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Abstract. As a specific microvascular complication of 
diabetes, diabetic retinopathy (dR) causes severe visual 
impairment in patients with diabetes. The expression of 
microRNA-126 (miRNA/miR-126) has previously been found 
to be significantly decreased in the serum of patients with DR. 
In the present study, the functions of miR-126 and its mecha-
nisms of action in experimental diabetic retinopathy were 
examined in rats with streptozotocin (STZ)-induced diabetes 
and in high glucose (HG)-induced human retinal capillary 
endothelial cells (HRcEcs). In vivo, diabetic rat models 
were established and the rats were intravitreally injected 
with lentivirus expressing rno-miR-126 (lenti-miR-126) or 
negative control (lenti-Nc). RT-qPcR was used to determine 
the miR‑126 level in the serum and retina. Paraffin sections 
and retinal vasculature were used to determine the extent 
of retinopathy. The protein content of vascular endothelial 
growth factor (VEGF) and pigment epithelium-derived factor 
(PEdF) in the retina was used as an auxiliary measurement 
of retinopathy. Western blot analysis and immunofluorescence 
staining were used to measure the expression of polo-like 
kinase 4 (PLK4) in rat retinal tissue. In vitro, the cells were 
transfected with miR-126 inhibitor or mimic and treated with 
the PLK4 inhibitor, cFI-400945 fumarate. RT-qPcR and 
western blot analysis were used to detect the miR-126 level 

and PLK4 expression. cell proliferation and migration were 
measured by EdU and Transwell assays. The diabetic rats were 
found to exhibit downregulated serum and retinal miR-126 
levels compared with the non-diabetic rats. The intravitreal 
delivery of miR-126 alleviated retinopathy and reduced the 
diabetes-induced upregulation of PLK4 in retinal tissues. 
Luciferase reporter assays confirmed that PLK4 mRNA was 
the target of miR-126. In HG-induced HRcEcs, transfection 
with miR-126 mimic increased the miR-126 level, whereas it 
downregulated that of its downstream target, PLK4, which 
was opposite to the effects exerted by the miR-126 inhibitor. 
Furthermore, miR-126 mimic and cFI-400945 fumarate 
reduced the HG-induced upregulation of PLK4 expression, as 
well as cell proliferation and migration. On the whole, the find-
ings of the present study demonstrate that miR-126 reduces 
experimental diabetic retinopathy and suppresses endothelial 
cell proliferation and migration by targeting PLK4. Thus, 
miR-126 and cFI-400945 fumarate may be therapeutic targets 
for dR.

Introduction

diabetes mellitus (dM) is a major metabolic disorder that exerts 
a negative effect on global public health (1). As a particular 
microvascular complication of diabetes, diabetic retinopathy 
(DR) can be classified as non‑proliferative diabetic retinopathy 
(NPdR) and proliferative diabetic retinopathy (PdR), involving 
retinal neovascularization following ischemia (2). dR has 
become the leading cause of visual impairment in adults in 
a number of countries and is a major burden on patients and 
society (3,4). Thus, it is necessary to examine the pathogenesis 
of dR and identify effective measures for its prevention.

MicroRNAs (miRNAs or miRs) are a class of highly 
conserved small-molecule non-coding RNAs that regu-
late gene expression by binding to complementary target 
sequences of the 3' untranslated regions (3'-UTR) of 
mRNAs (5). Recently, studies have focused on miRNAs as 
important regulatory mediators for diabetic microvascular 
and macrovascular complications (6,7). miR-126 (also known 
as miR‑126‑3p), is an endothelial cell‑specific miRNA that 
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is highly expressed in endothelial cells, such as capillaries 
and large blood vessels. It plays a critical role in regulating 
angiogenic signaling and maintaining vascular integrity in 
endothelial cells (8). A previous study by the authors found 
that the serum miR-126 level in patients with dR, particularly 
those with PDR, was significantly lower than that in healthy 
individuals (9). However, the precise mechanisms of action of 
miR-126 in dR remain poorly understood.

Polo-like kinase (PLK) is a type of serine/threonine kinase 
that plays a key regulator in various cellular events during cell 
divisions, allowing cells to divide and grow normally. From 
previous research, it was found that miR-126 directly targets 
PLK4 in hepatocellular carcinoma (10). PLK4 is a unique 
member of the PLK family and serves as a primary regulator 
of centrosome duplication and mitotic progression. It has been 
demonstrated that PLK4 expression is increased in highly 
proliferating tissues (11).

