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PURPOSE. The purpose of this study was to investigate the effects and mechanism of
microRNA (miR)-92a-3p in retinal angiogenesis in vitro and in vivo.

METHODS. The expression of miR-92a-3p was verified by real-time quantitative polymerase
chain reaction (RT-qPCR). Agomir-92a-3p was intravitreally injected into the right eye on
postnatal day 3 (P3), P5, and P8 in the mice, with the agomir-NC injected left eye as
the control. At P7, P9, and P12, immunofluorescence was performed to examine the
retinal superficial vascular plexus, deep vascular plexus, proliferation, and apoptosis in
retinal vascular endothelial cells (ECs). Human retinal microvascular endothelial cells
(HRMECs) were treated with mimic-NC and mimic-92a-3p, then the tube formation, cell
migration, and wound healing assays were used to detect the effect of miR-92a-3p on
retinal angiogenesis in vitro. Agomir-92a-3p was also intravitreally injected into the right
eye of oxygen-induced retinopathy (OIR) mice at P12, with the agomir-NC injected left
eye as the control, the neovascularization was observed by retinal flatmount staining with
isolectin B4 at P17. Bioinformatics and high-throughput sequencing were performed to
identify potential target genes of miR-92a-3p. RT-qPCR and Western blot were carried
out to detect the expression of SGK3, p-GSK3β, GSK3β, Bcl-xL, and cleaved caspase-3 in
the HRMECs and mouse retinas.

RESULTS. The overexpression of miR-92a-3p inhibited the development of retinal super-
ficial vascular plexus and deep vascular plexus, decreased the expression of Ki67, and
increased the expression of cleaved caspase-3 in isolectin B4-labeled retinal vascular ECs.
In vitro, the overexpression of miR-92a-3p markedly suppressed the tube formation, cell
migration, and wound healing of cultured ECs. Overexpression of miR-92a-3p inhibited
both in vivo and in vitro physiological angiogenesis by downregulating the expression
of SGK3, p-GSK3β/GSK3β, and Bcl-xL. In addition, agomir-92a-3p inhibited the patho-
logical retinal neovascularization of OIR mice, by targeting SGK3, p-GSK3β/GSK3β, and
Bcl-xL.

CONCLUSIONS. The miR-92a-3p could affect retinal angiogenesis by targeting SGK3 path-
way, suggesting that miR-92a-3p may be a potential anti-angiogenic factor for retinal
vascular disease.

Keywords: miR-92a-3p, retina angiogenesis, endothelial cells, SGK3, oxygen-induced
retinopathy (OIR)

Retinal neovascularization contributes to visual loss in
several ocular diseases, such as retinopathy of prema-

turity (184,700 patients at 2010),1 retinal vein occlusion
(28.06 million patients at 2015),2 and proliferative diabetic
retinopathy (150.49 million patients at 2020).3 Frequent
intravitreal injection of anti-vascular endothelial growth
factor (VEGF) drugs is the main treatment for retinal neovas-
cularization which causes a big burden for patients and their
family. Additionally, about 30% to 40% of the patients expe-
rience incomplete response4,5. Therefore, understanding the
mechanism of retinal angiogenesis and finding novel targets
to inhibit retinal angiogenesis is important for the treatment
of these ocular vascular diseases.

As stable small ncRNAs, microRNAs (miRNAs) bind to the
specific mRNA, then inhibit the transcription or translation

process, and then regulate gene expression. Previous studies
have demonstrated that miRNAs may regulate about one-
third of human genes,6 which are related to cell growth, cell
proliferation, embryonic development, tissue formation, and
various diseases.7,8 Moreover, miRNAs are also expressed in
vascular endothelial cells (ECs), indicating their pivotal role
in vascular development.

Our previous study has revealed a spatial-temporal
miRNA expression profile9 and some key miRNAs related to
the development of retinal vessels and neurons in postna-
tal mice. Of these, miR-92a-3p consistently decreases during
the retinal development of normal mice. Several miRNAs
have been revealed to play an indispensable role in vascular
endothelial function and vascular development,10 and miR–
92a is most closely correlated with these courses.11 It has
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been reported that overexpression of miR-92a-3p inhibits the
sprouting ability of vascular ECs and the formation of lumen
in vitro.12,13 The role of miR-92a-3p in angiogenesis is still
controversial in the existing literature. Some papers11,13–15

indicate that overexpression of miR-92a in ECs blocks angio-
genesis in vitro and in vivo, whereas others15–18 suggest a
pro-angiogenic role for miR-92a-3p.

