
RESEARCH PAPER

Upregulated miR-194-5p suppresses retinal microvascular endothelial cell 
dysfunction and mitigates the symptoms of hypertensive retinopathy in mice by 
targeting SOX17 and VEGF signaling
Qianqian Wan, Heting Liu, Yuxin Xu, Qing Zhang, and Liming Tao

Department of Ophthalmology, The Second Hospital of Anhui Medical University institution, Hefei, Anhui, China

ABSTRACT
Background: Hypertensive retinopathy (HR) is a retinal disease that may lead to vision loss and 
blindness. Sex-determining region Y (SRY)-box (SOX) family transcription factors have been 
reported to be involved in HR development. In this study, the role and upstream mechanism of 
SRY-box transcription factor 17 (SOX17) in HR pathogenesis were investigated.
Methods: SOX17 and miR-194-5p levels in Angiotensin II (Ang II)-stimulated human retinal 
microvascular endothelial cells (HRMECs) and retinas of mice were detected by RT-qPCR. SOX17 
protein level as well as levels of tight junction proteins and vascular endothelial growth factor 
(VEGF) signaling-associated proteins were quantified by western blotting. Tube formation assays 
were performed to evaluate angiogenesis in HRMECs. The structure of mouse retinal tissues was 
observed by H&E staining. The interaction between miR-194-5p and SOX17 was confirmed by 
a luciferase reporter assay.
Results: SOX17 was upregulated in HRMECs treated with Ang II. SOX17 knockdown inhibited 
angiogenesis in Ang II-stimulated HRMECs and increased tight junction protein levels. 
Mechanically, SOX17 was targeted by miR-194-5p. Moreover, miR-194-5p upregulation restrained 
angiogenesis and increased tight junction protein levels in Ang II-treated HRMECs, and the effect 
was reversed by SOX17 overexpression. MiR-194-5p elevation inactivated VEGF signaling via 
targeting SOX17. miR-194-5p alleviated pathological symptoms of HR in Ang II-treated mice, 
and its expression was negatively correlated with SOX17 expression in the retinas of model mice.
Conclusions: MiR-194-5p upregulation suppressed Ang II-stimulated HRMEC dysfunction and 
mitigates the symptoms of HR in mice by regulating the SOX17/VEGF signaling.
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Introduction

Hypertensive retinopathy (HR) refers to retinopathy 
caused by arteriosclerosis and microcirculatory dis-
turbance in hypertensive patients [1]. The main 
manifestations of HR include retinal artery thinning, 
increased retinal reflectance, enhanced venous com-
pression, the hemorrhage and exudation of retinas, 
and the existence of cotton wool spots in retinal 
surface [2]. In severe cases, patients with HR even 
suffer from retinal vein thrombosis, exudative retinal 
detachment and loss of vision [3]. For HR treatment, 
antihypertensive drugs, such as nifedipine sustained- 
release tablets and enalapril, are used to control 
blood pressure and then oral vitamin C, vitamin E, 
coxerutin are applied to alleviate ocular symptoms of 
patients with HR [4]. However, these drugs cannot 

eradicate HR totally [4]. Moreover, due to the strong 
association between HR signs and blood pressure, 
HR at the late stage is responsible for cardiovascular 
morbidity and increased risk of developing a uremic 
crisis [5–7]. Therefore, exploring more effective ther-
apeutic methods for patients with HR is necessary.

Vascular endothelium is a monolayer of flat 
cells lining the vascular wall [8]. Vascular endothe-
lium can sense changes in stimuli such as blood 
flow, hormones and inflammation and participate 
in the normal physiological function of the body 
by synthesizing and releasing a variety of cytokines 
[9]. At the same time, it can also affect pathologi-
cal processes such as hypertensive microangiopa-
thy and tumor angiogenesis since extracellular 
matrix proteins such as fibronectin in blood 
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vessels can control the stability and development 
of vasculature [10,11]. Human retinal microvascu-
lar endothelial cells (HRMECs) generate blood- 
retinal barrier (BRB) to maintain the stability of 
retinal microenvironment and limit access to 
inflammatory cells [12]. In addition, HRMECs 
are the target cells for various physiological and 
pathological factors in hypertensive microangiopa-
thy [13]. Vascular endothelial function injury and 
neovascularization are the main pathological man-
ifestations of retinopathy [14]. Vascular endothe-
lial growth factor (VEGF) is an indispensable 
vascular growth-inducing factor during angiogen-
esis, which can promote vascular endothelial cell 
division and accelerate angiogenesis [15]. As an 
important part of the blood-eye barrier, BRB con-
sists of outer retinal barrier and inner BRB [16]. 
Inner BRB is mainly composed of RMECs and 
tight junction proteins (e.g. ZO-1, Occludin and 
Claudin-5) [17]. Inner BRB stability depends on 
vascular homeostasis and is one of the bases of 
normal visual function [18]. Under hypertensive 
environment, a decrease in protein levels of tight 
junctions elevates BRB permeability, subsequently 
causing HR progression [19].

