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1  |  INTRODUC TION

Coronary angioplasty and stents implantation are widely used sur-
gical techniques for restoring blood flow to the coronary arteries; 
it is done by mechanically widening the narrowed or blocked seg-
ments of the artery to alleviate myocardial ischemia. Although the 
use of bare metal stents (BMS) in most procedures of myocardial 

revascularization were effective in reversing acute vessel closures, 
whilst lowering risks of coronary complications, at the same time, 
stenting procedures were frequently plagued with neointimal hyper-
plasia and in-stent restenosis1 post-surgery, as a result of excessive 
vascular healing in response to stent-related injuries. More recently, 
drug-eluting stents (DES) were introduced as a safer, more effec-
tive alternative to BMS, with statistically superior performance and 
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Abstract
IMP3, an RNA-binding protein (RBP) that participates in the process of post-
transcriptional modifications of mRNA transcripts, is capable of altering cellular 
functions, and in some cases, be involved in specific disease progression. We aimed 
to investigate whether IMP3 has the ability to regulate the functional properties of 
endothelial cells and re-endothelialization in response to arterial injury. Wire injury 
was introduced to the right carotid arteries of wildtype C57/BL6 mice. As a result, 
IMPs’ expressions were up-regulated in the induced arterial lesions, and IMP3 was 
the most up-regulated RNA among other IMPs. We overexpressed IMP3 before the 
wire-injured surgery using adeno-associated virus AAV2-IMP3. In vivo studies con-
firmed that IMP3 overexpression accelerated the progress of re-endothelialization 
after arterial injury. In vitro, endothelial cells were transfected with either ad-IMP3 or 
Si-IMP3, cell functional studies showed that IMP3 could promote endothelial cell pro-
liferation and migration, while reducing apoptosis. Mechanistic studies also revealed 
that IMP3 could enhance VEGF mRNA stability and therefore up-regulate activities 
of VEGF/PI3K/Akt signalling pathway. Our data indicated that IMP3 promotes re-
endothelialization after arterial injury and regulates endothelial cell proliferation, mi-
gration and apoptosis via increasing stability of VEGF mRNA and activation of VEGF/
PI3K/Akt signalling pathway.
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significantly reduced risk of restenosis.2 Drug-eluting stents are 
often coated with cytotoxic or cytostatic drugs, aiming to prevent 
vascular smooth muscle cells (VSMC) proliferation and neointi-
mal hyperplasia thereby decreasing the risk of in-stent restenosis. 
However, due to the non-selective nature of these drugs, DES also 
impairs the normal healing response, resulting in increased risks of 
late- and very late-onset stent thrombosis.3–5 Unfortunately, striving 
a balance between vascular healing response and thrombosis had 
proven to be a difficult challenge and an urgent problem that needs 
to be resolved.

Insulin-like growth factor 2  mRNA-binding proteins (IMPs, in-
cluding IMP1, IMP2 and IMP3) are a family of RNA-binding pro-
teins (RBPs) that participate in post-translational RNA processing, 
such as transcript localization, translation and stabilization.6,7 IMPs, 
composed of six canonical RNA-binding domains, including two 
RNA recognition motif (RRM) domains and four K homology (KH) 
domains, are a highly conserved family of single-stranded RNA-
binding proteins.7,8 Previous research have revealed that IMPs carry 
numerous roles in cellular metabolism,9,10 adhesion, survival,11 main-
tenance,12 differentiation13 and carcinogenesis.7,14 Over the years, 
IMPs have become increasingly relevant in the field of cardiovascu-
lar disease research. For instance, Meng Li et al demonstrated that 
IMP2 contributed to DOX-induced cardiotoxicity upon completion 
of chemotherapy, while Hosen et al revealed that IMP2 and Airn (a 
long non-coding RNA) co-regulate physiological functions of car-
diomyocytes15; furthermore, Wang and colleagues identified IMP3 
as a previously unrecognized regulator of cardiomyocyte prolifera-
tion.16 Additionally, IMP1 is identified as a potent up-regulator of 
macrophage motility. Given the vast physiological significance and 
emerging evidence of RBPs being identified in key regulatory path-
ways in cardiovascular health, as well as cardiovascular diseases, it 
is pivotal for this repertoire of knowledge to be deepened, in hope 
of discovering novel therapeutic targets. To this date, the expres-
sion profiles of IMPs family members during the process of re-
endothelialization and their roles in endothelial cell functions had 
remained unclarified.17 Therefore, we aim to compare expression 
levels of several IMPs transcripts in wire-injured lesions, as well as 
to investigate their physiological functions and to investigate the 
underlying mechanisms of how IMPs could influence the process 
of re-endothelialization. Here, our study demonstrated that by up-
regulating IMP3 expression, re-endothelialization was enhanced 
in vivo whilst enhanced endothelial cell proliferation and migra-
tion were observed in vitro; furthermore, additional mechanistic 
studies also revealed the role of IMP3 in promoting VEGF mRNA 
stabilization.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

All animal experiments were approved by the Animal Care Ethics 
Committee of the First Affiliated Hospital, College of Medicine, 

Zhejiang University, China. Wild type C57BL/6 mice were purchased 
from Shanghai Laboratory Animal Research Center (Shanghai, China), 
and housed in the First Affiliated Hospital, College of Medicine, 
Zhejiang University. All mice were maintained under s temperature, 
humidity, 12:12-h dark-light cycle, and were provided with an appro-
priate amount of water and mouse diet.