Thus, it was hypothesized that miR-126 can affect dR by 
regulating PLK4 expression. In the present study, rat models of 
STZ-induced diabetes and high glucose (HG)-induced HRcEcs 
were used to explore the role and mechanisms of miR-126 in 
dR, with an aim of providing potential therapeutic targets.

Materials and methods

Animals. Male Sd rats weighing 200-250 g (n=55) were 
purchased from the Laboratory Animal centre of Southern 
Medical University (Guangzhou, china) and housed with free 
access to food and water in the Medical Research center of the 
Third Affiliated Hospital of Southern Medical University. The 
environment was maintained at 20‑26˚C, relative humidity of 
40-60%, a 12-h light/dark cycle, and with natural and mechan-
ical ventilation. All animal experiments were approved by the 
Animal Ethics committee of Southern Medical University.

Diabetes induction. The rats were randomly divided into 
the non-dM (NdM) and diabetic groups (dM). After 
being allowed to eat freely for 3 days to adapt to their new 
living environment, the rats in the dM group (n=35) were 
administered a single intraperitoneal injection of STZ 
(60 mg/kg; Sigma‑Aldrich; Merck KGaA) dissolved in citrate 
buffer (pH 4.4) to induce diabetes. The same dose of citrate 
buffer was used for treating the rats in the NdM group (n=20). 
One week later, the blood glucose level was measured using a 
blood sample of the tail vein, and values ≥16.7 mmol/l were 
considered to indicate diabetes. Rat weight and blood glucose 
levels were assessed once every 2 weeks.

Intravitreal injection. Lentivirus expressing rno-miR-126 
(lenti-miR-126, TcG TAc cGT GAG TAT AAT GcG) and 
negative control oligonucleotide with a scrambled sequence 
(lenti-Nc, TTc Tcc GAA cGT GTc AcG T) were obtained 
from GenePharma, Inc. At 1 week following the induction 
of diabetes, rats were randomly grouped and anesthetized 
with an intraperitoneal injection of 3% pentobarbital sodium 
(45 mg/kg) and then administered an intravitreal injection of 
4 µl of lentivirus to each of the two eyes using a 33-gauge needle 
(Hamilton™, GuangZhou Jetway Biotech co., Ltd.). Following 
the injection, levofloxacin hydrochloride eye gel obtained from 
EBE Pharmaceutical co., Ltd. was used to prevent infection. 

Animal health and behavior were monitored on a daily basis. 
Of the 55 rats purchased, 1 rat failed to acquire diabetes, 3 rats 
died following anesthesia during intravitreal injection, and 
3 rats died of diabetes. After 3 months, the remaining rats (n=48) 
were anesthetized with pentobarbital sodium (45 mg/kg), and 
approximately 3-4 ml of blood was drawn from each rat. The 
rats were then euthanized by cervical dislocation. The eyeballs 
were removed from the dead rats after confirming the cessation 
of the heartbeat and breathing, stiff limbs, whitening lips and 
the disappearance of blinking reflexes.

Cells and cell culture. Human retinal capillary endothelial cells 
(HRcEcs, JNO-121) were purchased from Guangzhou Jennio 
Biotech co., Ltd., and cultured in endothelial cell medium 
(ECM, Sciencell, Inc.) at 37˚C in a humidified incubator with 
5% cO2. When the HRCECs reached a confluence of 80‑90%, 
they were digested with 0.25% trypsin without EdTA and 
sub-cultured. The HRcEcs were cultured in normal glucose 
(NG, 5.5 mM) or a high concentration of glucose (HG, 25 mM) 
in EcM for 48 h to examine the mechanisms of dR. cells were 
then cultured using cFI-400945 fumarate (MedchemExpress, 
New Jersey, USA) at a concentration of 200 nM for 24 h.

Cell transfection. miR-126 mimic (sense 5'-UcG UAc cGU 
GAG UAA UAA UGc G-3' and antisense 5'-cAU UAU UAc 
UcA cGG UAc GAU U-3'), miR-126 inhibitor (5'-cGc AUU 
AUU AcU cAc GGU AcG A-3') were purchased from Sangon 
Biotech co., Ltd. They were separately transfected into 
HRcEcs at a concentration of 50 nM using Lipofectamine 3000 
reagent (Life Technologies; Thermo Fisher Scientific, Inc.) as 
instructed by the manufacturer for 6 h. The cells were then 
collected for use in subsequent experiments following 24 h of 
transfection.

