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A B S T R A C T   

Background: miR-96-5p is a highly expressed microRNA in the retina of subjects with diabetes. 
The INS/AKT/GLUT4 signaling axis is the main cell signaling pathway of glucose uptake in cells. 
Here, we investigated the role of miR-96-5p in this signaling pathway. 
Methods: Expression levels of miR-96-5p and its target genes were measured under high glucose 
conditions, in the retina of streptozotocin-induced diabetic mice, in the retina of AAV-2-eGFP- 
miR-96 or GFP intravitreal injected mice and in the retina of human donors with diabetic reti-
nopathy (DR). MTT, wound healing, tube formation, Western blot, TUNEL, angiogenesis assays 
and hematoxylin-eosin staining of the retinal sections were performed. 
Results: miR-96-5p expression was increased under high glucose conditions in mouse retinal 
pigment epithelial (mRPE) cells, in the retina of mice receiving AAV-2 carrying miR-96 and STZ- 
treated mice. Expression of the miR-96-5p target genes related to the INS/AKT/GLUT4 signaling 
pathway was reduced following miR-96-5p overexpression. mmu-miR-96-5p expression 
decreased cell proliferation and thicknesses of retinal layers. Cell migration, tube formation, 
vascular length, angiogenesis, and TUNEL-positive cells were increased. 
Conclusions: In in vitro and in vivo studies and in human retinal tissues, miR-96-5p regulated the 
expression of the PIK3R1, PRKCE, AKT1, AKT2, and AKT3 genes in the INS/AKT axis and some 
genes involved in GLUT4 trafficking, such as Pak1, Snap23, RAB2a, and Ehd1. Because disruption 
of the INS/AKT/GLUT4 signaling axis causes advanced glycation end product accumulation and 
inflammatory responses, the inhibition of miR-96-5p expression could ameliorate DR.   
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1. Introduction 

Diabetic retinopathy (DR) is the primary cause of visual impairment in the working age population worldwide. DR is induced by 
metabolic abnormalities in the retina of subjects with diabetes mellitus (DM). It is a manifestation of endothelial dysfunction char-
acterized by breakdown of the blood–retinal barrier (BRB) and neovascularization [1,2]. Prolonged exposure to hyperglycemia is 
directly associated with DR development, and the pathological stages of DR follow the progression of retinal blood vessel damage [3, 
4]. However, because multifactorial etiologies underlie the process of DR development, there is currently no effective available cure for 
DR [5]. 

Retinal pigment epithelial (RPE) cells are most vulnerable to damage by hyperglycemia through several signaling pathways, 
including reactive oxygen species (ROS) production, impairment of metabolic pathways such as oxidative stress, production of 
proinflammatory mediators, and vascular endothelial growth factor (VEGF) secretion during relevant metabolic processes [6–8]. 
Degeneration or dysfunction of RPE cells contributes to DR progression. Accordingly, further investigations on the dysfunction of RPE 
cells under high glucose (HG) culture conditions can mimic DR in vitro and could be considered an essential approach for developing 
effective therapeutic strategies against DR [9]. 

The INS/AKT/GLUT4 signaling pathway influences whole-body glucose homeostasis. The binding of insulin to its receptor triggers 
cascades in the cells, including the IRS1/AKT axis. AKT activation allows GLUT4 translocation onto the cell surface, a process involving 
several proteins. GLUT4 promotes glucose uptake, reduces blood sugar levels, and allows the recipient cells to absorb the main type of 
sugar in blood [10]. High levels of glucose in blood lead to the formation of advanced glycation end products (AGEs), which initiate 
inflammatory signaling pathways [11]. Table 1 presented some genes and their function related to INS/AKT/GLUT4 signaling 
pathway. 

microRNAs (miRNAs) are well-known molecules that regulate the post-transcriptional expression of their target genes [7,12]. 
miRNAs are involved in the development of various diseases such as cancer, diabetes, and diabetic complications [7,13]. Recent 
studies have reported that the abnormal expression of several miRNAs is involved in the pathogenesis of DR [7,14–16]. Therefore, 
miRNAs could serve as potential novel therapeutic agents that can manipulate pathological pathways in DR [17]. The polycistronic 
miR-183 cluster includes three homologous miRNAs (miR-183, miR-96-5p, and miR-182) and plays an important role in the devel-
opment and normal functions of sensory organs [18]. Fluctuation in the expression level of the cluster members has been observed in 
pathological conditions, including DR [19–21]. Previous studies have demonstrated that miR-96-5p expression is increased in the 
retina of the rat model of induced DR. Also, miR-96-5p is significantly downregulated in oxygen-induced retinopathy (OIR) which 
causes endothelial dysfunction associated with vascular regeneration, and miR-96 overexpression promotes vascular repair by acti-
vation of angiogenesis in retinal endothelial cells and by increasing production of VEGF and ANG-2 [22]. However, few investigations 
have been conducted to understand whether miR-96-5p guides the pathological changes in DR, and role of miR-96 in the progression of 
DR pathogenesis is still unclear By using systems biology approaches and protein–protein interaction (PPI) network analysis, we 
investigated how miR-96-5p target genes involved in the DR signaling pathways are interconnected [23]. 

2. Materials and methods 

2.1. Target prediction and pathway analysis of miR-96-5p 

The present study used bioinformatics approaches in the following three steps. A: Identifying proteins involved in DR and genes 
targeted by mmu-miR-96-5p and determining the common proteins between the two gene lists. In this step, proteins associated with 

Table 1 
Function of some genes in INS/AKT/GLUT4 axis signaling pathway.  

Gene Function Reference 

IRS A critical molecule in the insulin signaling pathway and the main mediator of insulin-dependent regulation of glucose 
metabolism in cells. It is also involved in controlling the function of GLUT4, which is responsible for glucose uptake. 

[74] 

INSR Activated the insulin signaling pathway. INSR leads to tyrosine phosphorylation of IRS proteins, phosphorylates, and 
activates phosphatidylinositol 3-kinase (PI3K). 

[75–77] 

PI3K and AKT PI3K and the AKT pathways are the most important pathways linking the IRS proteins to the metabolic effect of insulin. The 
activated stimulates the phosphorylation and inhibition of TBC1D4 and activates Rab-GAP (GTPase-activating protein); this 
induces GLUT4 trafficking. 

[58, 
75–80] 

PDK PDK phosphorylates and activates AKT and serum/glucocorticoid-regulated kinase 3 (SGK3). [75–77] 
SGK3 SGK3 is an antagonist of FOXO genes. [76] 
FOXO FOXOs play important roles in cellular functions such as gluconeogenesis, inflammation, and insulin sensitivity. The 

activation of FOXO during HG exposure is suggested to be associated with several diabetic complications such as DR. 
Phosphorylation of FOXOs promotes their interaction with the 14-3-3 protein and consequently results in their degradation. 

[59,81,82] 

Rac1 Downstream of PI3K, insulin activates the Rho family small GTPase Rac1, which regulates actin filaments in the cell cortex. 
Insulin stimulates Rac1 activation during actin remodeling, glucose uptake, and GLUT4 translocation on the cell surface. 

[10,83] 

Pak1 Activated Rac1 also stimulates the serine/threonine kinase Pak1. Inhibition of Rac1 and Pak1 occurs under insulin resistance 
conditions 

[10,83] 

Syntaxin-4 and 
SNAP-23 

GLUT4 vesicles arrive and adhere to the cell surface and merge with the plasma membrane (PM). Syntaxin-4 and SNAP-23 
on the PM are t-SNAREs involved in GLUT4 exocytosis and are sufficient for vesicle tethering, while VAMP2 on the targeting 
vesicle is a vSNARE that promotes fusion. 