Mice were injected with AAV2-IMP3 or AAV2-Control seven 
days before surgery, each injection contains 5 × 1011 viral particles 
diluted in 100 μL of sterile phosphate-buffered saline (PBS).

2.2  |  Endothelial denudation and measurement of 
neointima formation

Eight-week-old male C57BL/6 mice were used in this study. Wire-
injured procedure was performed to the right carotid artery as 
previously described.18 In brief, after putting the mouse under an-
aesthesia, we proceeded to isolate the right internal common carotid 
artery near the carotid bifurcation, where the right common carotid 
artery was then denuded and dilated by using a straight guide wire 
(0.25 mm in diameter). The guide wire was inserted approximately 
15 mm from the internal carotid artery, nearing the bifurcation site, 
then proceeded with five rotational passes through a transverse ar-
teriotomy of the internal carotid artery. Upon leaving the wire inside 
for 3 min, it was carefully withdrawn and the blood flow was sub-
sequently restored. All post-procedure recoveries were successful, 
and no symptoms of stroke were observed. Injured carotid artery 
segments were harvested for further analysis at designated time 
points.

Evans blue staining was used to evaluate the degrees of re-
endothelialization. On Day 0, Day 3, Day 7 and Day 14, the mice 
were sacrificed and perfused with PBS followed by 4% PFA, then 
injected with Evans blue dye (2%). The right common carotid artery 
of the mice was harvested and washed with PBS. The surface of 
non-endothelialization was marked with blue staining, whereas the 
area of endothelialization was marked with white. The rate of re-
endothelialization was calculated by dividing the area marked with 
white to the total area.

2.3  |  Immunofluorescence

Paraffin sections were deparaffinized with xylene and then rehy-
drated with ethanol. After that, sections were incubated in antigen 
retrieval buffer at 95°C for 20  min for antigen retrieval, followed 
by incubation with blocking solution (5% goat serum in PBS) at 
room temperature for 30 min. Thereafter, the sections were incu-
bated with primary antibodies against CD31 (Mouse IgG, ab9498, 
1:200) and PCNA (Rabbit IgG, ab92552, 1:200) at 4°C overnight. 
The sections were then incubated with goat anti-Rabbit IgG (H+L) 
(Alexa Fluor Plus 488, ThermoFisher, A32731, 1:500) and goat anti-
Mouse IgG (H+L) (Alexa Fluor Plus 647, ThermoFisher, A32728, 
1:500) at 37°C for 60  min, followed by an incubation with DAPI 
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(4’,6-diamidino-2-phenylindole) for 10  min at room temperature. 
After mounting, the sections were examined by using fluorescence 
microscope where images were captured and then processed by 
Photoshop software (Adobe).

2.4  |  RT-qPCR

Harvested cells were lysed with TRIzol reagent (Invitrogen), and total 
RNA was extracted as instructed by standard RNA extraction proto-
col. Complementary DNA (cDNA) was synthesized from 1 μg of total 
RNA and random hexamers included in cDNA Synthesis kit (Takara, 
Japan). Forward and reverse primers were synthesized by Tsingke, 
China. One microliter of diluted cDNA was used per 10 μl reaction 
using the TB Green® Fast qPCR Mix (Takara, Japan). Real-time PCR 
was performed on a real-time PCR system (Bio Rad, USA). All reac-
tions were performed in triplicate. Details of the primer sequences 
are presented in Table 1.

2.5  |  Western blot

Proteins were extracted using a radioimmunoprecipitation assay 
(RIPA) buffer (50 mM Tris-HCL, 150 mM NaCl, 0.1% SDS, 0.25% so-
dium deoxycholate, 1% NP-40, 1× protease inhibitor cocktail (sigma), 
1× Phosphatase inhibitor (sigma), pH 7.4), and the total protein con-
centration was determined by using bicinchoninic acid assay (BCA) 
protein assay kit (Thermo Fisher Scientific). The cell lysate was sep-
arated by using sodium dodecyl sulfate (SDS) polyacrylamide gels, 
transferred to poly (vinylidene fluoride) (PVDF) membrane filter pa-
pers and subsequently used for immunoblotting. The washing buffer 
solution is comprised of 0.1% Tween 20 in Tris-buffered saline (20 mM 
Tris and 150 mM NaCl; pH 7.4), and the blocking buffer was made with 
5% skim milk (sigma) in washing buffer. A selection of protein markers 
were examined, including:β-Actin (CST, #3700, 1:1000), VEGF(CST, 
#2463, 1:1000), Akt (CST, #4691, 1:1000), p-Akt(CST, #4060, 1:2000), 
PI3K(CST, #4257, 1:1000) and p-PI3K(CST, #17366,1:1000).

2.6  |  Cell culture, transfection and 
chemical treatments

Human umbilical vein endothelial cells (HUVECs) were purchased 
from ScienceCell Research Laboratories (USA) and cultured 

according to the standard guideline. HUVECs were cultured in en-
dothelial cell medium (1001, ScienceCell Research Laboratories) 
supplemented with 5% foetal bovine serum, endothelial cell growth 
supplement and antibiotic solution.