RNA extraction and RT‑qPCR. Total serum RNA was 
extracted using the miRNeasy Serum/Plasma kit (Qiagen, 
Inc.). RNA was extracted from the mouse retinas or HRcEcs 
using RNA isolater Total RNA Extraction Reagent (TRIzol 
reagent; R401‑01, Nanjing Vazyme Medical Technology 
co., Ltd.). RT-qPcR was performed using the miRNA 1st 
Strand cdNA Synthesis kit (by stem-loop), miRNA Universal 
SYBR qPcR Master Mix, HiScript® II Q RT SuperMix for 
qPcR and chamQTM SYBR® qPcR Master Mix (all from 
Nanjing Vazyme Medical Technology co., Ltd.). All the 
above-mentioned reactions were executed according to the 
protocols supplied by the manufacturer. Relative quantities 
of miR-126 were normalized to U6, and PLK4 mRNA was 
normalized to GAPdH. The thermocycling conditions are as 
follows: A single cycle of initial denaturation at 95˚C/5 min 
(for miRNA) or 95˚C/30 sec (for RNA), then 40 cycles of 
denaturation at 95˚C/10 sec, annealing at 56˚C/30 sec, and 
extension at 72˚C/30 sec. After the last cycle, the reaction was 
completed by a melting curve step at 95˚C/15 sec, 60˚C/60 sec, 
and 95˚C/15 sec. The primer sequences were as follows: 
miR-126 RT, 5'-GTc GTA Tcc AGT GcA GGG Tcc GAG GTA 
TTc GcA cTG GAT AcG Acc GcA TT-3' and forward, 5'-cGc 
GTC GTA CCG TGA GTA AT‑3'; U6 RT, 5'‑GTC GTA TCC AGT 
GcA GGG Tcc GAG GTA TTc GcA cTG GAT AcG AcT TGG 
CG‑3' and forward, 5'‑GGA GAC ACG CAA ACG GAA G‑3'; 
human PLK4 forward, 5'-Tcc AAG AGG cAG AAG AAA GA 
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cc-3' and reverse, 5'-GcT GAG TGA cAT cGT Tcc ATT G-3'. 
All primers and GAPdH primer solutions were purchased 
from Sangon Biotech (Shanghai) co., Ltd. Relative gene 
expression was calculated using the 2-ΔΔcq method (12). Three 
independent experiments were carried out.

Western blot analysis. In order to obtain protein samples, the 
retinas or HRcEcs were placed in RIPA buffer with a protease 
inhibitor (phenylmethanesulfonyl fluoride), crushed using 
an ultrasonic cell pulverizer, centrifuged (5,000 x g/2 min 
at room temperature) to obtain the supernatant protein, and 
quantified using a BCA Protein Assay kit (Nanjing KeyGen 
Biotech. co., Ltd.). Equivalent amounts of protein (20 µg) from 
each sample were run at 10% SdS-PAGE and transferred to 
0.22 µm polyvinylidene fluoride membranes (EMD Millipore). 
After blocking with 5% non-fat dried milk solution at room 
temperature for 2 h, the membranes were first incubated 
overnight at 4˚C with polyclonal rabbit anti‑vascular endo-
thelial growth factor (VEGF) antibody (A12303, ABclonal; 
1:3,000), polyclonal rabbit anti-pigment epithelium-derived 
factor (PEDF) antibody (A11782, ABclonal; 1:3,000), poly-
clonal rabbit anti-PLK4 antibody (12952-1-AP, ProteinTech 
Group, Inc.; 1:1,000) or monoclonal mouse anti‑β-tubulin 
antibody (CW0098, ComWin Biotech; 1:5,000), and then 
with appropriate peroxidase-labeled secondary anti-rabbit 
or anti-mouse antibodies (RM3002, or RM3001, Beijing 
Ray Antibody Biotech; 1:3,000) at room temperature for 1 h. 
chemiluminescent signals were visualized using Ncm-EcL 
Ultra (New cell & Molecular Biotech co., Ltd.), while ImageJ 
software was used to determine the gray strip values.

Paraffin sections and histological assessment. Rat enucle-
ated eyeballs separated from the anterior segments were 
immediately fixed in 4% paraformaldehyde solution for 24 h, 
transferred to gradient dehydration (from 50 to 100% ethanol), 
made transparent in xylene, embedded in paraffin, divided into 
4-µm-thick slices, and attached to slides. Following deparaf-
finization and rehydration (xylene I, xylene II, 100% ethanol I, 
100% ethanol II each for 10 min, and 95, 90, 80 and 70% 
ethanol each for 5 min), the vertical paraffin sections around 
optic nerve (20 to 60 µm apart) were stained with hematoxylin 
for 3 min and with eosin for 30 sec (H&E, Beijing Solarbio 
Science & Technology co., Ltd.) at room temperature and then 
examined under a light microscope (Olympus corporation).