However, the exact role of miR-92a-3p in regulating
retinal angiogenesis remains unclear. Therefore, this study
aimed to investigate the effects and mechanism of miR-92a-
3p in retinal angiogenesis in vitro and in vivo, and provide a
potential therapeutic target for the future treatment of retinal
neovascularization diseases.

MATERIALS AND METHODS

Animals and OIR Model

All animal experiments were performed strictly following
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and approved by the Animal Care
and Use Committee of Sun Yat-Sen University (permission
no. 2020-010). C57BL/6J mice were obtained from South-
ern Medical University (Guangzhou, China) and raised in a
specific pathogen-free room in the laboratory animal center
of Zhong Shan Ophthalmic Center (Guangzhou, China). We
used a previously described method to produce the OIR
model.50 Details of OIR models were provided in Supple-
mentary Figure S5. The mouse pups normally developed
with similar weight were used in our study. The retinas of
mice at P7, P9, P12, and P17 were collected for the following
experiments.

Intravitreal Injection

To investigate the effect of miR-92a-3p on retinal vasculature
development in postnatal mice, intravitreal injections were
performed following previously established procedures.51,52

Agomirs are specially chemically modified miRNA agonist
that functions by mimicking endogenous miRNAs into the
miRNA induced silencing complex to regulate the expres-
sion of target gene mRNA. Compared with the common
miRNA mimics used in cultured cell experiments, agomirs
have higher stability and affinity in animals, and are more
easily enriched in target cells through cell membrane and
tissue gap.53 Agomir-92a-3p (RiboBio, Guangzhou, China)
at a dose of 1 μL (1 μmol/mL) was intravitreally injected
into the right eyes at P3, P5, and P8 using a 10-μL Hamilton
syringe with a 34-gauge needle. The left eye was intravitre-
ally injected with agomir-NC (RiboBio). At P7, P9, and P12,
the retinas were collected to be performed in the study of
superficial and deep retinal vasculature layers. In the OIR
mouse model, agomir-92a-3p or agomir-NC at a dose of 1
μL (1 μmol/mL) was intravitreally injected into the right eye
at P12, and the retinas were collected at P17 for the study
of neovascularization.

Fluorescein Staining of Retinal Flatmount

To evaluate retinal angiogenesis, a retinal flatmount was
used as previously described.54 Briefly, the dissected whole-
mount retinas at P7 or P17 were permeabilized with 0.5%
Triton X-100 for 10 minutes, blocked with 20% (v/v) fetal
bovine serum (FBS; Gibco, USA) for 1 hour at room temper-
ature, and then stained with vascular marker Alexa568-

conjugated Isolectin B4 (IB4; Invitrogen, USA), together
with rabbit anti-Ki67 antibody (CST, USA) or rabbit anti-
cleaved caspase-3 antibody (CST, USA). Retinal flatmount
images were examined by fluorescence microscope (Olym-
pus, Japan). Adobe Photoshop and ImageJ software were
used to analyze retinal angiogenesis (Supplementary Mate-
rials and Methods).

Frozen Section and Immunofluorescence Staining
of Retina

For retinal cryosections, the dissected mouse eyes at P9
and P12 were fixed and embedded in optimal cutting
temperature compound (Sakura Finetek) at –80°C, and then
sectioned as previously described.51 Retinal cryosections
were stained with Alexa568-conjugated IB4 overnight at 4°C.
The retinal sections were washed in phosphate buffer saline
(PBS) and incubated with 4′,6-diamidino-2-phenylindole
(DAPI; Invitrogen, USA) for 5 minutes to visualize cell nuclei.
Sections were viewed by fluorescence microscope (Olym-
pus, Japan). ImageJ software was used to analyze retinal
vessel formation.

Cell Culture and Transfection Assays

HRMECs were purchased from Procell Life Science &Tech-
nology (Wuhan, China), which were authenticated by short
tandem repeat profiling and cultured in a DMEM/F-12 basic
medium (Gibco, USA) with 10% FBS (Gibco, USA). HRMECs
were transfected with 50 nM mimic-92a-3p or mimic-
NC (RiboBio, Guangzhou, China) using a riboFECTTM CP
Transfection Kit (RiboBio), according to the manufacturer’s
instructions. Briefly, HRMECs were transfected 24 hours
after being plated in 6-well plates (Corning, NY, USA)
with a mixture of synthetic miRNA oligomers and transfec-
tion reagent, and added to cells in penicillin-streptomycin-
free medium. Cells were then used for endothelial func-
tional assays (tube formation, transwell assay, and wound
healing) after 48 hours of transfection. Detailed func-
tional assays are available in Supplementary Materials and
Methods.