Human embryonic kidney 293T cells were purchased from ATCC 
(Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% foetal bovine serum 
(Gibco, North America), 100 U/ml penicillin and 20 U/ml streptomy-
cin. Cells were incubated at 37°C in a humidified chamber containing 
5% CO2.

The adenovirus-encoding IMP3 (ad-IMP3) was constructed and 
amplified by Boi-Link (Shanghai, China). An adenovirus-encoding 
red fluorescence protein (ad-RFP) was used as a negative control. 
HUVECs were transfected with ad-IMP3 or ad-RFP (100 pfu num-
ber/cell) for 48 h for the following experiments.

Si-IMP3 was purchased from GenePharma Company (Shanghai, 
China); a non-targeting siRNA (GenePharma, Shanghai, China) 
was used as a negative control. HUVECs were transfected using 
Lipofectamine 3000 reagent (Invitrogen, USA) according to the 
manufacturer's instructions.

Axitinib was resuspended in DMSO and HUVECs treated with 
0.5 μg/ml Axitinib.19

2.7  |  CCK8 and EDU assay

CCK8 assay was performed using CCK-8  kit (Dojindo, Japan) 
according to the manual. In brief, differentially treated cells 
(1 × 103 cell/well) were seeded in 96-well plates 24 h before the 
assay. Next, 10 μl CCK8 solution and serum-free medium (1:10) 
mixture were added to each well. Cells were then incubated at 
37°C for 1–2  h (the end-point of incubation was determined 
visually by colour change), and the absorbance at 450  nm was 
measured by a microplate reader (SpectraMax i3x, Molecular 
Devices, USA).

Cell proliferation quantification was performed using Cell-Light 
EdU DNA Cell Proliferation Kit (Ribobio, China) according to the 
manufacturer's instructions. In brief, cells were incubated in the 
dark with 50ul EdU reagents for 2 h, then fixed by 4% paraformalde-
hyde and permeabilized by 0.5% Triton X-100. Thereafter, cells were 
stained by Apollo Dye Solution, and the nucleic acid was stained 
by Hoechst-33342. The images were produced by Leica DM2000 
Fluorescence Microscope (Leica, Germany) under green fluores-
cence channel.

TA B L E  1  Primer sequence

Gene Forward primers (5′–3′) Reverse primers (5′–3′)

Actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

IMP1 GGCCATCGAAACTTTCTCGG GCACTTCCCATCGGAGCTG

IMP2 GACTACCCCGACCAGAACTG GAGGCGGGATGTTCCGAATC

IMP3 TCGAGGCGCTTTCAGGTAAAA CTCTGCCGTTTAGGGACCG
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2.8  |  TUNEL

TUNEL assay was performed with In Situ Cell Death Detection 
Kit (Roche) according to the manufacturer's instructions. In brief, 
cells were washed with PBS, then fixed by 4% PFA, and permeabi-
lized by freshly prepared 0.1% Triton X-100 in 0.1% sodium citrate. 
Thereafter, cells were incubated with TUNEL reaction mixture for 
60 min at 37°C in a humidified chamber while kept in the dark. After 
another PBS wash, the nucleic acid was stained by DAPI. The images 
were produced by Leica DM2000 Fluorescence Microscope (Leica, 
Germany).

2.9  |  Migration and wound healing

Tanswell® and wound-healing assay were carried out to evaluate the 
migration capacity of different treated HUVECs.

Tanswell® chamber (Costar, Boston, MA, USA) was used to 
carry out cell migration assay. The upper chamber was seeded with 
HUVECs under different treatments and maintained in serum-free 
medium, while the bottom chamber was added with a medium con-
taining 10% FBS. After incubating for 16 h, migrated cells were fixed 
with 4% PFA and stained with 0.5% crystal violet (Sigma-Aldrich), 
followed by visualization and counting under light microscope, three 
randomly selected field-of-view were taken for each sample.

For wound-healing assay, cells were seeded onto 96-well plates 
and allowed to grow into monolayers; the monolayer surface was 
then scratched using a 200  μl tip when the culture reached ap-
proximately 90% confluency. After three PBS washes, cells were 
incubated for 16 h in culture medium supplemented with 1% FBS. 
Wound width was visualized and measured under a light microscope.

2.10  |  Assessment of the Stability of VEGF mRNA

HUVECs were infected with ad-IMP3 or ad-RFP as described be-
fore, then treated with 10 μg/ml alpha-amanitin (RNA-polymerase 
II inhibitor). Total RNA was harvested at 0, 2, 4 and 6 h after alpha-
amanitin treatment. The expression level of VEGF mRNA was evalu-
ated by real-time RT-PCR.

2.11  |  Dual luciferase reporter assay

VEGF 5’-UTR, CDS sequence and 3’-UTR were amplified and in-
serted into a pGL4 vector (Promega, USA), and named pGL4-5’-UTR, 
pGL4-CDS and pGL4-3’-UTR, respectively. 293T cells were seeded 
onto 24-well plates 24 h before the experiment. Empty vector, pGL4-
3’-UTR, pGL4-CDS or pGL4-5’-UTR together with AAV2-IMP3 or 
AAV2-Control and Renilla luciferase plasmid were co-transfected 
into 293T cells by Lipofectamine 3000 reagent (Invitrogen, USA). 
Forty-eight hours post-transfection, the cells were harvested 

and lysed. Firefly luciferase activities were detected with a Dual-
Luciferase Reporter Assay System E1910 (Promega, USA) and nor-
malized to control Renilla luciferase levels.