Preparation of retinal vasculature by Trypsin digestion. The 
retinal vasculature was prepared according to the protocol 
described in the study by chou et al (13). A fluorescence 
microscope (carl Zeiss AG) was used to obtain images of the 
prepared retinal vessels, and 5 images were selected from each 
group. The number of endothelial cells and pericytes from 
these images were counted manually, and the ratio (E/P) was 
then calculated to determine the extent of retinopathy.

Immunofluorescence staining. The steps for the preparation 
of the paraffin‑embedded sections were the same as those 
described above. Following deparaffinization and rehydration 
(xylene I, xylene II, 100% ethanol I, 100% ethanol II each for 
10 min, and 95, 90, 80 and 70% ethanol each for 5 min), the 
sections were incubated in 0.01% trypsin (Beijing Solarbio 

Science & Technology Co., Ltd.) for antigen retrieval at 37˚C 
for 15 min, rinsed 3 times with 0.01 M PBS for 5 min/time, 
blocked with standard goat serum blocking solution (Wuhan 
Boster Biological Technology, Ltd.) for 1 h at room tempera-
ture, and incubated overnight at 4˚C with monoclonal rabbit 
anti-cd34 (ab81289, Abcam, 1:200) or polyclonal rabbit 
anti-PLK4 (12952-1-AP, ProteinTech Group, Inc., 1:150). The 
sections were then incubated for 1 h at room temperature 
with donkey anti-rabbit IgG (H+L) highly cross-adsorbed 
secondary antibody, Alexa Fluor 594 (A21207, Thermo Fisher 
Scientific, Inc.; 1:200) antibody and covered with ProLong™ 
diamond Antifade Mountant with dAPI (Thermo Fisher 
Scientific, Inc.). Images of these sections were obtained using 
a fluorescence microscope (Carl Zeiss AG).

Dual‑luciferase activity assay. PcR was used to amplify the 
wild-type (Wt), and mutant (Mut) fragments of the PLK4 
3'UTR containing the predicted miR-126-binding site. To 
construct luciferase reporter gene vectors, the target fragments 
were inserted into the pGL3-Promotor (Promega corporation) 
by Nanjing Zhifan Biotechnology co., Ltd. The constructs 
were co-transfected into HRcEcs along with miR-126 
mimic (50 nM) and negative control mimic (50 nM) using 
Lipofectamine 3000 reagent (Life Technologies; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. The sequences were as follows: miR-126 mimic (sense, 
5'-UcG UAc cGU GAG UAA UAA UGc G-3' and antisense, 
5'-cAU UAU UAc UcA cGG UAc GAU U-3'), negative control 
mimic (sense, 5'-UUc Ucc GAA cGU GUc AcG UTT-3' and 
antisense, 5'-AcG UGA cAc GUU cGG AGA ATT). Following 
48 h of transfection, the dual-Luciferase Reporter Assay 
System (Promega corporation) was used following the instruc-
tions provided by the manufacturer to determine the luciferase 
activity compared with Renilla luciferase of the samples.

EdU assay. HRcEcs were inoculated into 15 mm 
glass-bottomed dishes. They were treated separately with 
different interventions after being adherent and achieving a 
confluence of 60‑70%. Following 48 h of treatment, the cell 
proliferative capacity was analyzed with a kFluor488-EdU 
assay kit (KGA337, Nanjing KeyGen Biotech. co., Ltd.) 
following the instructions provided by the manufacturer. In 
detail, samples were incubated at 37˚C for 2 h with a working 
solution of 50 µM EdU. The nuclei were stained blue with 
Hoechst 33342, protected from light at room temperature for 
30 min. The cells were imaged using a fluorescence micro-
scope (Olympus Corporation). A total of 5 fields of view were 
selected randomly to calculate the positive rate.

Transwell assay. Following treatment of the HRcEcs with 
different interventions for 48 h, 1x105/ml cells were diluted with 
serum-free EcM and transferred into the upper chamber of a 
Transwell insert (Costar; Corning, Inc.). An ECM containing 5% 
FBS was added to the lower chamber. The non-migrating cells 
were removed gently from the upper chamber following 24 h of 
incubation in a cO2 incubator at 37˚C. Cells that had already 
migrated through the membrane were fixed with 4% paraformal-
dehyde for 20 min and stained with a solution of 0.5% crystal 
violet (Beijing Solarbio Science & Technology co., Ltd.) at room 
temperature for 10 min. The migrated cells were imaged using an 
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inverted optical microscope (Olympus Corporation) and 5 fields 
of view were randomly selected to count the cell numbers.