Real-Time qPCR

Total RNA was extracted using a Universal microRNA Purifi-
cation Kit (EZBioscience, USA), according to the manufac-
turer’s instructions. Synthesis of cDNA and RT-qPCR were
performed using established protocols, as detailed in the
Supplementary Materials and Methods.

Analysis of Target Genes of MiR-92a-3p

Bioinformatics analysis and high-throughput sequencing
were used to identify miR-92a-3p potential target genes. The
target genes of miR-92a-3p were predicted with Targetscan
and miRDB; DAVID and MetaScape were used to identify
the key genes of miR-92a-3p regulating angiogenesis. The
extended methodological details are in Supplementary Mate-
rials and Methods. High-throughput sequencing and data
were analyzed by BGI (Shenzhen, China). Duplicates were
used for each group. Gene expression levels were assessed
using Bowtie255 and RSEM.56 Differentially expressed
genes (DEGs) were detected using DEGseq algorithm57
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and filtered by log2 fold change ≥2.00 and adjusted P
value ≤ 0.001.

Western Blot

Proteins of HRMECs and retinas were extracted by RIPA
buffer (Beyotime, Shanghai, China) with protease (Absin,
Shanghai, China) and phosphatase inhibitors (Absin, Shang-
hai, China), according to the manufacturer’s instructions.
Western blotting was carried out with SurePAGE, Bis-Tris
(GenScript, Nanjing, China). Primary antibodies were as
follows: rabbit anti-GAPDH antibody (CST, USA), mouse
anti-SGK3 antibody (Santa Cruz, USA), rabbit anti-GSK-
3β antibody (CST, USA), rabbit anti-Phospho-GSK-3β anti-
body (CST, USA), rabbit anti-Bcl-xL antibody (CST, USA),
and rabbit anti-cleaved caspase-3 antibody (CST, USA).
Additional experimental procedures are available in the
Supplementary Materials and Methods.

Statistical Analysis

All data were analyzed and plotted using GraphPad Prism
software and presented as the mean ± SEM. Statistical differ-
ences were analyzed by t-test or 1-way ANOVA for multiple
comparisons of mean values. Any P < 0.05 was considered
statistically significant.

RESULTS

MiR-92a-3p Gradually Decreases During Mouse
Retinal Development

To obtain a detailed spatial-temporal expression profile
of miR-92a-3p in the postnatal mouse retina, total RNAs
isolated from mouse pup retinas at postnatal days (P)0, P1,
P2, P3, P4, P5, P7, P8, P10, P12, P14, and P17 were analyzed
for miR-92a-3p expression using real-time quantitative poly-
merase chain reaction (RT-qPCR). The results showed that
the expression of miR-92a-3p was higher during the devel-
opment stage of superficial retinal vascular (P0–P7) than in
the development stage of deep retinal vascular (P8–P17), the
course related to a high trend in angiogenic activity. The
overall expression was gradually decreasing (Fig. 1A), which

was consistent with the microarray result of our previous
study.9

MiR-92a-3p Suppresses the Development of
Retinal Vessels

To evaluate the role of miR-92a-3p in developing retinal
vessels, we performed intravitreal injection of agomir-92a-
3p or agomir-negative control (NC) into the right eyes or
left mouse eyes at P3, respectively, when the mouse reti-
nas were mostly devoid of blood vessels. Retinas in both
groups were collected 2 days, 3 days, 4 days, and 5 days
after intravitreal injection, which correspond to P5, P6, P7,
and P8. The expression of miR-92a-3p in the agomir-92a-3p
group gradually decreased with time from P5 (P = 0.0011 to
<0.01) to P8 (P < 0.0001), but was still significantly higher
than the agomir-NC group (Fig. 1B). To observe the superfi-
cial vascular development, retinal flatmounts were analyzed
with staining IB4 at P7 mice. The quantification of superficial
vascular coverage (Figs. 2A, 2D; P = 0.0271 to <0.05), the
length of vascular development (Figs. 2A, 2E; P = 0.0079 to
<0.01), the number of vascular branch points in the prox-
imal retina part (Figs. 2B, 2F, P = 0.0135 to <0.05), and
the number of endothelial tip cells at the sprouting vascu-
lar front (Figs. 2C, 2G; P = 0.0152 to 0.05) showed signif-
icant decreases in the retinas treated with agomir-92a-3p
compared with the agomir-NC group and the normal control
group. These results illustrated that the overexpression of
miR-92a-3p inhibited the development of mouse superficial
retinal vessels.