2.12  |  RNA Immunoprecipitation

RNA immunoprecipitation (RIP) was performed with EZ-Magna RIP 
RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA) ac-
cording to the manufacturer's instructions. In brief, HUVECs were 
harvested and resuspended in RIP lysis buffer; the cell lysates were 
incubated overnight with IP buffer containing magnetic beads conju-
gated with either rabbit anti-IMP3 antibody (Abcam), normal mouse 
IgG (Merck Millipore) or Anti-SNRNP70 antibody (Merck Millipore). 
Next, the magnetic beads were incubated with proteinase K after 
washing six times with RIP Wash Buffer. Total RNA was subse-
quently isolated from the extracts using the TRIzol (Invitrogen, USA).

2.13  |  Statistical analysis

Each dataset was expressed as mean ± SD, which is calculated from 
data of at least three biological replicates experiments. A two-sided 
Student's t-test was used to analyse the differences between two 
groups. p < 0.05 indicates statistical significance. All statistical anal-
ysis were performed using SPSS 18.0 and GraphPad Prism 6.

3  |  RESULTS

3.1  |  IMP3 expression is up-
regulated in endothelial cells within injured vascular 
endothelium

To determine changes in the mRNA expression levels of IMPs and 
their potential involvements in endothelial recovery in response to 
injuries, we introduced arterial injuries by performing wire injury sur-
gery to the right carotid artery of wildtype C57/BL6 mouse. Carotid 
arteries of C57/BL6 mice were harvested at 3, 7, 14 or 28 days post-
surgery. Harvested arteries were digested and dissociated into single 
cells, followed by magnetic-activated cell sorting. Endothelial cells 
were isolated by using anti-CD31 conjugated magnetic beads. RT-
qPCR analysis showed the mRNA levels of IMP1 (Figure 1A), IMP2 
(Figure 1B) and IMP3 (Figure 1C) at different harvesting time- points. 
Interestingly, we found that IMP1, IMP2 and IMP3 were all up-
regulated at varying degrees in endothelial cells from injured arter-
ies, which was a direct contrast to the uninjured group. Surprisingly, 
IMP3 was the most up-regulated out of other IMPs. Upon a closer in-
spection, the expression level of IMP3 increased from Day 3, peaked 
on Day 7, and then began to decline. Thus, we speculated that this 
dynamic expression of IMP3 could imply its potential regulatory role 
during the process of endothelial recovery.
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3.2  |  IMP3 accelerates the progress of re-
endothelialization after arterial injury

The up-regulation of IMP3 in endothelium after carotid artery in-
jury suggested a possible contributing role of IMP3 during the pro-
cess of re-endothelialization after arterial injury. To elaborate, we 
overexpressed IMP3 in Wild type C57BL/6 by AAV2-IMP3 injec-
tion seven days before the surgery, and AAV2-Control injection was 
used as a negative control. Some of the mice were sacrificed for 
their carotid aortas three days after AAV2-IMP3 or AAV2-Control 
injection, then total RNA and protein were harvested from the iso-
lated ECs. Results from RT-qPCR and Western blot analysis con-
firmed that the expression of IMP3 was up-regulated after three 
days of AAV2-IMP3 injection (Figure 2A,B). We also thoroughly ex-
amined other organs such as heart, liver and kidney, and found no 
substantial side effects (Figure S1). Mice were sacrificed for carotid 
arteries collection at 3, 7, 14 or 28 days after the surgery. The ex-
tent of re-endothelialization were quantified by Evans blue staining 
of the injury site. (Figure 2C). Carotid artery endothelium of AAV2-
IMP3 injection mice and AAV2-Control injection mice was both se-
verely denuded immediately after surgery. However, we found that 
injured endothelium from AAV2-IMP3 injection mice demonstrated 
a more robust recovery when compared with AAV2-Control injec-
tion mice. Immunofluorescence also demonstrated that the lesions 
of IMP3 overexpressing mice have larger numbers of CD31-positive 
cells on Day 3 and Day 7 (Figure  2D). In addition, CD31-positive 
endothelial cells expressed higher level of PCNA (Figure 2D), which 
could indicate that a high level of IMP3 expression can promote 
EC proliferation. Subsequent neointimal hyperplasia was evaluated 
at 14, 28  days after the surgery (Figure  2E), to which our results 
showed a significant decline in the injured arteries of IMP3 over-
expressed mice.

Collectively, these results demonstrated that overexpression of 
IMP3 could accelerate the process of re-endothelialization, whilst 
attenuating the progression of neointimal hyperplasia.

