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Müller glia-derived exosomal miR-9-3p promotes
angiogenesisby restrictingsphingosine-1-phosphate
receptor S1P1 in diabetic retinopathy
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Diabetic retinopathy is a heterogeneous retinal degenerative
disease with the microvascular dysfunction being recognized
as a hallmark of the advanced stage. In this study, we demon-
strated that exosomes collected from the vitreous humor of
proliferative diabetic retinopathy patients promoted prolifera-
tion, migration and tube formation ability of primary human
retinal endothelial cells via its elevated miR-9-3p expression
level. Müller glia cells were further recognized as the sole source
of the aberrantly expressed miR-9-3p, and both in vitro and
in vivo experiments validated that Müller glia-derived exo-
somes aggravate vascular dysfunction under high glucose.
Mechanistically, exosomal miRNA-9-3p was transferred to
retinal endothelial cells and bound to the sphingosine-1-phos-
phate receptor S1P1 coding sequence, which subsequently acti-
vated VEGFR2 phosphorylation and internalization in the
presence or absence of exogenous VEGF-A. We successfully
orchestrated the dynamic crosstalk between retinal Müller
glia cells and endothelial cells in pathological condition, which
may provide a novel biomarker or promising therapeutic
agents for the treatment of diabetic retinopathy.
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INTRODUCTION
Diabetic retinopathy (DR) is a leading cause of visual impairment
among working-age adults worldwide.1,2 In the advanced stage of
DR, abnormal formation of new blood vessels, resulting from progres-
sive dysfunction of retinal endothelial cells is recognized as the major
pathological change.3–5 However, present treatment, including laser
photocoagulation, intravitreal injection of anti-vascular endothelial
growth factor (VEGF) drugs, or vitreoretinal surgery can only restore
and maintain part of the vision, making early control of abnormal
angiogenesis desperately needed for the treatment of DR.6–9

It has long been known that DR is a complex and heterogeneous
retinal degenerative disease with all components of the retina being
disrupted in disease progression.10 The term, “neurovascular unit,”
was first introduced to emphasize the intimate relationship between
the brain and its vessels.11,12 As part of the central nervous system,
the retina is composed of neurons, glia cells, endothelial cells, peri-
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cytes, and extracellular matrix components.13,14 Deeper understand-
ing of the cellular andmolecular changes of retinal neurovascular unit
in DR is important for future preventative and therapeutic strategies
for DR.

During the past decade, exosome, as a class of extracellular vehicles
(30–150 nm diameter), has been indicated to play important roles
in intercellular communication.15–17 Most cells can secrete exosomes,
which can then be internalized by recipient cells,18 participating in
variable biological processes.19,20 Unlike other extracellular fluids,
such as blood, urine, and ascitic fluid, the human vitreous is relatively
small in volume (around 4.5 mL) and difficult to obtain, making
studies reported in the context of vitreal exosomes mediating retinal
neurovascular interaction rare.21

In this study, we demonstrated that exosomes collected from sur-
gically obtained vitreous humor of patients with proliferative dia-
betic retinopathy (PDR) promote cell proliferation, migration,
and tube formation of primarily cultured human retinal endothe-
lial cells (hRECs), and thus result in retinal hypervascularization.
Exosomal miRNA-9-3p (miR-9-3p) was further identified as the
key mediator participating in Müller glia (MGs)-induced endothe-
lial dysfunction both in vivo and in vitro. Furthermore, we
demonstrate that miR-9-3p promoted angiogenesis by targeting
S1P1 and S1P1 overexpression blocks VEGF-A induced VEGFR2
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phosphorylation and vascular sprouting in hRECs. Taken together,
our study successfully delineated the role of aberrantly regulated
exosomal miRNA in DR pathology and provided potential targets
for developing novel therapeutic interventions for DR.