In addition, agomir-92a-3p or agomir-NC were also intrav-
itreally injected into P5 or P8 mouse eyes, when the superfi-
cial vascular plexus partially develop. Retinal frozen sections
were analyzed at P9 or P12. Compared to the mice in the
other groups, mice in the agomir-92a-3p group had fewer
intraretinal vessels diving from the superficial retinal vessels
in the posterior retina at P9 (Figs. 3A, 3C; P = 0.0084
to <0.01) and fewer peripheral vessels sprouting at P12
(Figs. 3B, 3D; P= 0.0002 to <0.001). However, the deep layer
vessels had not yet reached the peripheral retina at P9. The
deep vascular plexus in the posterior retina at P12 showed
no significant difference between the agomir-92a-3p group
and the other two groups (Supplementary Figs. S1A, S1B).

FIGURE 1. Expression levels of miR-92a-3p in the mouse retina. (A) MiR-92a-3p expression during mouse retinal development: The RT-qPCR
showed that miR-92a-3p gradually decreased during the mouse retinal development. (B) Changes of miR-92a-3p after the intravitreal injection.
The miR-92a-3p expression in mouse retinas of the agomir-92a-3p group declined gradually over time after the intravitreal injection, but was
still significantly higher than that of the agomir-NC group (NC = negative control).The data are presented as mean ± SD (n = approximately
3–6 per group). **P < 0.01, ***P < 0.01, ****P < 0.0001.
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FIGURE 2. MiR-92a-3p inhibits the development of superficial retinal vessels. (A–C) Representative images of P7 mouse retinas injected with
agomir-92a-3p or agomir-NC at P3, respectively, followed by staining with vascular marker IB4 to observe the superficial retinal vessels. Scale
bar, A (500 μm), B (200 μm), and C (50 μm). (D) Quantification of the superficial vascular coverage. (E) Length of vascular development.
(F) Number of vascular branch points in the proximal retina. (G) Significant decrease in the number of endothelial tip cells at the sprouting
vascular front of the retinas treated with agomir-92a-3p compared to the agomir-NC and normal groups. The data are presented as mean ±
SD (n = approximately 3–6 per group). *P < 0.05, **P < 0.01.

These data suggested that agomir-92a-3p affected the devel-
opment of the deep retinal vascular plexus.

MiR-92a-3p Alters Proliferation and Apoptosis of
Retinal Vascular ECs

Previous literature has suggested that vascular ECs can
be localized using IB4.19 To further address the role of
miR-92a-3p in retinal angiogenesis, we used a retinal whole
mount stained with the proliferation marker Ki67, the apop-
tosis marker cleaved caspase-3, and the ECs marker IB4. Reti-
nas treated with agomir-92a-3p exhibited fewer Ki67 positive
ECs at the vascular front (P < 0.05; Figs. 4A, 4C; P = 0.0091
to <0.01). By contrast, the agomir-92a-3p group revealed
a significant increase in the proximal retina stained with
cleaved caspase-3 compared with the agomir-NC and normal
groups (Figs. 4B, 4D; P = 0.0217 to <0.05). Together, these
results indicate that agomir-92a-3p inhibits the proliferation
and promotes the apoptosis of vascular ECs in the middle
retina and eventually the peripheral retina.

MiR-92a-3p Suppresses the Tube Formation,
Migration, and Proliferation of Human Retinal
Microvascular Endothelial Cells

To further investigate the effect of miR-92a-3p on retinal ECs
function, mimic-92a-3p was transfected into the human reti-
nal microvascular endothelial cells (HRMECs) and then eval-
uated for its effects on tube formation, cell migration, and
wound healing. Compared with the mimic-NC, the expres-
sion level of miR-92a-3p in HRMECs was increased in the
mimic-92a-3p group (Fig. 5A; P= 0.001 to <0.01). Compared
with the mimic-NC, the mimic-92a-3p significantly decreased
the ability of cell migration (Figs. 5B, 5C; P < 0.0001),
tube formation (Figs. 5D–5F; P = 0.0019 to <0.01, P =

0.0003 to <0.001), and wound healing (Figs. 5G, H; P =
0.0161 to <0.05) in HRMECs. Together, these results indi-
cated that miR-92a-3p was a potent suppressor of angio-
genesis that might cause impairment through vascular EC
function.