3.3  |  IMP3 enhances endothelial cell proliferation 
but represses apoptosis

Amongst the numerous functions of vascular endothelial cells, en-
dothelial proliferation and migration are pivotal in re-endothelializing 
injured arterial endothelium. Thus, in order to determine the role of 
IMP3 expression in endothelial cell proliferation and migration, we 
sought to modulate IMP3 expression by ad-IMP3 transfection. After 
several trials, we established appropriate induction time and con-
centration of ad-IMP3 to maximize transfection efficiency, which 
ensured a robust up-regulation of IMP3 expression (Figure 3A). Si-
IMP3 was also employed for the purpose of downregulating IMP3 
expression in contrast to Si-Scrambled (Figure 3B). We performed 
CCK8 and EdU assays to assess the rate of endothelial cell prolifera-
tion under IMP3 overexpression or knock-down. As shown by the 

results of CCK8 assays, IMP3 overexpression significantly promoted 
the viability of endothelial cell in culture, whilst IMP3 knock-down 
decreased endothelial cell viability (Figure  3C). EdU staining data 
showed markedly increased red fluorescence ratio in cells overex-
pressing IMP3, indicating higher proliferative capacity (Figure 3D), 
whereas the knock-down effect by Si-IMP3 elicited an opposite 
effect (Figure 3C,D). Moreover, TUNEL assays revealed a negative 
correlation between increased IMP3 expression and endothelial cell 
apoptosis (Figure 3E).

Our results demonstrated that IMP3 enhances endothelial cell 
proliferation while repressing apoptosis in vitro.

3.4  |  IMP3 promotes endothelial cell migration

Sequentially, cell migration assays were performed by Transwell and 
scratch wound assays. Both assays later revealed that overexpres-
sion of IMP3 could significantly promote endothelial cell migration 
(Figure  4A,B). In contrast, knock-down of IMP3 considerably im-
paired the migratory capacity of endothelial cell (Figure 4A,B).

3.5  |  IMP3 regulates endothelial cell 
functions through activation of VEGF/PI3K/
Akt signalling pathway

Previous studies have revealed that activation of the VEGF/PI3K/
Akt pathway was crucial for re-endothelialization and endothelial 
cell activation,20,21 where the activated endothelial cells exhibit en-
hanced cell survival, proliferation and migration. To elucidate the 
underlying mechanisms of IMP3, we analysed protein expression 
level of VEGF, PI3K, p-PI3K, Akt and p-Akt by Western blotting. The 
results showed that overexpression of IMP3 could contribute to an 
increase in VEGF, p-PI3K and p-Akt protein expression (Figure 5A), 
whilst decreasing IMP3 expression achieved opposite effects 
(Figure 5B). Previous results have indicated that IMP3 could increase 
proliferative and migratory capacity of endothelial cells whilst in-
hibiting apoptosis, whereas these effects were partially revoked 
in endothelial cells treated with VEGFR-specific inhibitor Axitinib. 
CCK8 assays showed that the overall cell viability of HUVECs was 
partially suppressed by Axitinib (Figure  5C); similarly, after treat-
ments with Axitinib, the percentage of EdU-positive cells decreased 
drastically (Figure 5D). Moreover, the results of TUNEL assays re-
vealed that Axitinib could abrogate the anti-apoptotic effects of 
IMP3 overexpression, which was observed in ad-IMP3-transfected 
endothelial cells (Figure 5E). Lastly, as shown in both transwell and 
wound-healing assays, Axitinib treatment also reversed the en-
hancements in cell migratory functions induced by overexpressing 
IMP3 (Figure 5F–G).

Collectively, these results suggested that IMP3 could not pro-
mote endothelial cells proliferation, migration or represses apoptosis 
independently of the VEGF/PI3K/Akt signalling pathway.
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3.6  |  IMP3 as RNA-binding protein increases the 
stability of VEGF mRNA

IMP3 is a well-known RNA-binding protein that participates in 
post-transcriptional modification via regulating stability of its tar-
get RNAs.7,22,23 Naturally, we sought to investigate whether or not 
IMP3 is capable of regulating VEGF mRNA stability. To elaborate, 
we induced IMP3 overexpression or knocked down in order to ob-
serve changes in VEGF mRNA levels, whilst under alpha-amanitin 
treatment (RNA-polymerase II inhibitor). RT-qPCR data revealed a 

strong reinforcement of VEGF mRNA stability by IMP3 (Figure 6A). 
Previous studies have also reported that the RNA-recognition site 
for IMP3 is likely to be located in the coding regions or 3’-UTRs 
of target transcripts.23,24 To verify that VEGF is a direct target of 
IMP3, we constructed 5’-UTR, coding sequence and 3’-UTR of VEGF 
mRNA (pGL4-5’-UTR, pGL4-CDS and pGL4-3’-UTR) and empty 
(pGL4-empty) luciferase reporter vector. Luciferase assay showed 
that IMP3 significantly promoted luciferase activity of pGL6-3’-UTR 
and exclusively so used (Figure  6B). Finally, to further determine 
whether or not a direct interaction between IMP3 and VEGF mRNA 

F I G U R E  1  IMPs expression are up-regulated within lesion after vascular injury. Eight-week-old wildtype C57/BL6 mice were divided into 
two groups—control group that received sham surgery and experiment group that received right carotid artery wire injury surgery; mice 
were then sacrificed for at destinated time point after receiving sham/wire injury surgery, followed by total RNA extraction from the isolated 
ECs then qRT-PCR analyses. Changes in IMP1 (A), IMP2 (B) and IMP3 (C) RNA level at Day 3, 7, 14 and 28 post injury. n = 5 per group, the 
data are presented as mean ± SD, #p > 0.05, *p < 0.05 and **p < 0.01