[10,84]  
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DR were identified through DisGeNET [24,25], STRING [26,27], and PHAROS [28]. The results were merged to create an updated gene 
list. Additionally, genes targeted by mmu-miR-96-5p were identified through the TargetScan database (http://www.targetscan.org/) 
[29], and signaling pathways associated with DR were located in the KEGG database [30]. There are potential miR-96-5p binding sites 
in the 3ʹ-UTR of several mRNAs involved in the INS/AKT/GLUT4 signaling pathway. Finally, the common proteins between DR disease 
and the genes targeted by mmu-miR-96-5p were determined by analyzing the subscription between the lists. B: Identification of 
mmu-miR-96-5p target genes upstream and downstream of common proteins and reconstruction of networks. To detect how 
mmu-miR-96-5p alters the signaling pathways associated with DR, the KEGG database was used to determine miR-96-5p target genes 
upstream and downstream of the common proteins. Subsequently, the final gene list was created (Table 2). The network was 
reconstructed on Homo sapiens using the GeneMANIA (3.5.1) [31] plugin implemented in Cytoscape (3.7.2) [32]. C: Using network 
analysis to select specific genes for real-time PCR. Through network analysis, highly interconnected regions (clusters) were determined 
through the MCODE plugin (http://baderlab.org/Software/MCODE) [33]. The most important nodes were identified based on 
different kinds of centralities (Degree, Betweenness, Radiality, Closeness, Stress, Centroid Value, Eccentricity, EigenVector, Bridging, 
Clustering Coefficient, Neighborhood Connectivity, and Topological Coefficient) in a network through CentiScaPe [34,35] and 
Network Analyzer [36] plugins, and functional enrichment analysis was conducted to learn more about their biological significance 
with DAVID (Database for Annotation, Visualization and Integrated Discovery) [37] and g:profiler [38] web servers. Three lists of GO 
terms and their p values were generated independently based on molecular function (GOTERM_MF_FAT), biological process 
(GOTERM_BP_FAT), and cellular component (GOTERM_CC_FAT). KEGG and Reactome [39] pathway enrichment analyses were also 
conducted. REVIGO (http://revigo.irb.hr/) [40] and the produced treemap R script were used to summarize and visualize GO terms 
with the following parameters: “Small (0.5)” for the allowed similarity and “SimRel” for the semantic similarity measure. Fig. 1 A-C 
shows a schematic illustration of the steps taken during the study. The results of centrality analysis were integrated and categorized to 
determine each node’s position in the above-mentioned 12 centralities, and important genes (hubs) were selected for real-time PCR 
analysis. 

2.2. DNA construct 

The precursor sequence was retrieved from the NCBI database (Gene ID: 723886). Restriction sites of KpnI and XhoI enzymes were 
placed upstream and downstream of the gene, respectively. The gene was synthesized by Biomatik Company (Ontario, Canada), 

Table 2 
Gene list.  

Gene List- Mus musculus (mouse) 

common proteins between DR disease and genes targeted by mmu-miR-96-5p upstream and downstream of common proteins 

Name Pathway   

AKT1 
AKT3 PIK3CA 

mmu04370 - VEGF signaling pathway Pias1 inhibitor of stat1 and NF-KB/RAS signaling 
KRAS RAS signaling- Apoptosis 
Rassf1 RAS signaling- Apoptosis 
Itga3(ITGA) pi3k/AKT 
Itga11(ITGA) pi3k/AKT 
Magi1 pi3k/AKT 
Rps6ka6 (RSK) mTOR signaling/RAS signaling 
MTOR mTOR signaling 
HIF1-alfa VEGF signaling pathway 
stat1 VEGF signaling pathway 
NF-KB VEGF signaling pathway 
AKT2 VEGF signaling pathway 

GRB2 
IRS1 
Rac1 AKT1 
AKT3 PIK3CA 
IGF1R 
PRKCZ 

mmu04910 - Insulin signaling pathway Cav1 GluT4 trafficking 
Ehd1 GluT4 trafficking 
Rac1 GluT4 trafficking 
Pak1 GluT4 trafficking 
Snap23 GluT4 trafficking 
RAB10 GluT4 trafficking 
RAB2a GluT4 trafficking 
Flot1 (flotillin1) insulin signaling/GLUT4 trafficking 
Prkag3 (AMPK) insulin signaling/GLUT4 trafficking 
Prkar1a (PKA) insulin signaling 
Eif4e2 (eIF4E) insulin signaling/Hif1a 
Map2k1 (MEK1) insulin signaling/mTOR/FOXO 
PIK3R1 (pi3k) insulin signaling/Hif1a/VEGF 
PIK3CA(pi3k) insulin signaling/Hif1a/VEGF 

FOXO1 
IGF1R 
SOD2 
CAT 

mmu04068 - FOXO signaling pathway FOXO3 FOXO signaling 
FOXO4 FOXO signaling 
SGK3 FOXO signaling 
PDK2 FOXO signaling 

PRKCZ mmu04933 - AGE-RAGE signaling pathway in diabetic complications PRKCE(PKC) AGE/RAGE 
Mapk9 (JNK) AGE/RAGE  
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received in the BSK vector, and subcloned in the pAAV-2-MSC-eGFP vector (a human AAV-2 vector included in the AAV Helper Free 
System designed by Agilent Technologies, USA, which had been previously constructed in our laboratory adapted from Ref. [41]). 
Sequence of this vector provided in Supplementary Table S1. Ligation and transformation in Escherichia coli XL-10 were performed as 
described previously [42]. 

2.3. Cell culture and transfection 

mRPE cells were cultured [43] and transfected using the calcium phosphate precipitation method [42,44]. HG culture was 
established in a 6-well plate with 50% confluency. Cell medium was replaced with serum-free DMEM-F12 1 h before starting the 
experiment. It was then substituted with DMEM-F12 containing 10% fetal bovine serum (FBS), and the cultures were then treated with 
5 mM glucose (as normal glucose concentration) or 30 mM glucose (as HG concentration; Sigma-Aldrich, Germany). Mannitol (Sig-
ma-Aldrich, Germany) at 5 or 30 mM concentration was also applied in parallel cultures as osmotic controls for HG cultures. The cells 
were incubated in a CO2 humidified incubator for 48 h. Medium with desired glucose and mannitol concentrations was changed every 
24 h. 

Fig. 1. Diagram illustrating the steps that were taken during the project. A. Determine the common proteins between the mmu-miR-96-5p target 
genes and the proteins involved in diabetic retinopathy. B. Analysis of mmu-miR-96-5p target genes upstream and downstream of common proteins 
and reconstruction of networks. C: Selecting specific genes for Real-time PCR through network analysis. 
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2.4. mRPE cell treatment with antagomiR-96 and scrambled molecule 

To confirm the role of miR-96-5p, its expression was suppressed by antagomiR-96. A scrambled control was also used in inde-
pendent experiments. A total of 106 mRPE cells were plated in a 6-well plate and incubated for 16 h to reach 70% confluency. The cells 
were transfected with the pAAV-2-MSC-eGFP-mmu-miR-96 vector using the calcium phosphate precipitation method. After 24 h, the 
cells were transfected again with 30 nM of antagomiR-96 (miRCURY LNA miRNA-96 Inhibitor, YI04102572-DDA, Exiqon) or 30 nM of 
scrambled control (miRCURY LNA miRNA Inhibitor negative control A, YI00199006-DDA, Exiqon) using Lipofectamine 2000 (Invi-
trogen, USA) according to the manufacturer’s instructions [45]. Finally, at 48 h post-transfection, the cells were collected for further 
experiments. In another experiment, mRPE cells were cultured under HG conditions as mentioned above. After 24 h, the desired 
cultures were transfected with antagomiR-96 or scrambled control. 