Analysis of the Potential Target Genes of
miR-92a-3p

To identify potential target genes of miR-92a-3p, we
performed bioinformatics (Supplementary Materials and
Methods) and high-throughput sequencing (Fig. 6A) anal-
ysis. First, a total of 699 common target genes were found
(Supplementary Fig. S2). Next, the top 20 Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) items of the 699 genes were significantly enriched
(Supplementary Fig. S3). The significantly enriched items
for GO biological processes (BPs) were transcription, DNA-
templated, positive regulation of transcription from the RNA
polymerase II promoter, negative regulation of transcription
from the RNA polymerase II promoter, intracellular signal
transduction, and cell migration (see Supplementary Fig.
S3A). In addition, the nucleus, cytoplasm, nucleoplasm, and
membrane accounted for the majority of terms of the GO
cellular components (CCs; see Supplementary Fig. S3B). The
most enriched GO molecular functions (MFs) were protein
binding, transcription factor activity, sequence-specific
DNA binding, protein serine/threonine kinase activity, and
protein kinase binding (see Supplementary Fig. S3C). KEGG
pathway enrichment analysis showed that 11 of the top
20 pathways were closely associated with angiogenesis
(see Supplementary Fig. S3D black arrow). The 11 KEGG
pathways and related 63 key genes were identified (Supple-
mentary Table S3). Last, to further capture the relationships
among the 63 key gene terms, a subset of enriched terms
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FIGURE 3. MiR-92a-3p inhibits the development of deep vascular plexus. (A) Representative images of P9 posterior mouse retinas injected
with agomir-92a-3p or agomir-NC at P5, respectively, followed by staining of the frozen section with IB4 (red) to observe the deep retinal
vessels (scale bar = 50 μm). (B) Representative images of P12 peripheral mouse retinas injected with agomir-92a-3p or agomir-NC at P8,
respectively, followed by staining of the frozen section with IB4 (red) to observe the deep retinal vessels (scale bar = 50 μm). (C, D)
Quantification of the intraretinal vessels in the P9 posterior retina and P12 peripheral retina, showing that fewer intraretinal vessels dived
from the superficial retinal vessels in the agomir-92a-3p group at P9 and P12 compared to the agomir-NC and normal groups. The data are
presented as mean ± SD (n = approximately 3–6 per group). **P < 0.01, ***P < 0.001.

was selected and rendered as a network plot. We selected
the terms with the best P values from each of the 20
clusters and visualized them using Cytoscape,20 with each
node representing an enriched term and colored first by
its cluster ID (Supplementary Fig. S4A). Protein interaction
enrichment analysis was applied to each Molecular Complex
Detection (MCODE) component independently (see Supple-
mentary Fig. S4B), and the three best-scoring terms by
P values were retained as the functional description of
the corresponding components (Supplementary Table S4).
Using the genes in the Regulation of Actin Cytoskeleton and
the PI3K-Akt signaling pathway in combination with other

studies,17,21 three candidates were identified as associated
with angiogenesis: ITGA5, PTEN, and SGK3. Additional
miR-92a-3p targets include TMEM225B, NPIPA2, SULT1A4,
LRRC24, CDRT4, U2AF1L5, C15orf38-AP3S2, and TMEM110-
MUSTN1, predicted by high-throughput sequencing
(see Fig. 6A).

MiR-92a-3p Inhibits the Signal Pathway of SGK3
In Vivo and In Vitro

We analyzed the seed sequence of miR-92a-3p (CACGU-
UAU), conserved in both human (see Fig. 6B) and mouse
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FIGURE 4. MiR-92a-3p alters proliferation and apoptosis of retinal vascular ECs. (A) Representative images of P7 mouse retinas injected
with agomir-92a-3p or agomir-NC at P3, respectively, followed by staining with vascular marker IB4 (red) and the proliferation marker Ki67
(green) to observe the proliferation at the vascular front (scale bar = 100 μm). (B) Representative images of P7 mouse retinas injected with
agomir-92a-3p or agomir-NC at P3, respectively, followed by staining with IB4 (red) and apoptosis marker cleaved-caspase3 (green, white
arrows) to observe the apoptosis at the proximal retina (scale bar = 100 μm). (C) Retinas treated with agomir-92a-3p exhibiting fewer ECs
positive for Ki67. (D) Agomir-92a-3p groups stained with cleaved-caspase3 revealing a significant increase in the proximal retina compared
to the agomir-NC and normal groups. The data are presented as mean ± SD (n = approximately 3–6 per group). *P < 0.05, **P < 0.01.