The sex-determining region Y (SRY)-box (SOX) 
gene family encodes transcription factors charac-
terized by high mobility group DNA-binding 
domains [20]. SOX family has been involved in 
regulating arterial-venous identity and the devel-
opment of blood and lymphatic vasculature [21]. 
SRY-box transcription factor 17 (SOX17) is 
a member of the SOX family and regulates 
embryonic development [22]. The proteins 
encoded by SOX17 exert important functions in 
maintaining cell identity and determining cell fate 
[23,24]. Notably, SOX17 participates in angiogen-
esis in the progression of tumors [25,26]. 
Furthermore, SOX17 downregulation inhibits 
sprouting angiogenesis in endothelial cells during 
the embryonic and postnatal vascular development 
of mice and SOX17 expression is reduced by 
Notch activation in primary endothelial cells and 
in retinal angiogenesis [27]. As a proangiogenic 
regulator, SOX17 is required for wound healing, 
and SOX17-deletion mice exhibit quite delayed 
wound healing [28]. SOX17 is elevated during 
angiogenesis and remodeling of coronary arteries 
[29]. Different combinations of SOX genes (SOX7, 

SOX17 and SOX18) contribute to retinal vascular 
defects of varying severity [30]. Although a study 
has reported that SOX17 downregulation leads to 
non-hemorrhagic leakage in the retina during the 
progression of HR [19], the specific upstream 
mechanism of SOX17 in HR pathogenesis is still 
uncharacterized.

In this study, the functions and molecular 
mechanism of SOX17 in HR development were 
explored. The study may provide a promising 
therapeutic method for patients with HR.

Material and methods

Bioinformatic analysis

The potential miRNAs binding to SOX17 and the 
binding site between miR-194-5p and SOX17 
3”untranslated region (3”UTR) were predicted 
using Targetscan (http://www.targetscan.org/).

Cell culture and treatment

HRMECs were purchased from Haodi Huatuo 
Biotechnology Co. Ltd (Shenzhen, China). 
HRMECs were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco BRL, Grand 
Island, NY, USA) supplemented with 10% fetal 
bovine serum (Gibco) at 37°C with 5% CO2. 
Next, 150 μmol/L of Angiotensin II (Ang II) 
(Sigma, St. Louis, MO, USA) was used to treat 
HRMECs for 48 h [31]. HRMECs without Ang II 
treatment served as a control (Con) group.

Cell transfection

Short hairpin RNA (shRNA) targeting SOX17 (sh- 
SOX17) was used to knock down SOX17, and its 
negative control (NC) was named sh-NC as 
a negative control. MiR-194-5p mimics were used 
to overexpress miR-194-5p with NC mimics as 
a negative control. Coding region of SOX17 was 
subcloned into the pcDNA3.1 vector to elevate 
SOX17 functions with empty pcDNA3.1 vector as 
a negative control. Afterward, cell transfection was 
conducted using Lipofectamine 2000 (Invitrogen, 
USA). The concentration of shRNA is 40 nM and 
that for miRNA mimics is 50 nM. The transfection 
efficiency was examined using reverse transcription 
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quantitative polymerase chain reaction (RT-qPCR) 
after 48 h.

Animal grouping

A total of 40 healthy C57BL/6 mice (male, 8–10  
weeks old) were purchased from Cyagen 
Biosciences Inc. (Suzhou, China). One mouse was 
regarded as an experiment unit. All mice were 
allowed to access standard diet ad libitum and 
housed in a 12-h light/12-h dark light cycle. Mice 
were kept in the same environment and were 
separately treated to minimize potential confoun-
ders. To have statistical significance, more than 6 
available data are required in each group. 
Considered other uncontrollable factors, the num-
ber of mice in each group was set as ten. All mice 
were randomly divided into four groups using 
random number table: SHAM+AAV-NC (n = 10), 
SHAM+AAV-miR-194-5p (n = 10), angiotensin II 
(Ang-II)+AAV-NC (n = 10), and Ang-II+AAV- 
miR-194-5p (n = 10). Group allocation, the con-
duct of the experiment, and outcome assessment 
as well as data analysis were independently per-
formed by a designer, a conductor, and an 
evaluator.

Animal model establishment

As described previously [32,33], dorsum of all 
mice under anesthetization were implanted subcu-
taneously with osmotic minipumps. Mice in 
SHAM group were infused with saline (3000 ng/ 
kg/min) and mice in Ang-II group received Ang-II 
(3000 ng/kg/min) using the minipumps at the rate 
of 0.11 μl/h. After 3 weeks of infusion, systolic and 
diastolic blood pressures were measured every 3 
days using tail-cuff method (Kent Scientific, USA) 
in the morning and then mean value was calcu-
lated. Mice were considered as hypertensive only 
when systolic blood pressure level >140 mmHg 
and/or diastolic blood pressure >90 mmHg.