2.5. Cell proliferation assay 

mRPE cells were transfected with the pAAV-2-MSC-eGFP-mmu-miR-96 or pAAV-2-MSC-eGFP vector. At 24, 48, and 72 h post 
transfection, the cells were trypsinized and subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
according to a previously reported protocol [46]. The results were acquired from at least three independent experiments with at least 
three technical replicates per experiment. 

2.6. Wound healing assay 

Scratch wound assay was performed to investigate the effect of miR-96-5p on mRPE cell migration. Briefly, cells were transfected 
with the pAAV-2-MSC-eGFP-mmu-miR-96 or pAAV-2-MSC-eGFP vector as control or with the pAAV-2-MSC-eGFP-mmu-miR-96/ 
antagomiR-96 or pAAV-2-MSC-eGFP-mmu-miR-96/scrambled vector 48 h before starting the assay. Untreated cultures were used 
as controls. When the cultures reached full confluence, a wound was made using a 100 μL pipette tip. The cells were washed to remove 
cellular debris. Twenty-four hours later, images were acquired from the cultures and analyzed by the plugin wound_healing_size_tool 
from Fiji (Fiji Is Just ImageJ-National Institute of Health, Bethesda, MD). The photos were obtained from three independent experi-
ments in at least 3 technical repeats each time. 

2.7. Tube formation assay 

mRPE cells were transfected with the pAAV-2-MSC-eGFP or pAAV-2-MSC-eGFP-mmu-miR-96 vector in FBS-free DMEM-F12 me-
dium. After 48 h, CM was collected and stored at − 80 ◦C. The 96-well plates were coated with growth factor-reduced matrigel (BD 
Biosciences, Belgium). HUVECs (3.3 × 104 cells/well) were suspended in 50 μL of the collected CM and were seeded onto the matrigel- 
coated wells [47]. After 18 h of incubation, the cells were fixed, and images were acquired using an inverted phase contrast microscope 
(Olympus, Japan). Tube formation ability of the groups was quantified with Fiji software by using an angiogenesis analyzer plugin. 

2.8. Plasmids and production and titration of recombinant AAV-2 virus 

Two independent AAV-2 virus particles (AAV-2-carrying miR-96 and AAV-2-carrying eGFP as the control) were produced ac-
cording to a previously published protocol [48]. Viral particles were aliquoted in small volumes and stored at − 80 ◦C. Functional 
titration of viruses was performed by flow cytometry [49]. GFP expression was measured by flow cytometry assay (CyFlow Space, 
Partec, Germany) along with FlowMax software. The results were obtained through at least three independent experiments followed 
by technical repeats. 

2.9. Western blot 

Whole cell lysates of untreated, GFP-overexpressing, miR-96-5p-overexpressing, miR-96-5p/antagomiR-96-treated, and miR-96- 
5p/scrambled-overexpressing mRPE cells were prepared using ice-cold RIPA buffer containing protease inhibitors. Total protein 
samples (15 μg) were separated by 10% SDS-PAGE electrophoresis. Polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, 
MA) were used to transfer the proteins. The membranes were then blocked with skimmed milk in TBST and incubated overnight with 
the following primary antibodies at 4 ◦C with shaking: mouse anti-Akt1 antibody (sc-5298, Santa Cruz Biotechnology, Germany), 
mouse anti-PDK2 antibody (SC-100534, Santa Cruz Biotechnology, Germany), rabbit anti-FOXO1 antibody (bs-2537R, Thermo Fisher 
Scientific, Germany), rabbit anti-FOXO3 antibody (10849-1-AP, Thermo Fisher Scientific, Germany), rabbit anti-PIK3R1 antibody 
(Orb11271, Biorbyt, United Kingdom), and mouse anti-GAPDH antibody (GTX100118, GeneTex, Taiwan). Subsequently, the mem-
branes were incubated with the appropriate secondary antibodies for 2 h at room temperature (RT) with shaking: HRP-conjugated goat 
anti-rabbit IgG (BA1054-2, Boster, USA) or HRP-conjugated anti-mouse IgG (SC-516102, Santa Cruz Biotechnology, Germany). 
Finally, immunoreactive bands were visualized using an ECL reagent (GE Healthcare, UK) and quantified using Fiji analysis software 
(NIH, Bethesda, MD). 
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2.10. Experimental animals 

Experiments were conducted on 6- to 8-week-old male NMRI mice. Mice were obtained from the National Institute of Genetic 
Engineering and Biotechnology (NIGEB) animal house. Experiments were performed in accordance with the ARVO (Association for 
Research in Vision and Ophthalmology) statement for the use of animals and protocols in ophthalmic research and ARRIVE guidelines 
for the use of laboratory animals. The mice were housed under normal conditions of 12-h light/dark cycle and 20–25 ◦C temperature, 
with free access to water and food. For the experiments, the animals were divided into four groups: control, STZ-induced diabetes, 
AAV-2-eGFP-miR-96 treatment through intravitreal injection, and AAV-2-eGFP treatment through intravitreal injection. 

2.11. Establishment of the diabetic mice model 

Thirty NMRI mice were randomly divided into control and diabetic groups. Type 1 diabetes was induced by intraperitoneal 
administration of a single dose (170 mg/kg) of STZ (S0130-1G; Sigma-Aldrich, Germany) prepared in citrate buffer (50 mM Na citrate, 
pH 4.5 [Sigma-Aldrich, Germany]) immediately before injection. Control mice were injected with an equal volume of Na citrate buffer 
[50,51]. Diabetes was confirmed to be induced 1 week later on the basis of fasting blood glucose level of >250 mg/dL. STZ-injected 
animals with fasting blood glucose levels below 250 mg/dL were excluded from the study. The blood glucose level (measured by the 
Accu-Chek Active kit, Roche, Germany) and weight of the animals were measured once a week. After 10 weeks, mice were sacrificed 
for further analysis. 

2.12. Intravitreal injection 

Thirty male NMRI mice were divided into two groups. The right eyes were intravitreally injected with 2 μL of AAV-2 virus particles 
carrying miR-96 or GFP. Phosphate-buffered saline (PBS) was injected in the left eyes as control eyes. The injections were administered 
using a Hamilton 5 μL microinjector (CAL7634-01) with an 80 μm glass needle under intraperitoneal anesthesia with a mixture of 100 
mg/kg ketamine and 16 mg/kg xylazine. Further analysis was performed two weeks after injection. 

2.13. Whole-mount retina, immunohistochemistry, and isolectin B4 staining 

To confirm that AAV-2 viral particles were successfully delivered into the retinal cells of the experimental animals, mice were 
sacrificed by cervical dislocation. The eyes were enucleated and washed with PBS and prefixed in 4% paraformaldehyde for 10 min. 
The iris and lens were removed, and the retina was carefully separated from the sclera and fixed in ice-cold methanol for 20 min. After 
washing, tissues were blocked with 1% bovine serum albumin (BSA) at RT for 90 min. The tissues were then incubated with mouse 
anti-GFP antibodies (sc-9996, 1:100, Santa Cruz Biotechnology, Germany) overnight at 4 ◦C. On the next day, the tissues were washed 
with PBS and incubated with FITC-conjugated goat anti-mouse IgG (sc-2010, 1:200, Santa Cruz Biotechnology, Germany) for 2 h at RT. 
Finally, the tissues were visualized by an Axiophot Zeiss fluorescence microscope. Isolectin B4 staining was performed to reveal the 
vessels. Whole-mounted retinas were incubated overnight at 4 ◦C with isolectin B4 (lectin from Bandeiraea simplicifolia (L2895, Sigma- 
Aldrich, Germany), 1:200). Images were acquired using a Leica TCS SPE confocal microscope. AngioTool software was used to quantify 
the total vessel length and vessels area. The vessels of each retina were observed in three different fields for each studied animal, and 
the mean value was calculated and compared between all groups. 