F I G U R E  2  IMP3 accelerates the progress of re-endothelialization after arterial injury. Mice were sacrificed for the carotid aortas three 
days after AAV2-IMP3 or AAV2-Control injection; both total RNA and total proteins were harvested from the isolated ECs. (A) Change in 
IMP3 RNA level, n = 5 per group. (B) Changes in protein expression, the relative expression of IMP3 was quantified as fold change shown 
in grey. n = 4 per group. Mice were administered with AAV2-IMP3 or AAV2-Control injection seven days before carotid artery injury 
surgery. Mice were sacrificed for the injured carotid arteries at designated time points. Evans staining (C) was performed to estimate the 
degree of re-endothelialization on Day 0, Day 4 and Day 7; the injured area was stained by Evans blue. The rate of re-endothelialization was 
calculated by dividing the area marked with white to the total area. n = 3 per group. (D) Immunofluorescence staining of CD31 and PCNA in 
mice carotid arteries: CD31 was stained in red whereas PCNA was stained in green, nuclei were stained in blue, relative mean fluorescence 
intensity (MFI) of PCNA over DAPI signal were statistically analysed, n = 3 per group. (E) HE staining was used to estimate the degree of 
neointimal hyperplasia on Day 14 and Day 28, the neointima area and neointima-to-media area ratios were statistically analysed. n = 5 per 
group. The data are presented as mean ± SD. *p < 0.05 and **p < 0.01
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F I G U R E  3  IMP3 enhances endothelial cell proliferation while represses apoptosis. IMP3 RNA levels were measured by qRT-PCR analysis 
to validate transfection efficiency of ad-IMP3 (A) and Si-IMP3 (B), n = 4 per group. HUVECs were subjected to ad-IMP3, ad-RFP, Si-IMP3 or 
Si-Vehicle treatment, and followed by different analysis. (C) CCK-8 assay was used to access cell viability, n = 5 per group. (D) EDU assay was 
performed to access cell proliferation, n = 4 per group. (E)TUNEL assay was used for apoptosis, n = 4 per group. Experiments were repeated 
and the data are presented as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001
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was present, RNA immunoprecipitation was performed in endothe-
lial cell with IMP3 antibody or IgG control. RIP results revealed that 
VEGF mRNA was preferentially enriched in immunoprecipitation 
against IMP3 antibody compared with IgG control (Figure 6C).

4  |  DISCUSSION

The present study identified a novel functional role of IMP3 
in endothelial cell biology. Our current research demonstrated 
that RNA-binding protein IMP3 could be critically involved in re-
endothelialization and prevention of neointimal lesion formation 
after arterial injury, where IMP3 exerts its regulatory functions via 
targeting the VEGF/PI3K/Akt signalling pathway.

Coronary angioplasty and stents implantation are universally 
accepted in the clinics and often considered the most effective 
treatments for patients who suffer from obstructive coronary artery 
disease. However, restenosis often occurs as a result of angioplasty 
or stent implantation, and it has been considered a pressing chal-
lenge in coronary interventional treatment.25 A retrospective study 
conducted by Moussa report that approximately 1 in 10 interven-
tions in the United States are for in-stent restenosis.26 Although 
many clinical trials have reported that the use of next-generation 
DES reduced in-stent restenosis at an early stage,1,27 the overall 
landscape of preventative strategies for ISR has remained relatively 
unchanged over the years.26

IMP3, also known as insulin-like growth factor 2 (IGF2) mRNA-
binding protein 3 (IGF2BP3), is a member of the insulin-like growth 
factor 2  mRNA-binding proteins family.28–30 IMPs play its role in 
post-translational RNA processing, such as transcript localization, 
translation and stabilization31–33; additionally, IMPs family were 
recently identified as a family of m6A readers.8,34 However, previ-
ous research mainly focussed on the biological functions of IMPs 
in tumours and embryogenesis. For example, IMP3 participates in 
RNA trafficking and stabilization which promotes cell proliferation, 
migration in tumour progression and metastasis.35,36 The prolifera-
tion and migration capacity of endothelial cells is critical in vascular 
re-endothelialization process and plays an important role in in-stent 
restenosis.37–39 However, the role of IMPs in endothelium and re-
endothelialization has not yet been clarified. Therefore, we surgi-
cally introduced wire injuries to the right carotid artery of wildtype 
C57/BL6  mice, which in turn, triggered endothelial recovery as a 
response to vascular injuries; we then screened the expressions of 
three members of IMPs family (IMP1, IMP2 and IMP3). Interestingly, 
we found that IMPs expressions were all elevated during specific 
stages of endothelial recovery, especially IMP3 being the highest of 
them all. More specifically, the expression level of IMP3 started to 
increase from Day 3, reaching the highest level on Day 7, followed 
by a plateau and then declined to the baseline. This shifting pattern 
of IMP3 expression after introduction of carotid artery injuries was 
consistent with the progress of re-endothelialization,40 indicating 
that IMP3 may be involved in the re-endothelialization process after 
carotid artery injury.

