, China) and then exposed 
using Bio‑Rad ChemiDoc Touch Imaging system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Each experiment was performed three 
times. All data are presented as mean ± standard deviation. 

Comparisons of parameters were performed using a two‑tailed 
unpaired Student's t‑test using Prism version 6.0 (GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑26b inhibits cell proliferation, migration and in vitro 
tube formation in HUVECs. In order to investigate the role 
of miR‑26b in angiogenesis of vascular endothelial cells, and 
miR‑26b‑overexpressing HUVECs were constructed by trans-
fection with miR‑26b mimic. miR‑26b‑depleted HUVECs 
were established by transfecting the cells with an miR‑26b 
inhibitor. RT‑qPCR revealed that miR‑26b expression was 
elevated in cells transfected with miR‑26b mimic compared 
to mimic negative control (NC), whereas miR‑26b level was 
attenuated following transfection with miR‑26b inhibitor 
relative to negative control (Fig. 1A).

The present study identified that miR‑26b inhibited the 
migration of HUVECs in Transwell assays and inhibition 
miR‑26b promoted this migration (Fig. 1B). Subsequently, the 
present study investigated whether miR‑26b affected prolif-
eration of HUVECs. The MTT assay demonstrated that cell 
proliferation of cells overexpressing mir‑26 was significantly 
reduced, conversely depletion of miR‑26b increased the cell 
proliferation ability of HUVECs (Fig. 1C). In vitro a vascular 
tube formation assay revealed that miR‑26b overexpression 
reduced the length of the vascular tubes; however, miR‑26b 
depletion led to the formation of longer vascular tubes, which 
was analyzed statistically by branching points formed by 
various groups of HUVECs (Fig. 1D). These findings indi-
cated that miR‑26b has a suppressive role in cell proliferation, 
migration and tube formation in HUVECs.

miR‑26b suppresses expression of PVT1 and CTGF. In order 
to determine the molecular mechanism by which miR‑26b 
contributed to cell proliferation, migration and tube formation 
in HUVECs, the present study focused on the expression level 
of previously reported genes, CTGF and ANGPT2. Using 
RT‑qPCR it was observed that compared with the mimic NC 
group, miR‑26b overexpression led to an attenuated expression 
level of CTGF and ANGPT2 (Fig. 2A and B) and unexpectedly 
of PVT1 (Fig. 2C). Conversely, miR‑26b inhibition increased 
their expression levels. Additionally, compared with the 
control (mimic NC), protein expression levels of CTGF and 
ANGPT2 were reduced in the group overexpressing miR‑26b. 
In agreement with the RT‑qPCR findings, miR‑26b loss led 
to upregulation of CTGF and ANGPT2 protein expression 
levels (Fig. 2D). Collectively, the current findings suggested 
that miR‑26b has a suppressive role in the angiogenesis 
of HUVECs primarily via downregulation of CTGF and 
ANGPT2.

miR‑26b directly interacts with 3ʹ‑UTR of CTGF. As 
microRNAs exert their biological effects through binding the 
cognate target sequence of mRNAs to block translation or lead 
to degradation of mRNAs, the current study aimed to clarify 
whether miR‑26b inhibited CTGF expression by directly 
binding to CTGF mRNA, which then led to accelerated 
degradation. Bioinformatics analysis using www.microrna.
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org revealed that the 3'‑UTR of CTGF may be targeted by 
miR‑26b with large extent of sequence complementarity, which 

was consistent with a previous study (23) (Fig. 3A). Based on 
the binding sequence, a mutant CTCF 3'‑UTR‑containing 

Figure 2. miR‑26b suppresses expression of PVT1, CTGF and ANGPT2. (A) Reverse transcription‑quantitative polymerase chain reaction analysis of 
(A) CTGF, (B) ANGPT2 and (C) PVT1 mRNA expression levels in HUVECs transfected with negative controls, miR‑26b mimics or inhibitors. GAPDH was 
used as internal control. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. respective NC groups. (D) Western blot analysis of CTGF 
and ANGPT2 protein expression levels in HUVECs transfected with negative controls, miR‑26b mimic or inhibitor. β‑actin was used as internal control. 
HUVEC, human umbilical vein endothelial cells; miR, microRNA; NC, negative control; PVT1, plasmacytoma variant translocation 1; CTGF, connective 
tissue growth factor; ANGPT2, angiopoietin 2.

Figure 1. miR‑26b inhibits cell proliferation, migration and in vitro tube formation of HUVECs. (A) Reverse transcription‑quantitative polymerase chain reac-
tion analysis of miR‑26b expression levels in HUVECs transfected with the indicated plasmids. U6 was used as internal control. **P<0.01, *P<0.05 vs. respective 
NC groups. (B) Transwell migration assay of HUVECs cells transfected with the indicated plasmids (upper) and statistical analysis of the migrated cell 
number **P<0.01, *P<0.05 vs. respective NC groups. (C) Viability assay of HUVECs cells transfected with the indicated plasmids by MTT assay. *P<0.05. 
(D) In vitro tube formation assay of HUVECs cells transfected with the indicated plasmids (upper) and statistical analysis of the tubule junctions. **P<0.01, 
*P<0.05 vs. respective NC groups. All data are presented as the mean ± standard deviation. HUVEC, human umbilical vein endothelial cells; miR, microRNA; 
NC, negative control.
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luciferase reported vector and wild‑type vector were generated 
and verified that miR‑26b was able to recognize and bind to the 
wild‑type CTGF 3'‑UTR to impair activity of luciferase and 
could not bind to the mutant form of CTGF 3'‑UTR (Fig. 3B).