2.14. HE and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining 

For histological evaluation, the mice were euthanized by cervical dislocation. After washing with PBS, enucleated eyecups were 
fixed in 4% paraformaldehyde for 16–18 h and then embedded in paraffin. The fixed tissues were cut into 5-μm-thick sections and 
mounted on microscope slides. HE staining was performed to calculate the thickness of the retinal layers (INL, IRL, and whole retina) 
according to the standard protocols [52]. Images of each animal’s retina were acquired using three different fields and analyzed by Fiji 
software. TUNEL assay was performed according to the manufacturer’s instructions (cat#: 11684817910, Roche, Germany) to detect 
cell death in the retina. DAPI was used as a nuclear counterstain. Tissues were visualized by an Axiophot Zeiss fluorescence micro-
scope. Three random fields in each section were studied using the retina analysis toolkit, a plugin for Fiji software. 

2.15. RNA isolation and quantitative real-time PCR 

Total RNA was isolated from treated/control mRPE cells (untreated, GFP-overexpressing, miR-96-5p-overexpressing, miR-96-5p/ 
antagomiR-96-treated, and miR-96-5p/scrambled-treated cells and from cells treated with 5 and 30 mM glucose and 5 and 30 mM 
mannitol, and cells treated under HG and transfected with antagomiR-96 or scrambled molecule) using the TriPure Isolation Reagent 
(Roche, Germany) according to the manufacturer’s protocol. Total RNA from the retinal tissue of AAV-2-eGFP-miR-96-injected mice, 
AAV-2-eGFP-injected mice, STZ-induced diabetic mice, and controls were also collected. Retinal tissues of four human DR samples and 
four healthy controls were obtained from the Central Eye Bank of Iran. All procedures performed in studies involving usage of human 
retinas for research purpose was approved by the Institutional Review Board of the Central Eye Bank of Iran and were in accordance 
with the ethical standards of the Helsinki declaration. The Supplementary Table S2 provides the information of donors. The expression 
level of the genes of interest was quantified using specific primers for real-time PCR analysis (PrimerBank, Harvard) (Supplementary 
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Table S3). Reverse transcription and amplification were performed using the Qiagen One-Step RT-PCR kit (Qiagen Inc.) and the 
LightCycler system (Roche, Germany). Hot-start DNA polymerase was activated at 95 ◦C for 5 min, followed by 35 cycles of 95 ◦C for 
30 s, 60–62 ◦C for 30 s (depending on the annealing temperature of the genes of interest), and 72 ◦C for 30 s. According to in silico 
studies, the results with threshold cycle (Cts) over 35 and melting temperatures below 80 ◦C were excluded. The stem-loop RT-qPCR 
procedure was performed as described previously to detect mature miRNAs [53]. First-strand cDNA of miR-96-5p was synthesized 
using specific stem-loop primers and MMLV enzyme (Qiagen, Germany) as follows: 30 min at 16 ◦C, 30 min at 40 ◦C, 5 min at 85 ◦C, 
and final holding at 4 ◦C [42]. Real-time PCR was performed by SYBR Green Master mix (Qiagen, Germany) with a specific forward 
primer for miRNA-96 and a universal primer using Ampligold Taq polymerase (Roche, Germany). The expression level of 
mmu-miR-96-5p and the genes of interest were normalized to RNU48 and GAPDH as endogenous controls, respectively. Each sample 
was assessed in duplicate at least. 

2.16. Statistical analysis 

Differences between the experimental and control groups were analyzed by one-way analysis of variance (ANOVA) or Student’s t- 
test. The recombinant constructs were transfected into the cells more than three times (n > 3) on different days. RT-qPCR and Western 
blot assays were performed using two independent duplicated samples. In vivo results are expressed as mean ± standard deviation of 
three biological and technical repeats. Differences with P values < 0.05 were considered statistically significant, and all figures were 
generated using GraphPad Prism version 8.4.3. 

3. Results 

3.1. Bioinformatics analysis 

3.1.1. A network of genes targeted by mmu-miR-96-5p and DR-related proteins 
Subscription results of genes targeted by mmu-miR-96-5p and DR-related proteins were used to reconstruct the PPI network 

(Supplementary Fig. S1). We used the MCODE plugin of Cytoscape to identify functional complexes (densely connected regions and 
clusters). Three clusters were identified: 1, 2, and 3 (Supplementary Fig. S2). Cluster scores and the number of nodes in each cluster are 
shown in Supplementary Table S4. To determine the most relevant KEGG and Reactome pathways associated with each cluster and the 
entire network, we used the DAVID and g:Profiler databases. The results indicated that cluster 1 nodes were related to Insulin 
resistance, AGE-RAGE signaling pathway in diabetic complications, and PI3K/AKT signaling in cancer, cluster 2 nodes were associated 
with the mTOR pathway and signaling by receptor tyrosine kinase and proteoglycans in cancer, and cluster 3 nodes were associated 
with focal adhesion. Moreover, the nodes of the entire network were associated with the FoxO signaling pathway, insulin signaling 
pathway, and insulin resistance (Supplementary Table S4). 

3.1.2. Enrichment analysis 
From the enrichment analysis of the above-mentioned interrelation network, we identified the most relevant concepts underlying 

GO terms. DAVID databases were used to retrieve GO terms and their P values to construct three networks of molecular functions, 
cellular components, and biological processes (Supplementary Fig. S3). According to GO terms, the most commonly identified mo-
lecular functions were enzyme binding (GO:0019899), kinase activity (GO:0016301), phosphotransferase activity (GO:0016773), and 

Table 3 
The status of genes in different kinds of centralities.  

Gene Name Bet Brid Cent Close Deg Eccent Eigen Str Rad Clus-Coe N–C Topo-Coe 

AKT1 +++ – +++ +++ +++ +++ +++ +++ +++ – – – 
PIK3R1 +++ – +++ +++ +++ +++ +++ +++ +++ – – – 
AKT2 +++ – +++ +++ +++ +++ +++ +++ +++ – – – 
PRKCE +++ ++ +++ +++ ++ +++ ++ +++ +++ – – – 
PIK3CA +++ – +++ +++ +++ +++ +++ +++ +++ ++ + – 
AKT3 +++ – +++ +++ +++ +++ +++ +++ +++ + + – 
RAB2A ++ ++ ++ ++ ++ – – + ++ – – – 
FOXO3 ++ ++ ++ ++ ++ – – ++ ++ – – – 
Pak1 ++ – ++ ++ ++ – + – – – – – 
PRKCZ + – ++ ++ +++ – ++ ++ ++ +++ ++ ++

FOXO4 – +++ + + + – – + ++ – – – 
FOXO1 – – ++ ++ ++ – + + ++ ++ +++ ++

SNAP23 – +++ ++ ++ + – – + + – ++ – 
IRS1 – – ++ ++ +++ +++ ++ ++ ++ +++ +++ ++

EHD1 – ++ + + – – – – – – – – 
PDK2 – + – + – – – – ++ + – – 
SGK3 – – – – – – – – – +++ +++ +++

(Degree = Deg, Neighborhood Connectivity = N–C, Betweenness = Bet, Bridging = Brid, Centroid = Cent, Clustering Coefficient = Clus-Coe, 
Closeness = Close, Topological Coefficient = Topo-Coe, Eccentricity = Eccent, Eigenvector = Eigen, <10 =+++, (10–20) =++, and (21–25) =+. In 
eccentricity section, 1 = +++, and 2 = -. 
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protein kinase binding (GO:0019901); commonly identified cellular components were adherens junction (GO:0005912), anchoring 
junction (GO:0070161), cell junction (GO:0030054), and focal adhesion (GO:0005925); and commonly identified biological processes 
were intracellular signal transduction (GO:0035556), response to hormone (GO:0009725), response to peptide (GO:1901652), and 
cellular response to peptide (GO:1901653) (Supplementary Data S1–S3). 