(Fig. 7A), for complementarity with SGK3. The mRNA levels
of SGK3 in HRMECs treated with mimic-92a-3p (see Fig. 6C;
P = 0.0049 to <0.01) and in P3 mouse retina intravitre-
ally injected with agomir-92a-3p (see Fig. 7B; P = 0.0152
to <0.05) were markedly reduced at P7 compared with
the NC group. Moreover, overexpression of miR-92a-3p in
HRMECs (see Figs. 6D, 6E) and mouse retina (see Figs. 7C,
7E) significantly reduced the protein expression of SGK3, p-
GSK3β/GSK3β, and Bcl-xL (P < 0.05). However, the cleaved
caspase-3 increased in P7 mouse retinas (Figs. 7D, 7E
[right]; P < 0.05). Our findings suggest that miR-92a-3p
affects the functions of HRMECs and retinal angiogenesis
by directly inhibiting SGK3, then reduces the phosphory-
lation of GSK3β, and finally affects the formation of blood
vessels. On the other hand, SGK3 also reduces the level of
anti-apoptotic genes Bcl-xL and increases apoptotic genes
cleaved caspase-3 before affecting the survival of vascular
ECs and then inhibiting retinal angiogenesis.

MiR-92a-3p Inhibits Retinal Neovascularization in
the Oxygen-Induced Retinopathy Mouse Model

To determine whether miR-92a-3p contributes to regulat-
ing pathological angiogenesis, the oxygen-induced retinopa-
thy (OIR) mice were established (Supplementary Fig. S5).
The right eyes of OIR mice were treated with intravitreal
injection of agomir-92a-3p at P12, whereas the left eyes
have been intravitreally injected with agomir-NC. The OIR
mice have been analyzed at P17 for the expression level
of miR-92a-3p in their retinas. As expected, the right reti-
nas treated with agomir-92a-3p showed an increased expres-
sion of miR-92a-3p compared to the left retinas treated
with the agomir-NC (Fig. 8A; P = 0.0333 to <0.05). At
P17, miR-92a-3p significantly suppressed retinal neovascu-
larization in the right eyes of OIR mice compared with
their left eyes injected with agomir-NC (Figs. 8B, 8C; P
= 0.0257 to <0.05). Moreover, the expression levels of
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FIGURE 5. MiR-92a-3p suppresses the tube formation, proliferation, and migration of HRMECs in vitro. (A) Relative miR-92a-3p expression
level in the HRMECs treated with mimic-92a-3p or mimic-NC. (B) Representative images of transwell assay in the HRMECs transfected
with mimic-92a-3p or mimic-NC (scale bar = 50 μm). (C) Quantitative analysis of cell numbers in the HRMECs transwell assay, showing a
significant decrease in the mimic-92a-3p group compared to the mimic-NC group. (D) Representative images of tube formation assay in the
HRMECs transfected with mimic-92a-3p or mimic-NC (100 μm). (E, F) Quantitative analysis of the branch points and total branch length in
the HRMECs tube formation, showing a significant decrease in the mimic-92a-3p group compared to the mimic-NC group. (G) Representative
images of the HRMECs wound healing assay in the mimic-92a-3p or mimic-NC group (100 μm). (H) Quantitative analysis of the migration
distance in the HRMECs wound healing, showing a significant decrease in the mimic-92a-3p group compared to the mimic-NC group. The
data are presented as means ± SD (n = 3 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

SGK3, p-GSK3β/GSK3β, and Bcl-xL were also significantly
decreased in agomir-92a-3p-treated P17 OIR retinas (see
Figs. 8D, 8E; P < 0.05). Together, these data suggest that
miR-92a-3p suppressed pathological retinal neovasculariza-
tion in OIR mice by targeting SGK3, p-GSK3β/GSK3β,
and Bcl-xL.

DISCUSSION

In the postnatal eye development mouse model, which is an
ideal tool to visualize retinal vascular development, the reti-
nal vessels start from the optic nerve after birth and form a
superficial vascular plexus to the peripheral parts until P8
days22; the deep vascular plexus in the posterior pole are
driving from the superficial retinal layer at P7 and extend
to the peripheral part at P12.23 Our study indicates that the
overall expression of miR-92a-3p gradually decreases and is
higher during the development of superficial retinal vessels
(P0–P7) than in the development of deep retinal vessels (P8–
P17). It is reasonable to speculate that miR-92a-3p might play
an important role in retinal vascular development. Together
with miR-17, −18a, −19a/b, −20a, and miR-92a, miR-92a