LncRNA PVT1 promotes cell proliferation, migration and 
in vitro tube formation of HUVECs cell. In order to investigate 
the biological function of lncRNA PVT1 in vascular endothe-
lial cells, the present study generated PVT1‑overexpressing 

and PVT1‑knockdown HUVECs. RT‑qPCR revealed that 
the relative expression of PVT1 in the PVT1 overexpressing 
cells (pEX2‑PVT1) was higher compared with the control 
cells (pEX2‑PVT1‑NC). The PVT1 knockdown cells 
(shPVT1) exhibited substantially reduced PVT1 expres-
sion level compared with the negative control (shNC) group 
cells (Fig. 4A).

Furthermore, it was also observed that PVT1 had a 
stimulatory role in migration capability of HUVECs. 
PVT1‑overexpressing cells had a higher migration ability 
compared with the control, whereas shPVT1 cells had 
decreased migration ability (Fig. 4B). It is of note that PVT1 
overexpression markedly promoted cell proliferation of 
HUVECs, whereas PVT1 depletion impaired cell growth rate 
of HUVECs (Fig. 4C). Additionally, PVT1 overexpression 
promoted in vitro vascular tube formation as tube length was 
increased in pEX2‑PVT1 cells compared with shPVT1 cells, 
which formed fewer tubule junctions (Fig. 4D).

PVT1 suppresses miR‑26b and CTGF expression levels. In order 
to investigate PVT‑promoted HUVECs angiogenesis, the present 
study determined that whether PVT1 promoted angiogenesis 
through the miR‑26b/CTGF axis. Therefore, the present study 
aimed to determine whether PVT1 affected the expression of 
miR‑26b and its downstream angiogenesis‑associated targets. 
RT‑qPCR analysis revealed that PVT1 overexpression led to 
reduced expression level of miR‑26b and increased CTGF 
and ANGPT2 mRNA expression level. The cells lacking 
PVT1 following an infection with a PVT1 shRNA‑containing 
virus exhibited elevated level of miR‑26b and downregulated 
mRNA levels of CTGF and ANGPT2 (Fig. 5A‑C). In addi-
tion, similar changes were observed in terms of the CTGF and 

Figure 3. miR‑26b directly interacts with 3'‑UTR of CTGF. (A) Bioinformatics 
analysis of match sequence of miR‑26b within 3'‑UTR of CTGF. MUT 
CTGF 3'‑UTR is the mutation of the match sequence of 3'‑UTR of CTGF 
with miR‑26b. (B)  Luciferase reporter assay revealed that miR‑26b 
binds to the 3'‑UTR of WT CTGF, not MUT CTGF. Relative luciferase 
activity was quantified and the data were presented as mean ± standard 
deviation. *P<0.05 vs. respective NC groups. 3'‑UTR, 3'‑untranslated region; 
CTGF, connective tissue growth factor; miR, microRNA; NC, negative 
control; WT, wild‑type; MUT, mutant.

Figure 4. lncRNA PVT1 promotes cell proliferation, migration and in vitro tube formation of HUVECs cell. (A) Reverse transcription‑quantitative polymerase 
chain reaction analysis of PVT1 expression level in HUVECs cells transfected with the indicated plasmids. GAPDH was used as internal control. *P<0.05, 
**P<0.01. vs. respective NC groups. (B) Transwell migration assay of HUVECs cells transfected with the indicated plasmids (upper) and statistical analysis of 
the migrated cells. *P<0.05. vs. respective NC groups. (C) Viability assay of HUVECs cells transfected with the indicated plasmids by MTT assay. *P<0.05 
and **P<0.01. vs. respective NC groups (D) In vitro tube formation assay of HUVECs transfected with the indicated plasmids (upper) and statistical analysis 
of the tubule junctions. Data are presented as the mean ± standard deviation. *P<0.05, ***P<0.001 vs. respective NC groups. HUVEC, human umbilical vein 
endothelial cells; lncRNA, long noncoding RNA; PVT1, plasmacytoma variant translocation 1; sh, short hairpin RNA; NC, negative control.
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ANGPT2 protein expression levels in PVT1‑overexpressed and 
PVT1‑knockdown HUVECs (Fig. 5D). These findings suggested 
that PVT1 was able to bind to and subsequently downregulate 
miR‑26b expression to promote the expression of CTGF and 
ANGPT2, facilitating angiogenesis of vascular endothelial cells.