3.1.3. Identification of hubs 
To identify key nodes (hubs) in the network through various measures of centrality analysis, we used CentiScaPe plugin. The results 

of comparison between high-degree nodes with other centralities such as betweenness, closeness, eigenvector centrality, centroid 
value, and bridging are separately shown by scatter plots (Supplementary Figs. S4–S5). Key genes in each of the centralities were 
identified by classifying the CentiScaPe results from the highest to the lowest scores. The status of a specified gene was evaluated by 
assigning 1–61 to genes through their order in different centralities. Nodes positioned in 1–25 were considered important genes in the 
network (Table 3, Supplementary Data S4–S6). The qPCR test was then used to investigate the expression pattern of distinct genes that 
played key roles in this network. 

3.2. In vitro experiments 

3.2.1. Cloning and overexpression of pAAV-2-MCS-eGFP-mmu-miR-96 
To overexpress miR-96-5p in vitro, the mmu-miR-96-5p gene with flanking sequences was subcloned into the pAAV-2-MCS-eGFP 

plasmid to yield the pAAV-2-MCS-eGFP-mmu-miR-95-5p plasmid (Supplementary Fig. S6). The successfully obtained recombinant 
plasmid was then transfected into the mRPE cell line. 

3.2.2. miR-96-5p decreased mRPE cell proliferation 
The results of three independent MTT assays revealed no significant difference in cellular proliferation between the treatment 

groups (5 and 30 mM glucose and 5 and 30 mM mannitol cultures). In contrast, in a time-course study, mRPE cells transfected with 
AAV-2-MCS-eGFP-mmu-miR-96-5p showed a decreased proliferation rate as compared to mRPE cells treated with the control vector 

Fig. 2. A. Cell proliferation assay for mRPE cell line transfected by pAAV2-MCS-eGFP-mmu-miR-96 or pAAV2-MCS-eGFP as control. miR-96-5p 
reduced cell proliferation in comparison to control, 72h after transfection. The plot was drawn using the software GraphPad Prism 8, and t-test 
was used to analyze the data. Results showed significant difference between the treated and control groups (P < 0.05) and T test indicated that P 
value summary symbol is two stars. B. miR-96-5p induced cell migration rate in mRPE cells in the scratch assay. The test was performed in five 
groups, untreated cells, cells treated by control vector (pAAV2-MCS-eGFP), cells transfected by pAAV-MCS-eGFP-mmu-miR-95, miR-96-5p over-
expressed mRPE cells simultaneously treated by antagomiR-96 and, miR-96-5p overexpressed mRPE cells simultaneously treated by scrambled 
molecules. Images were taken in zero times of the tests and after 24h. The scale bar represents 100 μm. C. miR-96-5p overexpressed cells and cells 
treated by scrambled molecules revealed increased migration rate. Data were analyzed using wound_healing_size_tool a plugin for Fiji software. The 
difference between data represents a statistically significant (P < 0.0001) according to the One-way ANOVA. The plot was drawn using the software 
GraphPad Prism 8. 
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(AAV-2-MCS-eGFP) (Fig. 2 A). 

3.2.3. Migration of mRPE cells increased following miR-96-5p overexpression 
Wound healing assay indicated that at 24 h following the expression of mmu-miR-96-5p, the mobility of mRPE cells was increased 

as compared to that of the control group (mRPE cells transfected with pAAV-2-MCS-eGFP). miR-96-5p-overexpressing mRPE cells 
simultaneously transfected with antagomiR-96 showed a reduced migration rate as compared to miR-96-5p-overexpressing cultures 
(Fig. 2 B). miR-96-5p-overexpressing mRPE cells and miR-96-5p/scrambled-overexpressing mRPE cells showed accelerated migration 
rates toward the scratched area, with a significant average wound closure rate of 21.23% (P < 0.001) and 25.5% (P < 0.001), 
respectively, as compared to untreated cells (Fig. 2C). The wound closure rates of untreated cells, GFP-expressing cells, and miR-96- 
5p/antagomiR-96-overexpressing mRPE cells were not significant after 24 h. 

3.2.4. miR-96-5p induced in vitro tube formation in HUVECs 
HUVECs treated with conditioned media (CM) of miR-96-5p-overexpressing mRPE cells showed increased tube formation (Fig. 3 A) 

as compared to the control (CM of GFP-overexpressing mRPE cells). The average number of branching for the HUVEC treated by miR- 
96-5p overexpressed mRPE CM group and control mRPE cells was 60.70 and 11.2, respectively (Fig. 3C), and the difference was 
significant (P < 0.0001). The former group showed an increased total branching length (mean = 7943.9 vs. 737.6; P < 0.0001, Fig. 3 D) 
and a higher average number of junctions (80.6 vs. 4.4; P < 0.0001, Fig. 3 B) than the latter group. 

4. Western blot analysis 

The expression of AKT1, PDK2, FOXO1, FOXO3, PIK3R1, and GAPDH proteins was detected in whole cell lysates of untreated, GFP- 
overexpressing, miR-96-5p-overexpressing, miR-96-5p/antagomiR-96-overexpressing, and miR-96-5p/scrambled-overexpressing 
mRPE cell cultures (Fig. 4 A). Western blot assay revealed that the fold change of FOXO1 and FOXO3 proteins in the cell lysate of 
untreated, GFP-overexpressing, and miR-96-5p/antagomiR-96-treated cells was decreased by approximately 72% (P < 0.0001) and 
84% (P < 0.0001), respectively (Fig. 4 D and E), as compared to that in the cell lysates of miR-96-5p-overexpressing and miR-96-5p/ 
scrambled-treated mRPE cells. The expression of AKT1, PDK2, and PIK3R1 proteins in untreated, GFP-overexpressing, and miR-96-5p/ 
antagomiR-96-treated cultures was increased by approximately 70% (P < 0.0001), 64% (P < 0.0001), and 72% (P < 0.0001), 
respectively (Fig. 4 B, C and F). These results suggest that miR-96-5p was involved in the increased expression of FOXO1 and FOXO3 
proteins and decreased expression of AKT1, PDK2, and PIK3R1 proteins in mRPE cultures. 

4.1. In vivo experiments 

4.1.1. Production, titration, and intravitreal injection of recombinant AAV-2 viruses 
Viral genomic titer and functional viral titer were estimated as 1012 genomic particles/mL and 108 infectious particles/mL, 

respectively. We injected 2 μL of the particle viruses intravitreally in the mice eye. So that 2 μl intravitreal injection delivered 2 × 109 

genome copies to each eye. Fig. 5 shows anti-GFP antibody-immunostained whole-mount retina from virus or PBS-injected mice 
(Fig. 5A–C) and negative control (Fig. 5 D). 