Statistical analysis. The experimental data are represented as 
the means ± SD. Significant differences between 2 groups were 
evaluated with a t‑test using GraphPad Prism 7.0; one‑way 
ANOVA and Tukey's test following ANOVA were used to 
evaluated the differences between ≥3 groups for multiple 
comparisons. A value of P<0.05 was considered to indicate a 
statistically significant difference.

Results

miR‑126 is downregulated in serum and retinas of rats with 
STZ‑induced diabetes. At the established time points of 2, 
4, 6, 8, 10 and 12 weeks following the induction of diabetes, 
blood glucose levels in the rats with dM were higher than 
those in the NdM group (both P<0.05, Fig. 1A-a), while the 
bodyweight of the rats with dM was lower than that of the rats 
in the NdM group (both P<0.05, Fig. 1A-b). Random levels 
of blood glucose in the rats with dM were >16.7 mmol/l and 
did not return to the normal concentration of glucose, proving 
the successful induction of diabetes. The results of RT-qPcR 

revealed that the miR-126 level in the serum and retinas was 
decreased in the diabetic rats at 12 weeks, as compared with 
the rats in the NdM group (both P<0.05, Fig. 1B).

Intravitreal injection of lenti‑miR‑126 increases the level of 
miR‑126 without affecting blood glucose levels and weight 
of the diabetic rats. The lenti-miR126 or its negative control 
lenti-Nc were injected intravitreally into the eyes of rats in 
the dM and NdM groups at 1 week following the induction 
of diabetes. Blood glucose levels in the rats with dM injected 
with lenti-Nc (dM+Nc) were higher than those in the rats 
in the NdM group injected with lenti-Nc (NdM+Nc) at 2, 
4, 6, 8, 10 and 12 weeks following the induction of diabetes. 
The body weight of the rats in the dM+Nc group was, 
however, lower than that of the rats in the NdM+Nc group 
(both P<0.05). No significant differences in body weight and 
blood glucose levels were observed between the rats with dM 
injected with lenti-miR-126 (dM+miR-126) and the rats in 
the dM+Nc group, suggesting that the intravitreal injection 
of lentivirus did not affect the physical conditions of rats, as 
presented in Fig. 2A. At 3 months after the STZ injection, the 
retinas were harvested and RT-qPcR was performed. The 
results revealed a decrease in both serum and retinal miR-126 

Figure 1. MicroRNA-126 level in serum and retina is downregulated in rats with STZ-induced diabetes compared to non-diabetic rats (A-a). Random blood 
glucose levels in rats; (A‑b). Bodyweight in rats. (B) The miR‑126 level in serum and retinas of rats after 3 months of diabetes induction (n=6/group). 
DM, diabetes mellitus; NDM, non‑diabetes mellitus. **P<0.01; ***P<0.001; ****P<0.0001 vs. NdM group.
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levels in the rats in the dM+Nc group compared to those in 
the NdM+Nc group. As shown in Fig. 2B, in the serum and 
retinas of the rats with dM injected with lenti-miR-126, the 
level of miR-126 was upregulated as compared with the rats 
with dM injected with lenti-Nc (both P<0.05).

Intraocular delivery of miR‑126 alleviates retinopathy in rats 
with diabetes. H&E staining revealed a typical standard archi-
tecture of retinal layers arranged regularly in the rats in the 
NdM group injected with lenti-Nc (NdM+Nc). However, in 
the rats with dM injected with lenti-Nc, the structures of the 
ganglion cell layer (GcL), inner nuclear layer (INL) and outer 
nuclear layer (ONL) were loosened and disordered compared 
with those in the rats with dM injected with lenti-miR-126 
(dM+miR-126) (Fig. 3A). As also shown in Fig. 3A, the rats in 
the dM+Nc group also appeared to have more blood vessels 
(black arrow) compared with those in the NdM+Nc and 
dM+miR-126 groups.

As shown by the retinal vasculature, the nucleus of 
endothelial cells was large and oval-shaped, parallel to the 
vasculature in the long axis (white arrows); the nuclei of 

pericytes were small and triangle-shaped, located at one side 
of the capillary (black arrows). In the rats in the dM+Nc 
group, the ratio of the number of endothelial cells to the 
number of pericytes (E/P) was significantly higher compared 
to that in the NdM+Nc and dM+miR-126 groups (P<0.05). 
Furthermore, the retinas from the rats in the dM+Nc group 
exhibited more acellular capillaries (triangles) than those from 
the rats in the NdM+Nc and dM+miR-126 groups (Fig. 3B). 
Immunofluorescence staining also revealed that the retinas 
from the rats in the dM+Nc group exhibited prominent cd34 
staining compared to those from the rats in the NdM+Nc and 
dM+miR-126 groups (Fig. 3c).