Adeno-Associated virus (AAV) injection

MiR-194-5p mimics (Genechem) and NC mimics 
(Genechem) were constructed onto adeno- 
associated virus (AAV) (Guyan Industrial Co., 
Ltd, Shanghai, China). After animal model was 

established successfully, 1 µl (2.13 × 1013 vg/mL) 
of AAV-NC and 1 µl (2.13 × 1013 vg/mL) of AAV- 
miR-194-5p were injected intravitreally into mice 
of the Ang-II group twice a week [34]. After intra-
vitreal injection with AAV-NC and AAV-miR 
-194-5p for 3–4 weeks, 100 mg/kg of pentobarbital 
(Sigma) was applied to anaesthetize all mice via 
intraperitoneal injection. Then, the blood of mice 
was collected, and the eyes were removed for 
further analysis. All the experiments involving 
mice were approved by the Ethics Committee of 
The Second Hospital of Anhui Medical University. 
No adverse events were reported in the study.

Tube formation assay

As previously described [35], After culture on the 
different fiber meshes for 7 d, HRMECs were 
collected. According to the given protocol, 24- 
well tissue culture plate (TCP) was coated with 
Geltrexs Matrix solution (GMS) (Life 
Technologies, Germany) to assess tube formation 
ability of HRMECs. Subsequently, harvested 
HRMECs were seeded on the GMS-coated wells 
(7 × 104 cells/well) filled with cell culture medium. 
After 18 h of incubation, phase contrast micro-
scope (AxioSkop, Carl Zeiss, Jena, Germany) was 
used to visualize and image the formed tubes. 
Random fields were selected to take images in 
each well. Image J software (National Institutes 
of Health, USA) and the software plugin 
“Angiogenesis Analyzer” were used to count the 
number of meshes and branch length. All experi-
ments were repeated three times.

Hematoxylin & eosin (H&E) staining

Eyes separated from mice were fixed in 4% paraf-
ormaldehyde (Solarbio, Beijing, China), dehy-
drated, paraffin-embedded and then sliced up 
into sections (5 µm thickness) through the optic 
nerve head. Then, the eye specimen was subjected 
to hematoxylin staining for 5 min and eosin stain-
ing for 2 min. After that, the stained eye specimen 
was washed in distilled water for 1 min. Gradient 
alcohol and xylene were used for dehydration and 
cleanout of the specimen. Morphological structure 
of eye specimen collected from mice was observed 
using a light microscope (Olympus).
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Western blotting

Radioimmunoprecipitation lysis buffer (Beyotime, 
Nanjing, China) was used to treat proteins extracted 
from HRMECs and retinal tissues of mice. BCA 
Protein Assay Kit (Thermo Fisher Scientific, USA) 
was applied to determine concentration of isolated 
proteins. Protein samples were loaded at 12% SDS- 
PAGE and then transferred onto PVDF membranes 
(Millipore, USA). Subsequently, the membranes 
were incubated with primary antibodies at 4°C over-
night. Primary antibodies included anti-SOX17 
(ab224637; 1:500; abcam), anti-zonula occludens 1 
(ZO-1; ab221547; 1:500; abcam), anti-Occludin 
(ab216327; 1:500; abcam), anti-Claudin-5 
(ab131259; 1:500; abcam), anti-VEGFA (ab52917; 
1:500; abcam), anti-VEGFB (ab110649; 1:1000; 
abcam), anti-VEGFR (ab11939; 1:1000; abcam), 
and GAPDH (ab8245; 1:1000; abcam). GAPDH 
was used as a loading control. Then, the membranes 
were incubated with a secondary antibody horserad-
ish peroxidase-labeled Immunoglobulin (IgG; 
ab6721; 1:1000; abcam) at room temperature for 2  
h. The protein bands were visualized using enhanced 
chemiluminescence reagent (Bio-Rad, Hercules, CA, 
USA), and the intensity of bands was defined using 
ImageJ software (NIH, Bethesda, MA, USA). All 
experiments were performed in triplicate.

RT-qPCR

Total RNA was isolated from HRMECs and retinal 
tissues of mice using TRIzol reagent (Invitrogen) 
and then was reverse transcribed to complemen-
tary DNA (cDNA) using a First Strand cDNA 
synthesis kit (Roche, Switzerland). Next, 
a PrimeScript RT reagent Kit (Invitrogen) was 
used for RT-qPCR analysis through IQ5 real-time 
PCR system (Bio-Rad, USA). The levels of miR- 
194-5p and SOX17 were calculated using the 
2−ΔΔCt method and were, respectively, normalized 
to U6 and GAPDH levels. Sequences of primers 
used in RT-qPCR are presented in Table 1. All 
experiments were conducted in thrice.