is a member of the miR-17-92 cluster, which is the first
tumor-related miRNA found in lymphoma.24 MiR-92a can
promote the proliferation of lung cancer25 and regulate the
growth, development, and differentiation of the hematopoi-
etic immune and cardiopulmonary system.26,27 The miR-17-
92 cluster is also found to be enriched in ECs.28,29 Over-
expression of the miR-17-92 cluster can promote tumor
angiogenesis.16 We hypothesized that miR-92a-3p might be
involved in the initiation and progression of retinal vascu-
lar development. Although the miR-17-92 cluster is impli-
cated in the development of tumor angiogenesis,30 few stud-
ies have focused on retinal angiogenesis. To our knowl-
edge, this is the first research to investigate the effect and
mechanism of miR-92a-3p on retinal angiogenesis. In our
study, intravitreal injection of agomir-92a-3p on P3, P5, and
P9, respectively, delayed vascular development in both the
superficial and deep retinal plexus. The overexpression of
miR-92a-3p showed an anti-angiogenic effect that included
decreases in the vessel density and the number of tip cells in
the superficial retinal vessels at P7, as well as the suppres-
sion of intraretinal vessels diving from the superficial layer
in the posterior retina at P9, and peripheral retina at P12
during retinal development. However, the overexpression of



Angiogenesis in Retina IOVS | October 2022 | Vol. 63 | No. 11 | Article 19 | 8

FIGURE 6. MiR-92a-3p overexpression suppressed angiogenesis by targeting SGK3 in vitro-cultured ECs. (A) Results of the high-throughput
sequencing of differentially expressed genes after mimic-92a-3p transfection compared to that of mimic-NC. (B) Alignment between the
binding sites of has-miR-92a-3p and SGK3. (C) The expression level of SGK3 mRNA was significantly down-regulated in the mimic-
92p-3p group compared to the mimic-NC group. (D, E) Western blot analyses showing significant suppression of protein expression in
SGK3, p-GSK3β/GSK3β, and Bcl-xL by the mimic-92a-3p treatment. The data are presented as mean ± SD (n = 3 per group). **P < 0.01,
***P < 0.001.

miR-92a-3p showed no significant difference between the
two groups in the posterior retina at P12, when the deep
layer vessels had formed in the posterior retina at P9. Addi-
tionally, we found that miR-92a-3p suppressed pathologi-
cal neovascularization in OIR mouse. These results suggest
that, although miR-92a-3p is critical for the initiation and
progression of physiological and pathological angiogenesis,
it has little effect on normal retinal vessels that have already
formed.

In addition to the in vivo mouse model used to demon-
strate the functional role of miR-92a-3p in the developmen-
tal angiogenesis, we revealed that overexpression of miR-
92a-3p inhibited the physiological angiogenesis of HRMECs
in vitro. Our study showed that miR-92a-3p might be a
potential intrinsic anti-angiogenic factor, consistent with
previous research.31 MiR-92a is highly expresses in many
tumor tissues, such as colon cancer,32 gastric cancer,33 and
pancreatic cancer,34 promoting the proliferation, metasta-
sis, and angiogenesis of tumor tissues. It is also enriched
in human vascular ECs,35 especially in the cardiovascu-

lar system.36 The role of miR-92a in regulating angiogen-
esis is still considered to be controversial and may vary
depending on the different experimental models. A recent
study18 shows that miR-92a-3p promotes angiogenesis in
retinoblastoma. However, another study15 shows the down-
regulation of miR-92a improves angiogenesis both in vitro
and in vivo. Interestingly, Zhang et al.14 indicate that both
up- and downregulation of miR-92a in the cultured human
umbilical vein endothelial cells (HUVECs) could have pro-
angiogenic effects under oxidative stress. Therefore, miR-
92a-3p may play different roles under different conditions
or in different diseases. In addition, the overexpression of
the miR-17-92 cluster can inhibit the angiogenesis of ECs,30

a finding similar to that of our study. Vascular ECs play
an important role in angiogenesis.37–39 Daniel et al. have
reported that high expression of miR-92a inhibits the prolif-
eration of VEGF-treated ECs.40 We also found that miR-
92a-3p inhibited the proliferation of ECs at the vascular
front and enhanced the apoptosis of ECs at the proximal
retina.
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FIGURE 7. MiR-92a-3p overexpression suppresses retinal angiogenesis by targeting SGK3 in vivo. (A) Alignment between the binding sites
of mmu-miR-92a-3p and SGK3. (B) Significant downregulation of the mRNA level of SGK3 in the agomir-92p-3p group compared to the
agomir-NC group. (C, E [left 3]) Significant decrease in the protein levels of SGK3, p-GSK3β/GSK3β, and Bcl-xL in the agomir-92a-3p group.
(D, E [right]) Agomir-92a-3p treatment significantly promoted the protein expression of cleaved-caspase3. The data are presented as mean
± SD (n = 3 per group). *P < 0.05, **P < 0.01.