Fig. 3. Matrigel tube formation assay. HUVEC cells were cultured for 16 h in 96-well plates coated with matrigel. A. The cells were cultured in miR- 
96-5p overexpressed mRPE CM or GFP overexpressed mRPE CM (as control). Pictures were analyzed using Angiogenesis Analyzer a plugin for Fiji. 
The number of junctions (B) and branches (C) and, total branching lengths (D) formed in the assay were measured and analyzed using Student’s t- 
test. *P < 0.05 is considered statistically significant. Data were presented as the mean ± standard error of the mean (N = 6). 
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4.1.2. STZ-induced diabetic mice model 
Diabetes was induced in mice through an intraperitoneal (i.p.) injection of streptozotocin (STZ). Mice with non-fasting blood 

glucose levels higher than 400 mg/dL were considered diabetic. Blood glucose level and body weight of the animals were measured 
every week until 10 weeks after injection (Supplementary Fig. S7). Diabetic mice showed high blood glucose levels and weight loss. 

4.1.3. Histological analysis of the retina 
Whole-mount retina stained with isolectin B4 from the diabetic, diabetic control, AAV-2-eGFP-miR-96-injected, and AAV-2-eGFP 

virus-injected mice groups revealed that the total vessel length of the diabetic group was increased as compared to that in the 
nondiabetic control group. The total vessel length and vessels area were also increased in AAV-2-eGFP-miR-96-injected mice as 
compared to that in the control (Fig. 6 A-C). Hematoxylin-eosin (HE) staining indicated that INL (inner nuclear layer), IRL (inner retina 
layer), and whole retina thicknesses in diabetic mice and AAV-2-eGFP-miR-96-treated mice were significantly decreased as compared 
to that in the control groups (Fig. 6 D-G). TUNEL-positive cells were detected in the GCL (ganglion cell layer), INL, and ONL (outer 
nuclear layer) layers of AAV-2-eGFP-miR-96-injected mice and in the GCL and INL layers of diabetic mice. No detectable signal was 
found in the control groups (Fig. 6H and I). 

4.2. Gene expression analysis 

4.2.1. Gene expression in pAAV-2-MCS-eGFP-mmu-miR-96-treated mRPE cultures 
The relative expression of miR-96-5p was increased 13.7-fold in mRPE cells transfected with the pAAV-2-MCS-eGFP-mmu-miR-96 

vector as compared to that in GFP-overexpressing cells (Fig. 7 A). Fig. 7 A shows the expression levels of miR-96-5p target genes. The 
relative expression levels of FOXO1, PDK2, FOXO3, and FOXO4 showed 5.43-, 2.94-, 75.84-, and 1.89-fold increase, respectively, over 
that of the control cells. In contrast, the expression of several genes in the INS/AKT/GLUT4 signaling pathway decreased as compared 
to that of the control, e.g., the expression of PIK3R1, PIK3CA, PRKCE, AKT1, AKT2, AKT3, SGK3, Pak1, Snap23, RAB2a, and Ehd1 

Fig. 4. A. Western blot analysis of AKT1, PDK2, FOXO1, FOXO3, PIK3R1 and, GAPDH for the untreated, GFP overexpressed, miR-96-5p overex-
pressed, miR-96-5p/antagomiR-96 overexpressed and, miR-96-5p/scrambled overexpressed mRPE cultures’ whole-cell lysates. The quantity of 
proteins for FOXO1(D) and FOXO3(E) in untreated, GFP overexpressed and, miR-96-5p/antagomiR-96 overexpressed were reduced respected to the 
miR-96-5p overexpressed and miR-96-5p/scrambled overexpressed groups, while this was completely reversed for AKT1(B), PDK2(C) and, PIK3R1 
(F) proteins (full and non-adjusted images are provided in Supplementary Fig. S 8). The protein bands were quantified using Fiji software. The plot 
was drawn using GraphPad Prism 8. One-way ANOVA test was performed for data analysis. The test was performed in two independent experiments 
and the calculations were based on three independent determinations. Error bars represent means ± SD (*P < 0.05). 
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decreased by 0.00022-, 0.1-, 0.29-, 0.23-, 0.42-, 0.42-, 0.77-, 0.51-, 0.07-, 0.73-, and 0.025-fold, respectively. The expression of IRS1 
remained almost unchanged (1.18-fold) (Fig. 7 A). 

4.2.2. Gene expression in miR-96-5p/antagomiR-96- and miR-96-5p/scrambled-overexpressing mRPE cells 
The relative expression levels of IRS1, PIK3R1, PIK3CA, PRKCE, Pak1, Snap23, RAB2a, Ehd1, AKT1, AKT2, AKT3, and FOXO3 

genes in miR-96-5p/antagomiR-96-overexpressing cells were increased by 13.14-, 2.87-, 1.7-, 3.02-, 3.03-, 5.88-, 10.97-, 3.25-, 3.87-, 
3.37-, 2.09-, and 4.47-fold, respectively, as compared to that in miR-96-5p/scrambled-overexpressing cells. Moreover, FOXO1 gene 
transcripts showed a 0.48-fold decrease in their expression level. The relative expression of FOXO4 remained unchanged (1.07-fold). 
The expression of PRKCZ and PDK2 was not detected in treated mRPE cells (Fig. 7 B). 

4.2.3. Gene expression analysis under HG condition in cultures treated with antagomiR-96 or a scrambled molecule 
Total RNA was extracted at 48 h post HG treatment. Gene expression data revealed that miR-96-5p was upregulated (approximately 

5-fold) in HG conditions as compared to that in normal glucose-containing media (Fig. 8 A). mRPE cells were cultured under HG 
conditions, and antagomiR-96 or scrambled molecules were transfected into the cultures. The relative expression levels of genes 
related to insulin signaling, such as IRS1, following treatment with antagomiR-96 and scrambled molecules were 4.09 and 0.97, 
respectively. The relative expression levels of PIK3R1, PIK3CA, PRKCE, AKT1, and AKT3 were 0.57 and 0.21, 0.17 and 0.17, 4.21 and 
0.89, 0.51 and 0.11, and 0.46 and 0.45, respectively. These findings imply that the above-mentioned genes were downregulated under 
HG conditions due to miR-96-5p function (Fig. 8). The genes related to GLUT4 trafficking to the cell surface, including Pak1, Snap23, 
and RAB2a, showed an increased expression level under HG conditions/antagomiR-96 treatment as compared to that under HG 
conditions/scrambled RNA treatment (Fig. 8 B). 

4.2.4. Gene expression in the retina of treated mice 
The retina from Naval Medical Research Institute (NMRI) mice with intravitreally injection of AAV-2-eGFP-miR-96 or AAV-2-eGFP 

viruses were dissected. The retina dissection of STZ-induced diabetic mice group and the control group were also dissected. Total RNAs 
were isolated, and the expression levels of the desired genes were measured by real-time PCR (Fig. 9 A). The relative expression levels 
of miR-96-5p, FOXO1, PRKCE, Pak1, Snap23, RAB2a, AKT2, FOXO3, and FOXO4 were increased (5.99-, 5.60-, 9.23-, 6.2-, 4.98-, 9.59-, 
1.36-, 1.28-, and 2.33-fold, respectively) in mice injected with AAV-2-eGFP-miR-96 viruses as compared to that in control mice. 
Moreover, IRS1, PIK3R1, Ehd1, AKT1, AKT3, PDK2, and PRKCZ showed decreased expression (0.76-, 0.93-, 0.61-, 0.88-, 0.79-, 0.75-, 
and 0.39-fold, respectively) in mice injected with AAV-2-eGFP-miR-96 as compared to that in mice injected with AAV-2-eGFP-carrying 
viruses. The expression level of PIK3CA (1.05-fold) remained unchanged in the experimental groups. 