Luciferase reporter assay

The wild type (Wt) or mutant (Mut) type of SOX17 
3”UTR containing the binding site of miR-194-5p 

was subcloned into the pmirGLO vector (Promega, 
Madison, WI, USA) to generate SOX17 3”UTR-Wt 
/Mut reporter. Then, pmirGLO vector carrying 
SOX17 3’UTR and miR-194-5p mimics were 
cotransfected into HRMECs using Lipofectamine 
2000 (Invitrogen). Luciferase Reporter Assay 
System (Promega) was applied to test luciferase 
activities. The assay was repeated three times.

Fluorescence in situ hybridization

After fixed with 4% paraformaldehyde at room tem-
perature for 15 min, the samples were incubated 
with 0.2% Triton X-100 for 20 min. Next, SOX17 
probe constructed by RiboBio (Guangzhou, China) 
was utilized to perform hybridization overnight in 
the darkness. The hybridization buffer was prepared 
utilizing the Fluorescence in situ hybridization Kit 
(RiboBio, China) according to the manufacturer’s 
protocols. After the samples were washed with 
sodium citrate solution, the nuclei were stained 
with DAPI. An Eclipse Ti inverted microscope 
(Nikon, Japan) was used to capture images.

Statistical analysis

Data in this study are exhibited as the mean ±  
standard deviation and statistically analyzed by 
GraphPad Prism 7 (La Jolla, CA, USA). 
Differences between two groups were compared 
using Mann–Whitney tests and those among mul-
tiple groups were evaluated using one-way analysis 

Table 1. Sequences of primers used for reverse transcription- 
quantitative PCR.

Gene Sequence (5’→3’)

hsa-miR-194-5p F GCCGCTGTAACAGCAACTCCAT
R GTGCAGGGTCCGAGGT

hsa-SOX17 F GGGGACATGAAGGTGAAGG
R TTGTGCAGGTCTGGATTCTG

GAPDH F CTGGCATTGCTCTCAATGAC
R CCGTATTCATTGTCATACCAGG

U6 F GTGCTCGCTTCGGCAGC
R AAAAATATGGAACGCTTCACGAAT

mmu-miR-194-5p F TCGACTGAAGCATAGCTGACAG
R AGTCTCGACTAACAGTCAGTAC

mmu-SOX17 F GAACGCCTTTATGGTGTGG
R TTCCAAGACTTGCCTAGCA

GAPDH F ACTCTTCCACCTTCGATGC
R CCGTATTCATTGTCATACCAGG

U6 F ACCCTGAGAAATACCCTCACAT
R GACGACTGAGCCCCTGATG

Note: F: forward; R: reverse; hsa: homosapiens; mmu: musmusculus. 
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of variance followed by Tukey’s post hoc analysis. 
Correlation between miR-194-5p expression and 
SOX17 expression in retinal tissues of Ang-II- 
treated mice was analyzed by Pearson correlation 
analysis. For each experimental group, no animals 
or data points were not included in the analysis. 
For each analysis, n = 10 in each experimental 
group. Results were considered statistically signifi-
cant when the p value was less than 0.05.

Results

SOX17 knockdown inhibits angiogenesis and 
upregulates levels of tight junction proteins in 
Ang-II-treated HRMECs

Since SOX17 was reported to be associated with 
hypertension-induced pathological leakage in the 
retina [19], the precise function of SOX17 was 
explored in this study. First, Ang-II was used to sti-
mulate HRMECs to mimic hypertensive environ-
ment, and HRMECs without Ang-II stimulation 
served as the control (Con) group. Compared with 
Con group, mRNA levels and protein levels of SOX17 
in Ang-II-treated HRMECs were increased, as shown 
by RT-qPCR and western blot (Figure 1a-b). After 
transfection of sh-SOX17, mRNA and protein levels 
of SOX17 were significantly downregulated in 
HRMECs treated with Ang-II (Figure 1a –). As 
Figure 1c indicated, the number of meshes and length 
of branches were increased in HRMECs after Ang-II 
treatment compared with Con group, and SOX17 
knockdown suppressed the tube formation ability of 
Ang-II-stimulated HRMECs. In addition, Ang-II 
treatment markedly downregulated levels of tight 
junction proteins (ZO-1, Occludin and Claudin-5) 
in HRMECs, and SOX17 silencing elevated protein 
levels of tight junctions in Ang-II-stimulated 
HRMECs (Figure 1d). Overall, SOX17 knockdown 
inhibits angiogenesis and upregulates protein levels 
of tight junctions in Ang-II-treated HRMECs.