RESULTS
Proangiogenic effects of exosomesderived fromvitreous humor

of PDR patients

Vitreal exosomes from 65 PDR patients and 63 sex- and age-matched
macular hole (MH) patients were isolated and characterized for the
exosomal markers (TSG 101, CD63, CD81, and Calnexin) byWestern
blot as shown in Figure 1B.22 Transmission electron microscopy was
used to reveal the characteristic sizes and shapes of exosomes (Fig-
ure 1C). PDR-exo as well as MH-exo, pre-incubated with PKH dye,
were found to have been taken up by hRECs (Figure 1D).23 The con-
centration of exosomal proteins was quantified by the BCA method
(Figure S1), according to which two groups of exosomes were incu-
bated with hRECs for 48 h with a final concentration of 100 mg/mL.
Compared with PBS and MH-exo, PDR-exo promoted cell prolifera-
tion and viability of hRECs, as demonstrated by EdU assay and cck8
assay (p < 0.05, Figure 1F). Also, PDR-exo-treated hRECs showed
enhanced migration, and tube-forming ability (p < 0.05, Figures 1G
and 1H).

MiR-9-3p as the key proangiogenic component in exosomes

derived from vitreous humor of PDR patients

To define the specific exosomal miRNA that participates in angiogen-
esis, we compared the expression profiles of miRNAs by microarray
analysis between PDR-exo and MH-exo. A total of 434 aberrantly ex-
pressed miRNAs, among which 82 upregulated miRNAs were
screened in PDR-exo (false discovery rate < 0.05, fold change >2)
(Figures 2A and S2A). After qRT-PCR validation of the top 5 upregu-
lated miRNAs, miR-9-3p stood out as the most significantly upregu-
lated in PDR-exo (Figure S2B). Considering that multiple studies
have reported on the important roles of miR-9-3p in modulation of
angiogenesis (Figure S2C),24–27 we hypothesized that PDR-exo may
participate in the pathological angiogenesis via its elevated miR-9-
3p level.

qRT-PCR also validated that miR-9-3p level in hRECs was signifi-
cantly upregulated after PDR-exo treatment for 48 h. To explore
the key component that regulates the hREC’s functions, 50 nM
miR-9-3p inhibitor was transfected in hRECs and proved to downre-
gulate the miR-9-3p expression level by approximately 70% (p < 0.05,
Figure 2B). Meanwhile, the miR-9-3p inhibitor neutralized the proan-
giogenic effects of the PDR-exo by suppressing proliferation, migra-
tion, and tube-forming ability in hRECs (p < 0.05, Figures 2C–2E).
Collectively, these results suggested that miR-9-3p may be essential
for PDR-exo to promote pathological angiogenesis.

S1P1 was identified as the key component of miR-9-3p to

regulate abnormal angiogenesis

To investigate how miR-9-3p promotes the angiogenesis, the poten-
tial targets of miR-9-3p were predicted using five public databases
492 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
(miRDB, TargetScan, microT, miRmap, and Starbase), among which,
S1P1, a receptor for the blood-borne bioactive lipid sphingosine-1-
phosphate S1P, was identified as the target of miR-9-3p and was re-
ported to stabilize VEGFR2 activation in endothelial cell lines28,29

(Figure 3A). Co-transfecting miR-9-3p with 30 UTR-S1P1-WT vec-
tors significantly decreased the luciferase activity, while there was
no effect after co-transfection of miR-9-3p with 30 UTR-S1P1-MUT
or blank vector in HEK293T (p > 0.05, Figure 3B). We further con-
ducted S1P1, in conjunction with CD31 (endothelial marker), immu-
nostaining in the proliferative membrane (harvested in vitreoretinal
surgery) and found that S1P1 is detectable in human vessels (Fig-
ure 3C). Consistent with the previous report that S1P1 regulates the
angiogenetic process by regulating VEGFR2 phosphorylation,25

Kyoto Encyclopedia of Genes and Genomes screening of our miRNA
sequencing also indicated that AKT phosphorylation signaling was
activated in the vitreous humor of PDR patients (Figure 3D). We hy-
pothesized that S1P1 may play a key role in vascular stabilization by
regulating the VEGFR2 phosphorylation process. Both S1P1 overex-
pression and SU5416 administration alleviated the enhanced cell
proliferation, migration, and tube formation caused by miR-9-3p
(Figures 3E–3G).30 Taken together, our results showed that the
pro-angiogenic effects of miR-9-3p were largely reversed by S1P1
overexpression, indicating that S1P1 may be the key downstream
molecule of miR-9-3p. Also, observed phenotypic similarities be-
tween S1P1 overexpression and SU5416 treatment imply that S1P1
may exert its role bymediating the VEGFR2 phosphorylation process.