The results obtained from western blot analysis are 
depicted in Fig. 3d. It was found that the content of retinal 
VEGF protein was higher in the rats in the dM+Nc group 
than those in the NdM+Nc group and lower in the rats in the 
dM+miR-126 compared with the rats in the dM+Nc group. 
Furthermore, the PEdF retinal content was lower in the rats in 
the dM+Nc group than in those in the NdM+Nc group, while 
it was higher in the rats in the dM+miR-126 group compared 
with the rats in the dM+Nc group.

Figure 2. Intravitreal injection of lenti-miR-126 increases the miR-126 expression level of serum and retina in diabetic rats: (A-a). Random blood glucose levels 
in rats; (A‑b). Bodyweight in rats; (B) miR‑126 level of serum and retina in rats, which were intravitreally injected with lentivirus (n=6/group). NDM+NC, 
non‑diabetic rats injected with lenti‑NC; DM+NC, diabetic rats injected with lenti‑NC; DM+miR‑126, diabetic rats injected with lenti‑miR‑126. *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001 vs. NdM+Nc or as indicated.
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Intraocular delivery of miR‑126 downregulates PLK4 expres‑
sion in the retinas of diabetic rats. The results of western 
blot analysis revealed that the protein content of PLK4 in 
the rats with dM injected with lenti-Nc (dM+Nc) was 
higher than that in the rats in the NdM group injected with 
lenti-Nc (NdM+Nc) (Fig. 4A). The intravitreal injection of 
lenti-miR-126 downregulated PLK4 expression in the retinas 
of the rats with dM compared those of the rats injected with 
lenti‑NC (Fig. 4A). In addition, immunofluorescence staining 
demonstrated that the retinas of the rats in the dM+Nc group 
exhibited prominent PLK4 staining compared to the those of 
the rats in the NdM+Nc and dM+miR-126 groups (Fig. 4B).

miR‑126 negatively regulates the expression of PLK4 in 
HG‑induced HRCECs. In order to confirm that miR‑126 
targets PLK4, luciferase reporter assays were performed 

in which the Wt or Mut PLK4 3'-UTR bound with miR-126 
and was fused to the luciferase gene (Fig. 5A). Luciferase 
reporter assay revealed that transfection with miRNA-126 
mimic effectively inhibited the luciferase activity in HRcEcs 
expressing the Wt reporter, but not in those expressing the Mut 
(Fig. 5B). Furthermore, the results of RT-qPcR indicated that 
the miR-126 level in HG-induced HRcEcs was lower than 
that of the standard control (P<0.05). The miR-126 level was 
reduced (P<0.05) following transfection of the HG-induced 
HRcEcs with a miR-126 inhibitor. By contrast, transfection 
with miR-126 mimic increased the miR-126 level (P<0.0001) 
(Fig. 5c). As shown in Fig. 5d, in the HG-induced HRcEcs, 
the mRNA expression of PLK4 was upregulated compared 
with the normal control (P<0.05). Transfection with miR-126 
inhibitor upregulated PLK4 expression (P<0.001); however, 
transfection with miR-126 mimic downregulated PLK4 

Figure 3. Intraocular delivery of miR‑126 alleviates experimental diabetic retinopathy in diabetic rats. (A) H&E staining of retinal paraffin‑embedded sections 
(magnification, x200). ILM, inner limiting membrane; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; PEL, pigment epithelial 
layer. (B) The prepared retinal vasculature by trypsin digest (magnification, x400). Endothelial cells are indicated by white arrows, pericytes are indicated 
by black arrows and acellular capillaries are indicated by triangles. (C) Retinal immunofluorescence staining for CD34. (D) The protein contents of VEGF 
and PEDF in the rat retina. VEGF, vascular endothelial growth factor; PEDF, pigment epithelium‑derived factor; NDM+NC, non‑diabetic rats injected with 
lenti‑NC; DM+NC, diabetic rats injected with lenti‑NC; DM+miR‑126, diabetic rats injected with lenti‑miR‑126. *P<0.05; ***P<0.001; ****P<0.0001.
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expression (P<0.05). The results of western blot analysis 
revealed that the PLK4 protein content was higher in the 
HG-induced HRcEcs compared to the standard control and 
was negatively regulated by miR-126 (Fig. 5E).