SOX17 is targeted by miR-194-5p

To investigate the mechanism of SOX17 in HRMECs, 
four upstream miRNAs (miR-141-3p, miR-200a-3p, 
miR-194-5p and miR-26-5p) of SOX17 were predicted 
using Targetscan (Figure 2a). In Ang-II-treated 
HRMECs, only miR-194-5p expression was 

significantly downregulated compared with the 
expression of other candidate miRNAs (Figure 2b). 
Thus, miR-194-5p was selected for the subsequent 
experiments. According to RT-qPCR, miR-194-5p 
mimics significantly increased miR-194-5p expression 
and decreased SOX17 mRNA expression in HRMECs 
(Figure 2c). A binding site between miR-194-5p and 
SOX17 was predicted using TargetScan. Additionally, 
the binding site is highly conserved among vertebrates 
(Figure 2d). Luciferase reporter assay exhibited that 
miR-194-5p upregulation markedly decreased the 
luciferase activity of SOX17 3”UTR-Wt rather than 
that of SOX17 3”UTR-Mut in HRMECs (Figure 2e), 
indicating the binding relationship between miR-194- 
5p and SOX17. In addition, SOX17 protein level is 
upregulated in Ang-II-treated HRMECs and miR- 
194-5p mimics downregulated the protein level of 
SOX17 in HRMECs treated with or without Ang-II 
(Figure 2F). In summary, SOX17 is targeted by miR- 
194-5p in HRMECs.

SOX17 overexpression reverses the suppressive 
effect of miR-194-5p upregulation on retinal 
endothelial cell dysfunction

Next, whether miR-194-5p inhibits HRMEC dysfunc-
tion by targeting SOX17 was explored. The mRNA 
and protein levels of SOX17 in Ang-stimulated 
HRMECs after transfection of pcDNA3.1/SOX17 
were elevated (Figure 3a-b). The tube formation 
assay revealed that miR-194-5p upregulation 
decreased the number of meshes and the length of 
branches, and overexpressed SOX17 partially reversed 
the suppressive effect of miR-194-5p upregulation on 
the tube formation ability (Figure 3c). Protein levels of 
tight junctions (ZO-1, Occludin and Claudin-5) in 
Ang-II treated HRMECs was increased after miR- 
194-5p overexpression, and the increase was partially 
reversed by SOX17 upregulation (Figure 3d). Overall, 
SOX17 elevation reverses the inhibitory effect of miR- 
194-5p upregulation on retinal endothelial cell dys-
function under Ang-II treatment.

MiR-194-5p inactivates VEGF pathway by 
downregulating SOX17

It is demonstrated that SOX17 deficiency suppresses 
angiogenesis by regulating VEGF signaling pathway in 
HR development [19]. Here, we investigated whether 
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miR-194-5p can control the activation of VEGF sig-
naling pathway by regulating SOX17 expression in 
Ang-II-treated HRMECs. As Figure 4a indicated, 
miR-194-5p overexpression decreased protein levels 
of VEGF signaling-associated genes (VEGFA, VEGFB 
and VEGFR) in Ang-II-stimulated HRMECs. 
Additionally, the decrease in VEGFA, VEGFB and 
VEGFR protein levels was partially reversed by 
SOX17 overexpression. Therefore, we concluded that 
miR-194-5p upregulation inactivates VEGF pathway 

by downregulating SOX17 in Ang-II-stimulated 
HRMECs.

Overexpressing miR-194-5p reduces retinal 
thickness and elevates protein levels of tight 
junctions in Ang-II-treated mice

To further investigate the role of miR-194-5p in 
HR pathogenesis, in vivo experiments were also 
carried out. First, electroretinograms (ERGs) were 

Figure 1. SOX17 knockdown inhibits angiogenesis and upregulates protein levels of tight junctions in Ang-II-treated 
HRMECs. (a-b) After transfection of sh-NC or sh-SOX17, SOX17 mRNA and protein levels in HRMECs with or without Ang-II treatment 
were detected by RT-qPCR and western blotting, respectively. (c) After transfection of sh-NC or sh-SOX17, angiogenesis of HRMECs 
with or without Ang-II treatment was examined by tube formation assays. (D) the protein levels of tight junctions (ZO-1, Occludin 
and Claudin-5) in HRMECs transfected with sh-NC/sh-SOX17 and treated with or without Ang-II were tested by western blotting. ** 
p <0.01, *** p <0.001.
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performed to detect whether Ang-II affected the 
visual function of mice. As shown by Figure 5a, 
the relative ratio of b-wave ratio was significantly 
decreased by Ang-II after the establishment of the 

animal model. H&E staining revealed that the 
whole retina was thickened in mice treated with 
Ang-II (Figure 5b). In addition, the thickness of 
central retinas, particularly the inner plexiform 