FIGURE 8. MiR-92a-3p inhibits retinal neovascularization by targeting SGK3 in OIR mouse. (A) The expression level of miR-92a-3p in OIR
mouse treated with agomir-92a-3p was increased compared with agomir-NC group at P17. (B) Representative images of P17 mouse retinas
injected with agomir-92a-3p or agomir-NC at P12, respectively, followed by staining with vascular marker IB4 to observe the neovascular-
ization. Pathologic neovascular were labeled (white highlight). Scale bar = 200 μm. (C) Quantification of retinal neovascularization at P17
in OIR mice, showing that agomir-92a-3p treatment significantly reduced neovascularization in OIR retinas compared with the agomir-NC
groups. (D, E) Western blot showing a significant suppression of protein expression in SGK3, p-GSK3β/GSK3β, and Bcl-xL by agomir-92a-3p
treatment. The data are presented as mean ± SD (n = approximately 3–6 per group). *P < 0.05, **P < 0.01.
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FIGURE 9. Proposed role of the miR-92a-3p-SGK3 axis in retinal angiogenesis. MiR-92a-3p affects retinal physiological and pathological
angiogenesis by inhibiting the expression of SGK3 in retinal ECs, which suppresses the phosphorylation of GSK3β, decreases the expression
of anti-apoptosis gene Bcl-xL, increases apoptosis gene cleaved caspase-3, and promotes the apoptosis of retinal vascular ECs.

Angiogenesis is a complex process that involves various
events and signaling pathways. Gathered from three key
prediction databases, the two predictively most enriched
signaling pathways targeted by miR-92a-3p, namely FoxO
pathway and focal adhesion, are indicative of a clearer
role for miR-92a-3p in tip cell formation, vascular sprout
formation, tubulogenesis, and vascular remodeling. More-
over, there have been numerous known target genes of
miR–92a in regulating angiogenesis, such as KLF2, KLF4,
and ITGA5,13,41,42 which are mainly involved in the enriched
signaling pathways. Novel targets of miR-92a are still under
investigation. Interestingly, we found SGK3 was present
in the top-scoring associated angiogenesis signaling path-
way, computed from three databases of predicted miR-
92a-3p target genes. SGK3 is an important member of
the SGK family, which also includes SGK1 and SGK2. As
a member of the AGC family, SGK3 is homologous with
Akt in sequence43,44; they are thus also similar in func-
tion. SGK3 controls the processes of cell growth, prolif-
eration, metabolism, and intracellular material exchange.45

It has been reported that SGK3 may play an important
role in tumor angiogenesis through the PI3K/Akt path-
way, but there are still few studies on SGK3 and angio-
genesis. Recently, some studies have described a relation-
ship between GSK3β and angiogenesis.46–48 GSK3β acts
downstream of SGK3, and its phosphorylation can regu-
late angiogenesis. On the other hand, SGK3 can increase
the level of Bcl-xL and inhibit the expression of the pro-
apoptotic gene Bad.21,49 Most importantly, in the present
study, the overexpression of miR-92a-3p in P7 normal and
P17 OIR mouse retinas, and HRMECs significantly reduced
the mRNA and protein levels of SGK3. Comparison and
analysis indicate that the seed sequence of miR-92a-3p is
complementary to the sequence of SGK3. In addition, we
also confirmed that SGK3 may be a direct target of miR-
92a-3p in humans and mice. In line with the confirmation
of SGK3 as miR-92a-3p target genes, the protein levels of
p-GSK3β/ GSK3β and Bcl-xL associated with SGK3 were
also lower in the overexpression of miR-92a-3p groups in
our study. Therefore, our results demonstrated that miR-92a-
3p affected retinal angiogenesis by inhibiting the expression
of SGK3 in retinal ECs, which suppressed the phosphoryla-
tion of GSK3β, decreased the expression of anti-apoptosis
gene Bcl-xL, increased apoptosis gene cleaved caspase-3,
and promoted the apoptosis of retinal vascular ECs (Fig. 9).
Overall, this is the first study to demonstrate the essential
role of miR-92a-3p in both regulating in vitro and in vivo

angiogenesis, especially in physiological and pathological
retinal angiogenesis. This study presents evidence of miR-
92a-3p as a regulator of vascular ECs angiogenesis in the
development of mouse retinas. These findings provide new
insight into targeting miR-92a-3p and the SGK3/ GSK3β axis
as a promising therapeutic way for retinal neovascularization
diseases.
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