Overexpression of miR‑126 suppresses the proliferation and 
migration of HG‑induced HRCECs by inhibiting PLK4 expres‑
sion. miR-126 mimic was used to transfect HG-induced HRcEcs 
in order to examine the role of miR-126 in the angiogenesis of 

Figure 5. MicroRNA‑126 negatively regulates PLK4 expression in high glucose‑induced HRCECs. (A) The predicted binding site of miR‑126 on PLK4 3'UTR; 
(B) Luciferase activity of wild-type (Wt) and mutant (Mut) PLK4 3'UTR in each group. (c) Expression level of miR-126 in cells transfected with miR-126 
mimic or inhibitor. (d) Expression level of PLK4 mRNA in cells transfected with miR-126 mimic or inhibitor. (E) PLK4 protein content in cells transfected 
with miR‑126 mimic or inhibitor. PLK4, polo‑like kinase 4; NG, normal glucose; HG, high glucose. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

Figure 4. Intraocular delivery of miR-126 suppresses the diabetes-induced upregulation of PLK4 expression in the diabetic rat retina. (A) PLK4 protein content 
in the retina of rats. (B) Retinal immunofluorescence staining for PLK4. PLK4, polo‑like kinase 4; NDM+NC, non‑diabetic rats injected with lenti‑NC; 
DM+NC, diabetic rats injected with lenti‑NC; DM+miR‑126, diabetic rats injected with lenti‑miR‑126. ****P<0.0001.



158 ZHENG et al:  miR-126 TARGETING PLK4 IN dR

dR. EdU and Transwell assays were used to evaluate the cell 
proliferative and migratory abilities. cFI-400945 fumarate, a 
PLK4 inhibitor, was added to the HRcEcs to inhibit the expres-
sion of PLK4. The results of western blot analysis revealed 
that the PLK4 protein content was higher in the HG-induced 
HRcEcs than in the NG group. Transfection with miR-126 
mimic and treatment with cFI-400945 fumarate suppressed the 
HG-induced upregulation of PLK4 protein expression (Fig. 6A). 
In the HG-induced HRcEcs, the PLK4 mRNA level was 
upregulated compared to the NG control, whereas it was down-
regulated by transfection with miR-126 mimic or treatment with 
cFI-400945 fumarate (Fig. 6B). In the EdU assay, HG treatment 

was shown to result in a significant increase in cell proliferation 
compared to the NG group. At the same time, miR-126 mimic, 
or cFI-400945 fumarate suppressed the HG-induced increase 
in cell proliferation (Fig. 6c). In the Transwell assay, HG was 
shown to increase the migratory ability of the HRcEcs, which 
was suppressed by transfection with miR-126 mimic or treat-
ment with cFI-400945 fumarate (Fig. 6d).

Discussion

Rat models of STZ-induced diabetes have frequently 
been used in studies related to diabetes and the associated 

Figure 6. miR-126 mimic and cFI-400945 fumarate suppress the high glucose induced-increase in cellular proliferation and migration ability in HRcEcs. 
(A) PLK4 protein content in cells. (B) Expression level of PLK4 mRNA in cells. (c) Proliferative ability of cells is evaluated by EdU assay. (d) Migratory 
ability of cells was evaluated by Transwell assay. PLK4, polo‑like kinase 4; NG, normal glucose; HG, high glucose; CFI‑400945 fumarate, a PLK4 inhibitor; 
EdU, The 5-ethynyl-2'-deoxyuridine. ****P<0.0001.
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complications (14-16). In the present study, a rat model of 
STZ-induced diabetes was established. RT-qPcR revealed 
that both serum and retinal miR-126 levels in the diabetic rats 
were decreased compared to those in the rats in the NdM 
group, which is consistent with the findings of a previous study 
on the human body by the authors (9). Moreover, miRNAs are 
usually packaged in microvesicles to protect against endog-
enous RNase activity in the circulation and are present in this 
stable form. Thus, the serum miR‑126 level can reflect its level 
in the retinal tissues and act as a biomarker for dR screening.

The activation of the angiogenesis process in endothelial 
cells is essential for normal embryonic development and 
physiological angiogenesis in adults. However, the formation 
of new blood vessels in cancer and dR is both pathological 
and harmful. It has been indicated that miRNAs participate in 
the maintenance of vascular homeostasis and the prevention 
of terminal organ sequelae caused by diabetes (17). miR-126 
is the only miRNA known to be expressed explicitly in 
endothelial cell lineage, hematopoietic progenitor cells, and 
endothelial cell lines (18).