Figure 2. SOX17 is targeted by miR-194-5p. (a) Four upstream miRnas (miR-141-3p, miR-200a-3p, miR-194-5p and miR-26-5p) of 
SOX17 were predicted using Targetscan. (b) the expression of candidate miRnas in HRMECs treated with or without Ang-II was 
detected by RT-qPCR. (c) MiR-194-5p and SOX17 levels in HRMECs transfected with miR-194-5p mimics or NC mimics were tested by 
RT-qPCR. (d) a binding site between miR-194-5p and SOX17 was predicted using Targetscan. (e) the binding relationship between 
miR-194-5p and SOX17 was confirmed by luciferase reporter assay. (f) SOX17 protein level in HRMECs transfected with NC mimics/ 
mir-194-5p mimics and treated with or without Ang-II was quantified by western blotting. ** p <0.01, *** p <0.001.
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layer (IPL) and inner nuclear layer (INL) were 
higher in Ang-II-treated mice than that of the 
mice in the SHAM group (Figure 5b –). 
Additionally, miR-194-5p overexpression signifi-
cantly reversed these effects induced by Ang-II 
(Figure 5b –). Moreover, Ang-II stimulation 
decreased protein levels of tight junctions (ZO-1, 
Occludin and Claudin-5) expression in mice, and 
the suppressive impact was counteracted by miR- 
194-5p elevation (Figure 5F). All these results 

suggested that miR-194-5p overexpression reduces 
retinal thickness and increases protein levels of 
tight junctions in Ang-II-treated mice.

MiR-194-5p upregulation inhibits VEGF pathway 
in Ang-II-treated mice

Next, the influence of miR-194-5p on VEGF path-
way in vivo was explored. As Figure 6a demon-
strated, Ang-II-stimulated mice exhibited increased 

Figure 3. SOX17 overexpression reverses the effects of miR-194-5p upregulation on angiogenesis and protein levels of 
tight junctions in Ang-II-treated HRMECs. (a-b) the mRNA and protein levels of SOX17 in Ang-II-stimulated HRMECs after 
overexpressing SOX17 were detected by RT-qPCR and western blotting, respectively. (c) Angiogenesis of Ang-II-treated HRMECs 
after upregulating miR-194-5p or SOX17 was examined by tube formation assays. (b) the protein levels of tight junctions (ZO-1, 
Occludin and Claudin-5) in HRMECs upon Ang-II treatment after upregulating miR-194-5p or SOX17 were tested by western blotting. 
*p <0.05, ** p <0.01, *** p <0.001.
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retinal VEGFA, VEGFB and VEGFR protein levels 
compared with the mice in the SHAM group. 
Nevertheless, miR-194-5p upregulation attenuated 
the activation of VEGF signaling induced by Ang-II 
in vivo (Figure 6a). In summary, miR-194-5p eleva-
tion inhibits VEGF pathway in Ang-II-treated mice.

MiR-194-5p negatively regulates SOX17 in 
Ang-II-treated mice

Downregulated miR-194-5p (Figure 7a) and upregu-
lated SOX17 (Figure 7b) were detected in retinal 
tissues of Ang-II-treated mice. After injection of 
AAV- miR-194-5p into Ang-II-stimulated mice, 
miR-194-5p expression was significantly upregu-
lated (Figure 7a) and SOX17 expression was 
decreased in retinal tissues (Figure 7b). Pearson cor-
relation analysis revealed that miR-194-5p expres-
sion was negatively correlated with SOX17 
expression in retinal tissues of mice (Figure 7c). All 
these findings suggested that miR-194-5p negatively 
regulates SOX17 in vivo. Moreover, fluorescence 
in situ hybridization (FISH) was performed to detect 
the in situ expression of SOX17 in retinal tissues of 
four groups. We found that SOX17 in situ expression 
was downregulated in sham+AAV-miR-194-5p 
group compared with that in sham group 
(Figure 7d). After Ang-II treatment, SOX17 in situ 
expression was markedly increased compared with 
that in sham group, and miR-194-5p overexpression 
attenuated the Ang-II-induced increase in SOX17 
expression (Figure 7d). The findings further vali-
dated the in vivo results.

Discussion

HR is a retinal microvasculature disease caused by 
blood pressure elevation [36]. Ang II can increase 
blood pressure by constricting systemic arterioles 
[37]. In this study, Ang II was used to treat 
HRMECs and mice to simulate the hypertensive 
condition. After Ang II treatment, the mesh num-
ber and branch length were increased in HRMECs. 
In addition, Ang-II stimulation decreased protein 
levels of tight junctions (ZO-1, Occludin and 
Claudin-5) in HRMECs, indicating the successfully 
establishment of the in vitro cell model of HR. In 
in vivo studies, compared with sham-operated 
mice, Ang II-stimulated mice exhibited increased 
central retinal thickness, IPL thickness and INL 
thickness as well as decreased tight junction pro-
tein levels.

Accumulating studies have demonstrated that 
SOX family members are closely associated with 
retinal development [38]. Downregulation of 
SOX8 and SOX9 decreases the number of Müller 
glial cells in mouse retina and increases rod photo-
receptor proportion in retinas [39]. High overlap-
ping of SOX4 and SOX11 have been found in 
retinal development during embryonic stages and 
loss of SOX4 and SOX11 lead to RGC absence 
[40]. As a subgroup of SOX family, SOX17 was 
reported to play a critical role in the pathogenesis 
of pulmonary arterial hypertension [41,42]. 
Norrin/Fz/Lrp signaling causes vascular growth 
defects in endothelial cells to decrease retinal neu-
rons, and SOX17 is a major mediator in Norrin/ 
Fz4/Lrp-controlled angiogenic program [43]. 