However, IMP3 is reported to predominantly express in tumour 
tissues and in foetal tissues.41,42 Numerous studies have identified 
that IMP3 tends to promote tumour cell proliferation, migration 
and most often associates with poor prognosis.30,43 There were a 
number of articles reported that IMP3 is expressed in many devel-
oping human tissues such as the epithelium, placenta and muscles, 
but not expressed in normal adult tissues.44,45 Nevertheless, a study 
conducted by Bell et al., which analysed the expression of IGF2BPs 
in various adult mouse tissues by semi-quantitative RT-PCR, has 
found that the expression of IGF2BP3 was largely age-independent, 
although modest expressions were observed in the lung, spleen, 
kidney and gut of 16-week-old male mice.7 In addition, a study for 
acute liver failure has reported that in healthy mouse liver, only a 
small population of cells expressing IMP3 were identified by immu-
nohistochemistry. However, hepatocyte-like IMP3(+) cells emerged 
by 24 h after partial hepatectomy; the number of these cells peaked 
at 48 h after partial hepatectomy and then steadily declined to near 
basal levels by 96  h after partial hepatectomy.46 Due to this fea-
ture of IMP3, we focussed on the effect of IMP3 on endothelial cell 
function and explored its role in re-endothelialization post injury. 
According to our available results, endothelial cells express IMP3 
at a relatively low level in the uninjured condition; upon receiving 
wire-injured surgery, expression level of IMP3 in endothelial cells 
followed a trend of early elevation and late decrease. This is highly 
consistent with the pathological changes of the disease.37,47 During 
the early stage of injury, in response to the loss of large number of 
endothelial cells, the remaining endothelial cells begin to enter a 
state of proliferation, by up-regulating the expression of IMP3. Such 
effect reaches its peak at Day 14; when the endothelial repair pro-
cess has been largely completed, the demand for cell proliferation is 
also reduced progressively. Therefore, the expression of IMP3 starts 
to decline. Notably, a recent publication reported that Gene Set 
Enrichment Analysis (GSEA) using process networks from Metacore 
Pathway Analysis showed that knock-down of IMP3 in human en-
dothelial cell lines (HUVECs) resulted in the downregulation of cell 
proliferation-associated proteins such as cyclin B, securin, PBK, 
CDCA1, SPBC5, HEC, CENP-A and MAD2a,48 which also supports 
our interpretations from another point of view.

In order to confirm the role of IMP3 in modulating re-
endothelialization after carotid artery injury, we employed AAV2-
IMP3 infection to C57/BL6 mice—mice that were used to establish 
carotid artery injury model. We found that AAV2-IMP3 injection 
mice demonstrated a more robust recovery capability and reduced 
neointimal hyperplasia compared with AAV2-Control mice. However, 
we still lacked information regarding the re-endothelialization pro-
cess after knock-down or knockout IMP3 gene in mice. Despite this 
limitation, the significant recovery events observed in the injured 
arteries of AAV2-IMP3 injection mice does imply that overexpres-
sion of IMP3 could be exploited and expanded to promote the repair 
of artery damage. More importantly, AAV2-IMP3-treated mice did 
not show signs of adverse effects to other organs or tissue toxicity. 
However, we have not yet investigated the effects of different virus 
doses in relation to the degree of re-endothelialization. If possible, 
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we will further explore the optimal dose of virus delivery and investi-
gate if the progress of re-endothelialization could be enhanced with 
no additional adverse effects to other organs.

Activation of re-endothelialization after arterial injury is known 
to attenuate neointima formation, which is favoured as a new 

therapeutic strategy for improving endothelial recovery after vas-
cular injuries induced by percutaneous coronary interventions (PCI) 
procedures.49,50 Here, our results could mark the discovery of a 
novel therapeutic approach, whereby the delivery of target-specific 
modulators of IMP3 expression, such as AAV2 package, could be 

F I G U R E  4  IMP3 promotes endothelial cell migration. HUVECs were subjected to ad-IMP3, ad-RFP, Si-IMP3 or Si-Vehicle treatment, and 
followed by different analysis. (A) Representative images of transwell assay at 16 h after overexpression or knock-down of IMP3. Migrated 
cells were counted and calculated from the average cell number of three randomly chosen fields. (B) Wound-healing assays were employed 
for accessing cell migration ability. Cell migration was observed at 16h post-wounding (dotted line indicates wound edge). The mean distance 
migrated by the HUVECs was quantified. Experiments were repeated four times and the data are presented as mean ± SD. (n = 4). *p < 0.05 
and **p < 0.01
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F I G U R E  5  IMP3 regulates endothelial cell functions through activation of VEGF/PI3K/Akt signalling pathway. (A) After transfection 
of ad-IMP3 or ad-RFP, protein level of VEGF, PI3K, PPI3K and Akt in transfected HUVECs were measured by Western blot. ACTIN was 
selected as a protein control; the relative expression of proteins were quantified as fold change shown in grey (n = 3). (B) After HUVECs were 
transfected by Si-Vehicle or Si-IMP3, the protein expression level of VEGF, PI3K, PPI3K and Akt were measured by western blot. ACTIN was 
used as a protein control; the relative expression of protein was quantified as fold change shown in grey. HUVECs were subjected to ad-
IMP3, ad-RFP or ad-IMP3+Axitinib (0.5 μg/ml) treatment, followed by various analysis. (C) CCK-8 assay was used to measure cell viability. 
(D) EDU assay was used to measure cell proliferation. (E) TUNEL assay was used to measure apoptosis. (F) Transwell assay and (G) wound-
healing assay were employed for measuring cell migration ability. Experiments were repeated four times and the data are presented as mean 
± SD. (n = 4). #p > 0.05,*p < 0.05, **p < 0.01 and ***p < 0.001
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used as a protective agent after stent implantation to promote re-
endothelialization and attenuate stent restenosis.