Lentivirus vectors can be stably integrated into the host cell 
genome for effective exogenous gene expression without any 
alterations of the cloned gene and have a high gene transduc-
tion efficiency. In the present study, lenti‑miR‑126 was injected 
intravitreally into the eyes of rats with dM to investigate its 
function in dR. It was found that the intravitreal injection of 
lenti-miR-126 increased the miR-126 level in the serum and 
retinas of rats. Pericytes play a vital role in angiogenesis and 
vessel stabilization. The condition of reduced retinal pericyte 
coverage is a well-established fact of dR pathology (19). In the 
retinal vasculature, the ratio of the number of endothelial cells to 
pericytes (E/P) was used to assess dR. The results revealed that 
the diabetic rats exhibited a higher E/P ratio and more acellular 
capillaries as compared to the rats in the NdM group. However, 
the intraocular delivery of miR-126 reduced the E/P ratio and 
acellular capillaries number. In addition, the endothelial marker 
(CD34) was examined by immunofluorescence to identify capil-
lary endothelium. Although vertical sections around the optic 
nerve (20 to 60 µm apart) were selected for H&E staining and 
immunofluorescence, there are still deficiencies in using these 
methods for the detection of retinopathy. Therefore, the authors 
intend to make further progress in this matter in future studies.

VEGF is an essential pro-angiogenic growth factor that 
increases vascular permeability and promotes the prolifera-
tion of the vascular endothelial cell. Studies have found that 
VEGF plays a vital role in the development of dR (20,21). 
By contrast, PEdF is a potent anti-angiogenic factor with 
neuroprotective effects, inhibiting the pathological angio-
genesis (22). The protein content of VEGF and PEdF in the 
retina was used as an auxiliary judgment of retinopathy. 
The results obtained from the present study prove that the 
intraocular delivery of miR-126 can alleviate retinopathy 
in diabetic rats. Furthermore, the results of western blot 
analysis and immunofluorescence staining demonstrated 
that the intraocular delivery of miR-126 downregulated 
the diabetes-induced upregulation of PLK4 in vivo, indi-
cating that overexpression of miR-126 may alleviate dR by 
regulating PLK4 expression.

dR is a microangiopathy in which vascular endothelial 
cells are the primary cellular targets. Thus, HRcEcs were 

cultured in EcM with a glucose concentration of 25 mM 
to establish an in vitro dR model and were used to investi-
gate the mechanisms of miR-126 in dR (23,24). Luciferase 
reporter assay proved that miR-126 could directly bind 
to PLK4. In HG-induced HRcEcs, PLK4 expression was 
increased compared to the NG group, although the overex-
pression of miR-126 reduced PLK4 expression. It can thus be 
concluded that miR-126 negatively regulates PLK4 expression 
in dR. EdU and Transwell assays were used to investigate 
whether miR-126 alleviates retinal angiogenesis during the 
dR process. The miR-126 level was decreased in HG-induced 
HRcEcs, and increased PLK4 expression, as compared to 
the NG control. cellular proliferative and migratory abilities 
were also enhanced. Both miR-126 mimic and cFI-400945 
fumarate (a PLK4 inhibitor) reduced PLK4 expression and 
cellular proliferation and migration. As a result, miR-126 
inhibited the proliferation and migration of HG-induced 
HRcEcs by regulating PLK4 expression.

According to the above-mentioned results, miR-126 is 
decreased in dR and may reduce retinal angiogenesis by 
targeting PLK4 expression. miR-126 also decreased in tissues 
and cells of various cancers (10,25-28). It can inhibit prolif-
eration, migration, invasion and cell survival by inhibiting 
a range of essential target genes, thereby inhibiting tumor 
progression (29,30). The invention of miRNA agents that are 
safe, effective, and tolerable in humans would have a positive 
effect on the proper treatment of dR.

PLK4 has become a potential therapeutic target for various 
types of advanced cancers (31). cFI-400945 fumarate is a 
highly selective oral inhibitor of PLK4. clinical studies have 
demonstrated that a continuous daily oral dose of cFI-400945 
is feasible and safe for patients with advanced solid tumors (32). 
It was hypothesized that PLK4 inhibitors may play a major 
role in the treatment of dR. Future studies using rats with dM 
with cFI-400945 fumarate may, therefore, be performed to 
confirm the effects of PLK4 during the development of DR 
and to explore the appropriate therapeutic dose of cFI-400945 
fumarate.

In conclusion, the present study found that the serum 
miR-126 level can act as a distinctive signature for dR 
screening. The overexpression of miR-126 may inhibit endo-
thelial cell proliferation and migration by directly targeting 
PLK4 expression, thus alleviating diabetic retinopathy. These 
results may set new targets for dR screening and treatment.
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