S1P1 depletion accelerates endogenous and exogenous VEGF-

A-induced VEGFR2 phosphorylation and internalization

To study the effect of S1P1 activity on VEGFR2 signaling in vitro,
miR-9-3p mimics as well as S1P1 plasmid were transfected in hRECs.
Western blotting results showed that phosphorylation of AKT, ERK,
and VEGFR2 were notably promoted by miR-9-3p mimics and
blocked when S1P1 was overexpressed. Also, we pretreated hRECs
with sFlt1 to block the endogenous VEGF signaling and stimulated
hRECs with 50 ng/mL VEGF-A for 15 min.31,32 As shown in Fig-
ure 4A, exogenous VEGF-A stimulation brought rapid phosphoryla-
tion of AKT, ERK, and VEGFR2, which was augmented by miR-9-3p
mimics and partially abolished in the S1P1 OE group.

Furthermore, we noticed that miR-9-3p mimics caused enhanced
VEGFR2 internalization in the presence or absence of exogenous
VEGF-A stimulation, while the S1P1 OE group exhibited impaired
VEGF-A-induced endocytosis as reflected by decreased colocalization
with EEA1, an endosomal marker (Figure 4B).33–35 Collectively, these
data show that S1P1 influences both endogenous and exogenous
VEGF-A-induced VEGFR2 phosphorylation in vitro by inhibiting
the AKT/ERK signaling pathway.

High glucose cultured hMGs are identified as the source of

elevated exosomal miR-9-3p

We explored the expression pattern of miR-9-3p in multiple retinal
cell types, including hRECs, hMGs, human retinal pigment epithelial
cells (ARPE19), and human micro glia cell line (hMC3), and their



Figure 1. Characterization of exosomes from PDR and MH patients and identification of their effects on hRECs

(A) Schematic diagram showing that exosomes were extracted from the vitreous humor of PDR and MH patients for subsequent experiments. Panels of eye fundus images

are presented to show the abnormal angiogenesis of PDR patients. (B) Representative bands showing exosomal surface marker protein expression levels of TSG101, CD63,

CD81, and Calnexin. (C) Representative micrographs showing exosome ultrastructure. Scale bar, 100 nm.(D) Uptake of exosomes by hRECs was detected by PKH26.

Exosomes labeled with PKH26 are stained red, while the nuclei of hRECs are stained blue. Scale bar, 20 mm. (E) Flow cytometric analysis of characteristic cell markers of

endothelial cells. Blue curves represent isotype controls for PE dye and red curves represent measured markers (CD31 and CDH5, respectively). This experiment was

repeated triplicate independently. (F–H) Following coincubation with 100 mg/mL PDR-exo for 48 h, cell proliferation, migration, and tube formation ability of hRECs were

assessed. (F) hRECs viability measured by cck8 assay and cell proliferation measured by EdU assay. The percentage of EdU-positive cells (labeled red) was calculated in

three randomly selected fields. Scale bar, 100 mm. (G) Migration of hRECs determined by transwell assay. Scale bar, 100 mm. (H) Tube formation ability was measured. Scale

bar, 100 mm. EdU, transwell, and tube formation assay were conducted three independent times and each group included three replicas. For cck8 assay, three independent

experiments as well as five replicas were conducted. Mean ± SEM are provided and ***p < 0.001.
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respective exosomes, under low and high glucose to investigate which
specific retinal cell type generated the abnormal upregulated exoso-
mal miR-9-3p. qRT-PCR results showed that miR-9-3p expression
level was solely increased in hMGs as well as in its derived exosomes
under high glucose (Figures 5A and S3A). Moreover, nanoparticle
tracking analysis confirmed that there was no difference between
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Figure 2. PDR-exo regulate vascular functions in an miR-9-3p-dependent manner