Figure 4. MiR-194-5p inactivates VEGF pathway by downregulating SOX17. (a) Protein levels of genes (VEGFA, VEGFB and 
VEGFR) involved in the VEGF signaling pathway were quantified by western blotting in Ang-II-stimulated HRNECs overexpressing 
miR-194-5p or SOX17. *** p <0.001.
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Figure 5. Overexpressing miR-194-5p mitigates retinal thickness and elevates tight junction proteins of Ang-II-treated mice. (a) the 
effect of Ang-II on the b-wave ratio in electroretinograms (ERGs) was determined. (b-e) H&E staining was used to assess the central 
retinal thickness, IPL thickness and INL thickness in sham-operated mice and Ang-II-treated mice after injection with AAV-NC or AAV- 
miR-194-5p. (f) Protein levels of tight junctions in retinal tissues of sham-operated mice and Ang-II-treated mice after injection with 
AAV-NC or AAV-miR-194-5p were quantified by western blotting. *p <0.05, ** p <0.01, *** p <0.001.
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Herein, SOX17 was detected to be overexpressed 
in HRMECs of Ang II group rather than in those 
of Con group. Notably, SOX17 was also upregu-
lated in Ang-II-treated mice compared with that in 
sham-operated mice. Therefore, SOX17 may par-
ticipate in HR progression. Then, the functions of 
SOX17 in Ang II-stimulated HRMECs were inves-
tigated. We observed that SOX17 knockdown 
inhibited Ang-II-induced angiogenesis and 
reversed the reduction in tight junction protein 
levels caused by Ang-II in HRMECs. Thus, 
SOX17 serves as a proangiogenic transcription 
factor and reduces protein levels of tight junctions 
in Ang-II-treated HRMECs to promote HR 
development.

MiRNA refers to the small noncoding RNA 
with 19–25 nucleotides in length that can bind 
with the 3’UTR of the target mRNA to degrade 
gene expression and suppress protein translation 
process [44,45]. Some studies have revealed the 
involvement of miRNAs in the development of 
retinopathy [46,47]. For example, miR-29a eleva-
tion decreases retinal vascular density and neovas-
cularization by binding to angiotensinogen in the 
mice with oxygen-induced retinopathy [48]. MiR- 
637 is downregulated in HR and targets STAT3 to 
restrict the proliferative and migratory abilities of 
retinal endothelial cells [49]. In this study, miR- 
194-5p was identified as the downstream miRNA 
of SOX17, and miR-194-5p negatively regulated 
SOX17 in HRMECs and retinal tissues of mice. 
Downregulated miR-194-5p was detected in Ang 

II-stimulated HRMECs and mice, indicating that 
miR-194-5p was associated with HR development. 
In in vitro studies, miR-194-5p upregulation 
decreased the tube formation ability and increased 
protein levels of tight junctions in Ang II- 
stimulated HRMECs, and these effects were 
reserved by SOX17 elevation. All these suggested 
that miR-194-5p suppresses angiogenesis and 
upregulates protein levels of tight junctions in 
Ang II-stimulated HRMECs. More importantly, 
miR-194-5p overexpression decreased central ret-
inal thickness, IPL thickness and INL thickness 
while upregulating protein levels of tight junctions 
in mice of Ang II group. The results demonstrated 
that overexpressing miR-194-5p inhibits patholo-
gical symptoms of HR in Ang II-treated mice. 
Therefore, miR-194-5p plays a protective role in 
HR pathogenesis.

VEGF is a heparin-bound homodimer glyco-
protein and a potent mitotic promoter [50]. 
VEGF activates phospholipase C-γ (PlcY) that 
can hydrolyze phosphatidylinositol 4,5-bispho-
sphate (PIP2) to produce inositol 1,4,5-trispho-
sphate (IP3) and diacylglycerol (DAG), and IP3 
induces intracellular Ca2+ release to promote 
prostaglandin production and improve vascular 
permeability [51]. VEGF family members include 
VEGFA, VEGFB, VEGFC and VEGFD, among 
which the bioregulatory activity of VEGFA is the 
most important [52]. VEGF receptors refer to 
VEGFR1 (FLT1), VEGFR2 (KDR/FLK1) and 
VEGFR3 (FLT4) [53]. The signaling pathway 