The expression levels of miR96, IRS1, PIK3R1, PIK3CA, FOXO1, PRKCE, Pak1, Snap23, RAB2a, AKT3, FOXO3, and FOXO4 were 
increased (52.72-, 2.76-, 2.81-, 1.65-, 9.78-, 3.46-, 8.88-, 2.81-, 2.82-, 1.34-, 16.56-, and 3.31-fold, respectively) in STZ-induced 
diabetic mice as compared to that in the control group, while the genes Ehd1, AKT2, PDK2, and PRKCZ showed decreased expres-
sion (0.34-,0.94-, 0.02-, and 0.12-fold) in diabetic mice as compared to that in the control group. The expression of AKT 1 (1.02-fold) 
showed no alteration in the studied samples. 

Fig. 5. GFP expression in whole-mount retina from NMRI mice treated by intravitreal injection of recombinant viruses after 2 weeks. A. GFP 
expression in mice retina treated by AAV2-eGFP-miR-96 viruses. B. GFP expression in mice retina following injection of AAV2-eGFP viruses 
intravitreally. C. GFP expression in mice retina following PBS intravitreal injection. D. negative control, manipulated with just secondary antibody. 
Images show high infection rate of the recombinant AAV-2 particles (in all experiments N > 8). 
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4.2.5. Gene expression in the retina of human donors 
The expression of miR-96-5p target genes was measured in the retina of four human donors with diabetes. The relative expression 

levels of FOXO3 and FOXO4 were increased by 3.7- and 6.75-fold, respectively, over the control retina samples. The expression of 
several genes related to the INS/AKT/GLUT4 signaling pathway was decreased in diabetic donors as compared to that in the control 
group, e.g., expression of IRS1, PIK3CA, AKT2, AKT3, PDK2, SGK3, Snap23, RAB2a, and Pak1 decreased by 0.83-, 0.60-, 0.49-, 0.97-, 
0.18-, 0.48-, 0.74-, 0.16-, and 0.16-fold, respectively (Fig. 9 B). 

5. Discussion 

miR-96-5p is a member of the miR-183 family that consists of 3 related miRNAs (miR-183, miR-96, and miR-182); this family is 

Fig. 6. vascularization, layer thicknesses and cell death analysis in diabetic, non-diabetic, AAV2-eGFP-miR-96 and AAV2-eGFP viruses injected 
mice. A. Isolectin-B4 staining in whole-mount retina of above groups (green channel). Total vessels length (B) and Vessels area (C) were quantified 
using AngioTool software. D. Hematoxylin-eosin staining in retina of groups described above. INL (E), IRL (F) and whole retina thickness (G) were 
measured using Fiji software. H. TUNEL assay in retina of above groups, TUNEL (green) and DAPI (blue). I. green cells count in TUNEL assay was 
analyzed using retina-analysis-toolkit, a plugin for Fiji software (mean ± SEM; n = 8; ***P < 0.001). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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located on the 4-kb conserved region of chromosomes 7q32.2 and 6qA3 in humans and mice, respectively. The expression levels of 
these miRNAs can be regulated individually by transcription, DNA methylation, and post-transcriptional processing [54,55]. Based on 
recent findings, the miR-183 cluster is involved in multiple normal physiological processes and pathological conditions such as cell 
proliferation, apoptosis, immunity, and metabolism [56]. 

The pathway enrichment analysis revealed that miR-96-5p plays a fundamental role in the formation and development of DR 
through multiple signaling pathways, including AGE-RAGE, insulin resistance, PI3K/AKT, mTOR, receptor tyrosine kinase, focal 
adhesion, and FOXO. The important genes were identified by centrality analysis, and the effect of miR-96-5p on their expression was 
determined by quantitative real-time PCR and Western blot assay. 

Genes were determined based on the following factors: (i) high scores in all kinds of centralities, except bridging, clustering co-
efficient, neighborhood connectivity, and topological coefficient (AKT1, PIK3R1, and AKT2); high scores in all kinds of centralities, 
except bridging and topological coefficient (PIK3CA and AKT3); high scores in all kinds of centralities, except eccentricity, eigenvector, 
clustering coefficient, neighborhood connectivity, and topological coefficient (RAB2A and FOXO3); high scores in all kinds of cen-
tralities, except clustering coefficient, neighborhood connectivity, and topological coefficient (PRKCE); high scores in all kinds of 
centralities, except bridging and eccentricity (PRKCZ); high scores in all kinds of centralities, except bridging and betweenness cen-
tralities (IRS1); high scores in all kinds of centralities, except betweenness, eccentricity, eigenvector, clustering coefficient, and to-
pological coefficient (SNAP23); and high scores in all kinds of centralities except betweenness, bridging, and eccentricity (FOXO1). In 
the next step, the following criteria were considered: high scores in clustering coefficient, neighborhood connectivity, and topological 
coefficient (SGK3); high scores in bridging, closeness centralities, radiality, and clustering coefficient (PDK2); high scores in bridging, 
centroid, and closeness centralities (EHD1); high scores in betweenness, centroid, closeness centralities, degree, and eigenvector 
(Pak1); and finally, high scores in bridging, centroid, closeness, degree, radiality, and stress (FOXO4). 

According to our findings, miR-96-5p interferes not only with the expression of genes involved in the INS/AKT axis but also with the 
expression of genes implicated in GLUT4 translocation, which is associated with the dysregulation of cellular glucose utilization and 
metabolism [56]. In particular, the accumulation of extracellular glucose leads to the formation of AGEs, which triggers the inflam-
matory signaling pathways [1,57,58]. 

Activated AKT and serum/glucocorticoid inducible kinase (SGK) phosphorylate members of FOXO, which play important roles in 
cellular metabolism, inflammation, and survival. FOXO phosphorylation promotes the association with the 14-3-3 protein, resulting in 
its cytoplasmic retention, repression of target gene expression, and its degradation [59–62]. The results of qPCR and Western blot assay 
suggested that FOXOs were upregulated in miR-96-5p-overexpressing cells, but their expression was decreased at the protein level in 
the control group and miR-96-5p/antagomiR-96-treated cells. The activation of FOXOs regulates cell fate through apoptosis, cell cycle 

Fig. 7. A. Relative gene expression in mRPE cells transfected by AAV2-MCS-eGFP-mmu-miR-96 in comparison to control mRPE cells transfected 
with AAV2-MCS-eGFP vector. B. Relative expression of miR-96-5p target genes in miR-96-5p overexpressed cells while simultaneously transfected 
with antagomiR-96 or scrambled molecules. Expression of all the studied genes showed increased relative expression in the presence of miR-96-5p/ 
antagomiR-96 except for FOXO1. The plot was drawn using GraphPad Prism 8 and analyzed with one-way ANOVA test. Each bar describes the mean 
± SEM in at least three independent experiments in triplicate. Data differences were statistically significant (P < 0.001). 
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progression, autophagy, oxidative stress resistance, and gluconeogenesis [63]. FOXO1 is upregulated in STZ-induced diabetic rats 
[64]. It was demonstrated that FOXO1 regulates the expression of VEGF and promotes angiogenesis [65]. In the present study, the 
relative expression levels of FOXO3 and FOXO4 were increased in human DR samples as compared to that in normal donors. 