PVT1 directly interacts with miR‑26b. According to a 
previous study PVT1 has been identified to negatively regulate 
miR‑26b expression, a previously reported regulator of angio-
genesis (20). To confirm whether PVT1 regulated miR‑26b 
through an interaction the present study used bioinformatics 

to predict the potential physical interaction between PVT1 and 
miR‑26b (Fig. 6A). Subsequently, the present study conducted 
a dual luciferase reporter assay to confirm that PVT1 was able 
to bind directly and degrade miR‑26b. It was demonstrated 
that only wild‑type PVT1 significantly lowered the luciferase 
activity of miR‑26b and the mutant form of PVT1 did not alter 
the luciferase activity (Fig. 6B).

Discussion

The present study demonstrated that PVT1 enhanced angiogen-
esis of vascular endothelial cells through binding miR‑26b and 
subsequently increasing the expression of CTGF and ANGPT2. 
Bioinformatics and biochemical analyses demonstrated that 
PVT1 was able to directly bind to miR‑26b and thus reduce 
the level of miR‑26b. Subsequently, miR‑26b regulation of two 
angiogenesis‑promoting genes was investigated using RT‑qPCR 
and western blot analysis. In addition, bioinformatics predic-
tion and dual reporter luciferase assay revealed that miR‑26b 
directly targeted the CTGF 3'‑UTR. An MTT, Transwell assay 
and in vitro tube formation assays revealed that PVT1 promoted 
cell proliferation, migration and tube formation of HUVECs, 
respectively, whereas miR‑26b exerted the opposite effects. 
Considered together, PVT1 had a stimulatory role in the angio-
genesis of vascular endothelial cells by reducing the miR‑26b 
expression level to increase CTGF and ANGPT2 expression.

Previous studies revealed that microRNAs regulate a variety 
of physiological and pathological processes, such as cardio-
vascular diseases. It has been reported that miR‑143/145 are 
associated with vascular injury and hypertension and miR‑499 
is involved in myocardial ischemia  (25‑27). Additionally, 
miR‑26a was identified to target the SMAD1‑Id1‑p21WAF/CIP1 

Figure 6. PVT1 directly interacts with miR‑26b. (A) Bioinformatics analysis of 
match sequence of PVT1 within the sequence of miR‑26b. PVT1‑MUT denotes 
mutation of match sequence of PVT1. (B) Luciferase reporter assay indicates 
that WT‑PVT1 binds miR‑26b and not mutant PVT1. The relative luciferase 
activity was quantified and data are presented as the mean ± standard devia-
tion. *P<0.05 vs. respective NC groups. miR, microRNA; PVT1, plasmacytoma 
variant translocation 1; NC, negative control; WT, wild‑type; MUT, mutant.

Figure 5. PVT1 suppresses expression of miR‑26b, CTGF and ANGPT2. RT‑qPCR analysis of (A) CTGF, (B) ANGPT2 and (C) miR‑26b mRNA expression 
levels in HUVECs transfected with negative controls, PVT1 or shRNA against PVT1. GAPDH was used as internal control. *P<0.05, **P<0.01 vs. respective 
NC groups. (D) Western blot analysis of CTGF and ANGPT2 protein level in HUVECs cell transfected with negative controls, PVT1 or shRNA against PVT1. 
GAPDH was used as internal control. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; shRNA, short hairpin RNA; CTGF, connective 
tissue growth factor; ANGPT2, angiopoietin 2; PVT1, plasmacytoma variant translocation 1; miR, microRNA; sh, short hairpin RNA; NC, negative control.
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signaling axis and inhibit angiogenesis in endothelial cells (18). 
However, the association between miR‑26b and angiogenesis 
of vascular endothelial cells remains to be fully elucidated. 
To the best of our knowledge, the present study is the first to 
determine that miR‑26b has an inhibitory role in angiogenesis 
of human endothelial cell through targeting CTGF and regu-
lating its expression, which is consistent with previous studies 
that state that miR‑26b inhibits tumorigenesis and metastasis 
of cancer cells partially by regulating CTGF (28,29).

LncRNAs function to regulate gene expression by an 
epigenetic or post‑transcriptional mechanism, including mRNA 
processing and degradation by interacting with a splicing factor 
and the 3'‑UTR of the mRNA. Previous studies have reported 
that lncRNAs may act as sponges for microRNAs, which were 
coined as competing endogenous RNAs (ceRNAs) (30‑32). 
These ceRNAs share sequences recognized by miRNAs termed 
microRNA recognition elements  (MREs). Paci  et  al  (33) 
developed a computational model to identify putative ceRNAs 
among lncRNAs in breast cancer. They determined that PVT1 
had binding preference towards the miR‑200 family, regulating 
the expression of hundreds of mRNAs. The present study veri-
fied that PVT1 was able to bind miR‑26b via a complementary 
sequence. Therefore, PVT1 was important in angiogenesis 
of vascular endothelial cell as ceRNA to bind and degrade 
miR‑26b, which expanded the current understanding of PVT1 
as ceRNA to regulate biological processes.

In conclusion, the present study highlighted the importance 
of lncRNA PVT1 in promoting angiogenesis of vascular endo-
thelial cells, which broadened the knowledge of how PVT1 
has an effect in this process. It is of note that the findings of 
the present study provide the rationale for targeting PVT1 to 
treat angiogenesis abnormality‑associated diseases, including 
cancer metastasis.
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