Figure 6. MiR-194-5p upregulation inhibits VEGF pathway in Ang-II-treated mice. (a) Protein levels of genes (VEGFA, VEGFB and 
VEGFR) involved in the VEGF signaling pathway were quantified by western blotting in retinal tissues of sham-operated mice and 
Ang-II-treated mice after injection with AAV-NC or AAV-miR-194-5p was examined by western blotting. n = 10 mice/group. *p <0.05, 
** p <0.01, *** p <0.001.
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mediated by VEGF/VEGFR can control the angio-
genesis by regulating the proliferation, migration, 
and survival of vascular endothelial cells, leading 
to vascular tumors, vascular penetration, edema, 
and inflammation [54]. VEGF signaling was 
reported to participate in the pathogenesis of reti-
nopathy [55]. For example, miR-142-5p knock-
down activates IGF/IGF1 R-mediated signaling 
pathways (p-PI3K, p-ERK, p-AKT, and VEGF) to 
enhance high glucose-induced human retinal 

endothelial cell proliferation [56]. MiRNA-21 
repression suppresses the growth and angiogenesis 
of vascular endothelial cells via PTEN dependent- 
PI3K/Akt/VEGF signaling pathway in diabetic 
retinopathy [57]. Moreover, SOX17 was reported 
to participate in the regulation VEGF signaling in 
HR [19]. Endothelial SOX17 silencing restrains 
Dll4 in retinal arteries to drive vascular leakage, 
which is attenuated by inhibition of SREBP1 or 
VEGF-VEGFR2 signaling [58]. Herein, miR-194- 

Figure 7. MiR-194-5p negatively regulates SOX17 in Ang-II-treated mice. (a-b) the expression of miR-194-5p and SOX17 in 
retinal tissues of sham-operated mice (n = 10 mice/group) and Ang-II-treated mice (n = 10 mice/group) after injection with AAV-NC 
or AAV-miR-194-5p was detected by RT-qPCR. (c) Correlation between miR-194-5p expression and SOX17 expression in retinal tissues 
of Ang-II-treated mice (n = 20) was analyzed by Pearson correlation analysis. (d) Fluorescence in situ hybridization (FISH) was 
performed to determine the in situ expression of SOX17 in retinal tissues of mice with or without Ang-II after injection of AAV-NC or 
AAV-miR-194-5p. *p <0.05, ** p <0.01, *** p <0.001.
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5p overexpression reduced protein levels of VEGF 
signaling-associated genes (VEGFA, VEGFB and 
VEGFR) in HRMECs stimulated with Ang-II, 
and these effects mediated by miR-194-5p over-
expression were offset by SOX17 elevation. The 
results suggested that miR-194-5p inactivated the 
VEGF signaling by SOX17. Furthermore, the acti-
vation of VEGF signaling mediated by miR-194-5p 
was verified in vivo.

Furthermore, according to the previous study, 
Ang II reduces SOX17 expression and upregulates 
downstream molecules (SREBP1 and VEGFR2) 
via reactive oxygen species (ROS) [19]. 
Specifically, Ang II generates ROS and decreases 
SOX17, and the treatment of N-acetyl cysteine (an 
ROS inhibitor) restores SOX17 expression in 
human retinal endothelial cells [19]. The imbal-
ance between the production and breakdown of 
ROS is defined as oxidative stress which is a major 
cause of endothelial dysfunction [59,60]. Whether 
Ang II can induce oxidative stress in HRMECs 
has not been reported, and reports focusing on 
the oxidative stress in HRMECs is limited. 
However, clinical evidence demonstrates that 
hypertensive patients with retinopathy exhibit 
high gamma-glutamyl transferase activity, an 
indicator of oxidative stress [61]. Thus, oxidative 
stress might be involved in the process of HR. 
Moreover, SOX17 was reported to increase ROS 
level in cholangiocarcinoma cells [62]. miR-194- 
5p is downregulated in hypoxia/reoxygenation 
H9c2 in vitro cell model and inhibits oxidative 
stress by targeting MAPK1 through PTEN/AKT 
pathway [63]. In response to high dose of hydro-
gen peroxide, miR-194-5p expression is increased 
in retinal pigment epithelium cells (ARPE-19) 
[64]. Hence, the role of miR-194-5p/SOX17 in 
oxidative stress is complex and more experiments 
will be conducted in the future to verify the rela-
tionship of oxidative stress, miR-194-5p/SOX17 
axis, and HR.

In conclusion, miR-194-5p upregulation sup-
pressed the dysfunction of Ang II-treated 
HRMECs and mitigates the symptoms of HR in 
mice by regulating the SOX17/VEGF signaling. 
This study may provide a promising approach 
for future HR treatment. However, the limitations 
existed in the study cannot be ignored. For exam-
ple, the upstream genes of miR-194-5p were not 

further explored in the study. In addition, the 
roles of other signaling pathways, such as Notch 
signaling and Wnt signaling pathway were not 
investigated here. According to previous reports, 
Notch signaling and Wnt signaling are also asso-
ciated with retinal vasculature development [65]. 
Hence, other potential genes or signaling path-
ways implicated with the miR-194-5p/SOX17 axis 
in HR development will be explored in future 
studies.
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