(A) Volcano plot shows dysregulated miRNAs in PDR-exo. In total, the expression levels of 82 miRNAs were upregulated and 352 miRNAs were downregulated in the PDR-

exo compared with the MH-exo. (B) The FAM-labeled miR-9-3p inhibitor oligonucleotides (miR-9-3p inhi) (50 nM) were transfected into hRECs and fluorescence microscopy

revealed the transfection efficiency. Scale bar, 20 mm. (C–E) miR-9-3p inhi in hRECs downregulated the enhanced cell proliferation, migration, and tube-forming ability. Scale

bar, 100 mm. EdU, transwell, and tube formation assay were conducted three independent times and each group included three replicas. Three independent experiments as

well as five replicas were conducted in cck8 assay. Mean ± SEM are provided and ***p < 0.001.
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the concentration of vesicles secreted from hMGs under the two
different conditions (p > 0.05, Figure S3B), which means that high
glucose caused changes in the expression level of miR-9-3p in
hMGs, rather than enhancing the secretion of the exosomes. To
exclude the possibility that miR-9-3p expression may be induced by
other pathological changes, we exposed four cell types to hypoxia to
mimic the in vivo hypoxia environment of DR. A 1.5% oxygen con-
dition for 48 h did not alter the miR-9-3p expression level in all cell
types, or in secreted exosomes (Figures S3D and S3E). Also, we
exposed four different retina cell types to 20 mg/mL LPS for 24 h to
mimic inflammation conditions.36–38 qRT-PCR results validated
that, under inflammation conditions, the miR-9-3p expression was
significantly downregulated in ARPE19-derived exosomes and was
maintain at the same in the other three cell types (Figures S3F and
494 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
S3G). Collectively, these results indicate that hMGs might be the
main source of exosomal miR-9-3p under high glucose, which could
be shuttled into hRECs to mediate vascular functions.

HGMG-exo leads to excessive vascular sprouting, whereasmiR-

9-3p depletion in HGMG abolishes this effect

Next, exosomes from low or high glucose cultured hMGs (LGMG-exo
and HGMG-exo, respectively) were isolated and have the protein
marker verified (Figure 5C). Multiple in vitro experiments demon-
strated that cell proliferation, migration, and tube-formation ability
were significantly enhanced after 100 mg/mL HGMG-exo treatment
for 48 h. Of note, the miR-9-3p mimics loaded in LGMGs increased
the miR-9-3p level in its derived exosomes as well as the proangio-
genic effects on hRECs, while pre-inhibition of miR-9-3p in HGMGs



Figure 3. miR-9-3p acts as a proangiogenic factor by targeting S1P1

(A) Venn diagram depicting overlap of predicted mRNAs that are regulated by miR-9-3p. (B) The putative binding sites for miR-9-3p in the 30 UTR of S1P1. Luciferase activity

assay of HEK293T cells transfected with luciferase constructs containing WT-30 UTR and MUT-30 UTR of S1P1. The experiment was repeated three times. (C) Immuno-

staining showing co-staining of CD31 (labeled green) with S1P1 (labeled red) in the proliferative membrane. Higher magnification images are displayed in (C’). (D) Kyoto

Encyclopedia of Genes and Genomes analysis revealed that AKT signaling pathway was notably activated in PDR-VH. (E–G) Effects of the miR-9-3p elevation (miR-9-3p

mimics) and S1P1 overexpression (S1P1 OE) on (E) cell viability and proliferation, (F) migration, and (G) tube formation in hRECs. To verify that VEGF signaling is necessary for

the angiogenic effects of S1P1 inhibition, SU5416, a potent selective inhibitor of VEGFR, was added at a concentration of 20 mM. Scale bar, 100 mm. EdU, transwell, and tube

formation were conducted three independent times and each group included three replicas. Three independent experiments as well as five replicas were conducted in cck8

assay. Mean ± SEM are provided and ***p < 0.001.
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ameliorated the proangiogenic effects of HGMG-exo (p < 0.05, Fig-
ures 5D–5F). Collectively, the improved p-VEGFR2 protein expres-
sion, as well as its translocation from cell membranes resulting
from HGMG-exo treatment, was totally blocked when miR-9-3p
was pre-depleted in hMGs (p < 0.05, Figures 5G–5H). Taking
together, our data indicate that exosomes derived from hMGs could
promote angiogenesis under high glucose conditions depending on
its elevated miR-9-3p expression level.
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Figure 4. The MiR-9-3p/S1P1 axis promotes