The growth and migration of hypopharyngeal carcinoma and pancreatic carcinoma cells can be inhibited in the presence of miR-96- 
5p. However, miR-96-5p promoted cell proliferation, migration, and invasion of breast cancer cells [66–70]. We observed that 
miR-96-5p overexpression reduced cell proliferation and increased cell migration of mRPE cells. Decreased cell proliferation might be 
due to miR-96-5p-induced upregulation of FOXO. According to previous studies, FOXO1 upregulation is associated with DR through 
increased apoptosis of microvascular endothelial cells and pericytes [59,71]. As mentioned earlier, TUNEL staining showed that 
TUNEL-positive cells were detected in the GCL, INL, and ONL layers of the retina in STZ-induced diabetic mice and 
AAV-2-eGFP-miR-96-treated mice. The migration of miR-96-5p-overexpressing mRPE cells and miR-96-5p/scrambled molecule--
transfected cells was increased as compared to that of the control group, GFP-overexpressing cells, and 
miR-96-5p/antagomiR-96-treated cells. A previous study showed that FOXO activation promoted wound healing [59]. Enhanced cell 
migration in miR-96-5p-overexpressing cultures may be related to FOXO activation, which was confirmed in 
miR-96-5p/antagomiR-96-transfected and control groups. Real-time PCR and Western blot assay showed that FOXO1 expression was 
increased following miR-96-5p overexpression. This event might be due to the downregulation of SGK3 and AKTs, the antagonists of 
FOXO genes. Recently, miR-96-5p has been approved to promote migration and tube formation of human retinal microvascular 
endothelial cells [22]. Our findings revealed that mmu-miR-96-5p also significantly increased the tube formation rate of HUVEC cells 
as compared to that in the controls. 

In the retinas of mice that received AAV-2-eGFP-miR-96 intravitreally and in diabetic mice, the vessel length was increased as 
compared to that in the control groups. This finding confirms the immediate role of miR-96-5p in angiogenesis. HE staining showed 
that INL, IRL, and whole retina thicknesses were decreased in STZ-induced diabetic mice as compared to that in the non-diabetic 
control and in AAV-2-eGFP-miR-96-injected mice as compared to that in AAV-2-eGFP-treated mice. 

Real-time PCR results suggest that miR-96-5p interferes with the expression of some genes involved in the INS/AKT/GLUT4 
signaling pathway, such as PIK3R1, PIK3CA, PRKCE, AKT1, AKT2, AKT3, SGK3, Pak1, Snap23, RAB2a, and Ehd1. According to miRNA 
target prediction databases such as TargetScan, these genes are the direct targets of miR-96-5p. Following treatment with antagomiR- 

Fig. 8. A. gene expression analysis of miR-96 in mRPE cells cultured under HG conditions. Expression of miR-96 showed 5-fold increase under HG 
condition in comparison to the normal glucose level. B. Real-Time PCR analysis of miR-96-5p target genes in HG conditions with simultaneously 
antagomiR-96 or scrambled transfection. This data was calculated by dividing the relative expression under the 5 mM glucose treatment compared 
to the corresponding mannitol control and by dividing the relative expression under 30 mM glucose treatment compared to the corresponding 
mannitol control. Expression of desired genes were also shown in the plot. At least three independent experiments in triplicate were performed for 
each bar. GraphPad Prism 8 was used for drawing plots and one-way ANOVA test was used for data analysis. Error bars represent means ± SE, *P 
< 0.05. 
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96, the expression levels of these genes were increased as compared to that in samples treated with scrambled control miRNA. Protein 
analysis also suggested that the expression levels of PIK3R1 and AKT1 were decreased and increased in the presence of miR-96-5p and 
antagomiR-96, respectively. The expression of PDK2 transcript increased after miR-96-5p overexpression. However, its expression was 
not detected following miR-96-5p/antagomiR-96 treatment. Western blot assay also revealed that the PDK2 protein was down-
regulated in miR-96-5p-treated cells and miR-96-5p/scrambled-treated cells as compared to that in the control group, GFP- 
overexpressing cells, and miR-96-5p/antagomiR-96-treated groups. A previous study demonstrated that in high-fat diet mice, an in-
sulin resistance model, miR-96-5p interferes with the insulin signaling pathway by directly targeting the 3ʹ-UTRs of IRS1 and INSR 
mRNAs [56]. 

mRPE cultures when exposed to HG conditions mimic DR conditions and can be regarded as an in vitro model. These cultures 
exhibit fluctuation in the expression of numerous miRNAs and consequently several genes. miR-96-5p expression showed 5-fold in-
crease under HG conditions as compared to that in normal glucose-treated cultures. Interestingly, the expression levels of genes 
involved in the INS/AKT/GLUT4 signaling pathway under HG conditions with simultaneous antagomiR-96 transfection were 
increased as compared to that following scrambled molecule transfection, including IRS1, PIK3R1, PIK3CA, PRKCE, AKT1, AKT3, 
Pak1, Snap23, and RAB2a. 

Gene expression analysis by real-time PCR in STZ-induced diabetic mice retina revealed that the expression of miR-96-5p was 
increased by 52.72-fold as compared to that in the control group. This implies that miR-96-5p is effective in diabetic conditions. 
Moreover, the fold change of many of the selected genes was increased, including IRS1, PIK3R1, PIK3CA, FOXO1, PRKCE, Pak1, 
Snap23, RAB2a, AKT 3, FOXO3, and FOXO4. In contrast, the expression level of Ehd1, PDK2, AKT 2, and PRKCZ genes was decreased. 
AKT1 expression showed no significant changes. This might be due to a severe disturbance that occurs in the metabolism of diabetic 
animals. The gene expression pattern of AAV-2-eGFP-miR-96-treated mice indicated that the expression of miR-96-5p, FOXO1, PRKCE, 
Pak1, Snap23, RAB2a, AKT2, FOXO3, and FOXO4 was increased. However, the transcript levels of IRS1, PIK3R1, Ehd1, AKT1, AKT3, 
PDK2, and PRKCZ were decreased. In both diabetic and miR-96-5p-treated mice, the expression levels of miR-96-5p, FOXOs, PRKCE, 
Pak1, Snap23, and RAB2a were increased, while the mRNA transcript levels of Ehd1, PDK2, and PRKCZ were decreased. This indicates 
some similarities in the pattern of gene expression in STZ-induced diabetic mice and AAV-2-eGFP-miR-96-treated mice. Real-time PCR 
results for DR retina samples showed that the relative expression levels of IRS1, PIK3CA, AKT2, AKT3, PDK2, SGK3, Snap23, RAB2a, 
and Pak1 genes were decreased and the expression levels of FOXO3 and FOXO4 genes were increased as compared to those of their 
controls. These results suggest that miR-96-5p plays a role in the pathogenicity of DR by interfering with the INS/AKT/GLUT4 axis. 
This phenomenon, i.e., impairment of insulin signaling, is exactly the process that occurs during insulin resistance [57,72,73]. If 
miR-96 is inhibited in the early stages of the development of diabetic retinopathy, probably could prevent the progression of the 
disease. On the other hand, miRNAs have many effects on various biological pathways so, more studies are needed to achieve 

Fig. 9. Real-Time PCR of miR-96-5p and its target genes in mice and human retina. Data was obtained by the relative expression of the STZ induced 
diabetic mice compared to the control mice, and the mice injected intravitreally with AAV2-eGFP-miR-96 viruses compared to the AAV2-eGFP 
injected mice (A). For plot B, data was obtained by relative expression of diabetic retinopathy retina donors in comparison to normal retina do-
nors. The plot was drawn using GraphPad Prism 8. One-way ANOVA test was performed for data analysis. Error bars represent means ± SD (n > 3 
*P < 0.05). 
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comprehensive information about the effects of antagomiR-96 in physiological functions of the related organisms. 

6. Conclusions 

In conclusion, our findings identified that the miR-96-5p levels were significantly elevated in both mouse and cell models of DR. We 
found a novel molecular mechanism for effect of miR-96-5p on pathogenicity of DR. miR-96-5p downregulates the expression of 
several genes involved in INS/AKT/GLUT4 axis which can cause insulin resistance. Moreover, our results indicated that miR-96-5p 
could increase mobility, apoptosis and angiogenesis in the retina. Consequently, we suggest that inhibition of miR-96-5p may be a 
promising approach for controlling DR. 
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