Activation of endothelial migration and proliferation is believed 
to be related to re-endothelialization.51,52 Therefore, we conducted 
in vitro experiments to determine endothelial cell-specific functions 
of IMP3. Surprisingly, IMP3 enhances endothelial cell proliferation, 
migration whilst repressing apoptosis, which was consistent with 
murine phenotypes. Since our murine experiments did not observe 

any IMP3-induced intimal thickening, we did not identify any poten-
tial effects of IMP3 in smooth muscle cells.

Present studies revealed that the activation of the VEGF/PI3K/
Akt pathway was crucial for re-endothelialization and activation 
of endothelial cells.53,54 We found that overexpression of IMP3 
upregulates the protein expression levels of VEGF, p-PI3K and p-
Akt, while inhibition of IMP3 inhibits them. Furthermore, VEGFR 
inhibitor Axitinib abolished the endothelial cell activation of IMP3 

F I G U R E  6  IMP3 as RNA-binding 
protein increases stability of VEGF mRNA. 
(A) HUVECs were subjected to ad-IMP3 or 
ad-RFP treatment prior to alpha-amanitin 
treatment; the total RNA was harvested 
at designated time points. mRNA 
expressions were analysed by qRT-PCR, 
half-life was calculated accordingly, n = 3 
per group. (B) Dual-luciferase reporter 
assay was performed after co-transfection 
with reporter vector and ad-IMP3 or 
ad-RFP in 293T for 48 h, n = 3 per group. 
(C) HUVECs were harvested and anti-
IMP3 antibody was used to extract IMP3 
protein and its associated RNA molecules 
via immunoprecipitation. IgG beads were 
used as negative control. RIP products 
were analysed by RT-qPCR, n = 4 per 
group. Experiments were repeated and 
the data are presented as mean ± SD. 
**p < 0.01

F I G U R E  7  IMP3 regulates re-
endothelialization after vascular injury. 
The vascular endothelium is denudated 
after the right carotid artery wire 
injury surgery. IMP3 could directly 
bind to VEGF mRNA whilst increasing 
VEGF mRNA stability, which in turn 
regulates endothelial cell functions 
through the activation of VEGF/PI3K/
Akt signalling pathway. Overexpression 
of IMP3 promotes ECs proliferation 
within the lesion area, enhances ECs 
migration from adjacent lesion site 
and inhibits EC apoptosis. Collectively, 
IMP3 could contribute to accelerated 
re-endothelialization as well as reduced 
intimal hyperplasia
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overexpression. Collectively, these results suggested a possible 
mechanism of IMP3-mediated re-endothelialization, where IMP3 
is the upstream signalling mediator of VEGF/PI3K/Akt pathway. 
Previous studies have reported that the PI3K pathway is activated 
by IMP3 in glioblastoma55 and prostate cancer tissues,29 which is 
consistent with the role of IMP3 we found in endothelial cells. In 
addition, some studies have also indicated the interaction be-
tween IMP3 and VEGF, for example, Yang et demonstrated that 
IMP3  knock-down leads to repressed expression and stability of 
VEGF mRNA via reading m6A modification48; on the other hand, a 
study conducted by Gharib also reported that there was a significant 
correlation between VEGF and IMP3 mRNA in lung adenocarcino-
mas.56 Furthermore, a study conducted by Kong showed that both 
the expressions of IMP3 and VEGF in osteosarcoma tissues were 
higher than that in adjacent tissues.57 Therefore, we could specu-
late that IMP3 activates the PI3K pathway by stabilizing endogenous 
VEGF mRNA in endothelial cells. So far, the roles of IMP3 as an RNA-
binding protein was mainly studied due to its ability to recognize and 
stabilize target mRNA, such as insulin-like growth factor 2 (IGF2)58 
or a few other well-known mRNAs (MYC and CD44).59,60 Here, we 
demonstrated a direct interaction between IMP3 and VEGF mRNA. 
We observed an increased half-life of VEGF mRNA transcripts and, 
consequently, elevated luciferase activity in control of IMP3. And 
VEGF transcripts were precipitated with IMP3 antibody. Though 
much work has gone into studying the intricate role of IMPs in 
mRNA stabilization, its precise mechanism of action still remains 
unclarified and would require further investigations. A recent study 
has shown that the KH domains of IMPs family can confer sequence 
specific recognition of RNAs through their variable loop regions.58 
If possible, our future experiments will focus on characterizing the 
specific domains of IMP3 protein that play the essential role in inter-
acting with VEGF mRNA.

Collectively, we described a novel role of IMP3 as a key player 
in the process of re-endothelialization in response to arterial injury. 
Mechanistically, we demonstrated that overexpression of IMP3 
could improve proliferative and migratory capabilities of endothelial 
cells, and it is responsible for increased re-endothelialization capac-
ity of endothelial cells after arterial injury. Especially with regard to 
the absent systemic side effects, the delivery of AAV2-IMP3 for the 
regeneration of the endothelium could be a promising therapeutic 
strategy for improving re-endothelialization after balloon angio-
plasty or stent implantation (Figure 7).
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