angiogenesis by activating the VEGFR2 signaling

pathway in the presence or absence of exogenous

VEGF-A

(A) Endogenous VEGF-A induced phosphorylation of

VEGFR2 and downstream AKT, and ERK were all inhibited

by S1P1 OE. After blocking autocrine VEGF-A by sFlt1,

exogenous VEGF-A-induced rapid activation of VEGFR2

was also downregulated in the S1P1 OE group. (B) Analysis

of VEGFR2 internalization based on immunostaining assay

in hRECs. HRECs transfected with miR-9-3p mimics or

S1P1 plasmid were processed for immunofluorescence

microscopy using antibodies to VEGFR2 (labeled red) and

EEA1 (labeled green). Nuclei were stained with DAPI

(labeled blue). Arrows indicate the co-distribution of

VEGFR2 with EEA1 (labeled green), and * indicate VEGFR2

located in cell membranes. Scale bar, 10 mm.
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HGMG-derived exosomal miR-9-3p promotes angiogenesis

in vivo

Moreover, to explore whether HGMG-exo enhances retinal angio-
genesis in vivo, mouse MGs were primarily cultured and validated
using glial cell markers (vimentin and glutamine synthesis,39 as
shown in Figure S4). Vehicle, LGMG-exo, or HGMG-exo were
administered to the oxygen-induced retinopathy (OIR) mice, a
well-characterized model that mimics the human pathological pro-
cess of PDR (Figure 6A).40,41 Flat-mount images showed that all
OIR mice showed typical central avascular areas, while intravitreal
administration of HGMG-exo significantly enhanced retinal neo-
vascularization, as demonstrated by 50% more area of neovasculari-
zation (NV) (Figures 6B–6D). To measure proliferation in retinal
endothelial cells, OIR and wild-type (WT) mice at P17 were injected
with the nucleotide analog bromo-2-deoxyuridine (BrdU) 8 h before
being sacrificed.42–44 Compared with blank control (OIR-blank),
vehicle control (OIR-PBS), or the PBS (+LGMG-exo)-treated group,
the number of BrdU+ cells/mm2 increased after HGMG-exo treat-
ment (p < 0.05). Moreover, considering that miRNA is highly
conservative in mammals, we assumed that inhibition of mmu-
miR-9-3p in OIR mice might rescue the abnormal retinal angiogen-
esis and proliferation caused by HGMG-exo. To verify this
hypothesis, mmu-miR-9-3p inhibition (miR-9-3p-inhi) was intravi-
treally injected to OIR mice at P12 and P15. As shown in Figures 6C
and 6D, miR-9-3p-inhi notably reduced retinal neovascularization
as well as endothelial cell proliferation. It is worth noting that,
compared withWT retina control, we did not observe significant in-
crease in BrdU+ cell number in the OIR-blank (p = 0.480) as well as
in OIR-PBS groups (p = 0.263). We further examined the expression
of Ki67 (proliferation marker) and PH3 (mitotic marker) by western
blotting and immunofluorescence, respectively. Compared with
496 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
normal control, the Ki67 protein level in endo-
thelial cells (sorted from retina tissues using
endothelial surface marker CD31) was signifi-
cantly increased in OIR retinas, but no signifi-
cant increase was observed in PH3 immunofluo-
rescence (p = 0.250) (Figures 6E, S5A, and S5B). The
immunofluorescence and western blotting results suggest that
BrdU, as well as PH3, staining was underpowered to detect the
elevated proliferation in the OIR model group at P17 and, compared
with BrdU and PH3 staining, Ki67 detection may be a more sensitive
method for quantifying endothelial proliferation.

DISCUSSION
There is an urgent need to investigate the mechanism of abnormal
angiogenesis for developing new pharmaceutic interventions for
DR. Multiple studies have pointed out that exosomal miRNAs may
have diverse expression patterns in different disease states and play
important roles in disease pathology.21,45,46 Here, we present solid ev-
idence that exosomes derived from the vitreous humor of PDR pa-
tients promote abnormal angiogenesis. Exosomal sequencing and
in vitro and in vivo experiments revealed that retinal Müller cells
modulate vascular dysfunction by secreting exosomes containing
miR-9-3p, which targets the S1P1/AKT/VEGFR2 pathway. This dy-
namic crosstalk between Müller cells and endothelial cells provides
a new insight on the breaking of retinal neurovascular units and
may potentially contribute to the future diagnosis and intervention
of DR.

Exosomes, shed by various cell type, can exist extensively in body
fluid; in the eye, they can exist in tears, aqueous humor, vitreous hu-
mor, and blood.47,48 During the past decade, exosomes have
emerged as a promising field in biomedical research as biomarkers
for diagnosing diseases19,49,50 or participants in cell-to-cell commu-
nication through receptor-ligand interactions. In ocular diseases,
Ragusa et al. previously performed miRNA sequencing on vitreal
exosomes from uveal melanoma patients who underwent ocular



Figure 5. hMG-derived exosomal miR-9-3p/S1P1 modulate hREC functions in vitro

(A) qRT-PCR to detect relative miR-9-3p expression in different cell types cultured in low (5.5 mM) or high glucose (30 mM) for 48 h. (B) Uptake of exosomes by hRECs

was detected by PKH26. Exosomes labeled with PKH26 are stained red, while the nuclei of hRECs are stained blue. Scale bar, 20 mm. (C) Western blot bands showing

exosomal surface marker protein expression levels of TSG101, CD63, CD81, and Calnexin. (D–F) Effects of the LGMG-exo and HGMG-exo on (D) cell viability and

proliferation, Vmigration, and (F) angiogenesis in hRECs. After administration of 100 mg/mL HGMG-exo for 48 h, the cell viability, proliferation, migration, and angiogenesis

capacity of hRECs were upregulated. Scale bar, 100 mm. EdU, transwell, and tube formation assay were conducted three independent times and each group included three

replicas. Three independent experiments as well as five replicas were conducted in cck8 assay. Mean ± SEM are provided and ***p < 0.001. (G) Western blot for S1P1,

p-VEGFR2, and AKT/ERK-related proteins in hRECs after LGMG-exo, HGMG-exo, HGMG-inhi-exo, and LGMG-mimics-exo treatment for 48 h. (H) Analysis of VEGFR2

internalization based on immunostaining assay using antibodies to VEGFR2 (labeled red) and EEA1 (labeled green). Nuclei were stained with DAPI (labeled blue). Arrows

indicate the co-distribution of VEGFR2 with EEA1 (labeled green), and * indicate VEGFR2 located in cell membranes. Scale bar, 10 mm.
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Figure 6. MG-derived exosomal miR-9-3p promote retinal angiogenesis in vivo

(A) Flowchart of the in vivo experimental design. (B and C) Retinal flat mounts of P16 C57BL/6J mice after OIR induction and intravitreal injection of 20 ng/mL LGMG-exo,

HGMG-exo, or vehicle at P12 (yellow and red identify the avascular area and neovascularization, respectively). There was a significant elevation in neovascularization in the

(legend continued on next page)
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enucleation.21 However, due to the relatively small volume of hu-
man vitreous, knowledge regarding the function of exosomes in
retinal diseases remains limited and at the very early stage.51,52

The expression profiles of the miRNAs in the vitreous humor of
DR patients are scarce, also because the control samples are hard
to obtain due to ethical reasons. Recently, Friedrich et al. reported
that miR-20a-5p, miR-23b-3p, miR-142-3p, miR-185-5p, miR-
326, and miR-326-5p were remarkably elevated in PDR patients
compared with non-diabetic patients with MH.53 Interestingly,
only miR-23b-3p was detected to be significantly elevated in PDR
patient specimens, while the others showed no significant changes
in our exosomal miRNA sequencing, indicating that these miRNAs
might be secreted into the vitreous humor in an unclear manner in-
dependent of exosomes. In this study, we did not subdivide the PDR
patients according to their histological or progression stages.
Further study should focus on whether the expression level of exo-
somal miR-9-3p differs in different stages of PDR. Also, whether
these biofluid miRNAs carried by exosomes could play a role in
providing a more detailed characterization of the different stages
of the disease requires further research.

We found that miR-9-3p was remarkably upregulated in PDR-exo
based on the exosomal miRNA sequencing of the PDR-exo and
MH-exo. A previous study showed thatmiR-9, upregulated in glioma
specimens and cells, could significantly enhance proliferation, migra-
tion, and invasion of both glioma cells and vascular endothelial
cells.54 Also, Zhou et al. reported that, in thrombi recanalization,
miR-9-5p could promote migration, invasion, and angiogenesis of
endothelial progenitor cells by attenuating TRPM7 expression.55

Our data further validate the important role of Müller cell-derived
exosomal miR-9-3p in regulating vascular function in PDR. Mechan-
ically, our results highlight that exosomal miR-9-3p upregulation of
VEGFR2 phosphorylation depended on downregulation of S1P1
and subsequent activation of the AKT/ERK pathway. Overexpression
of S1P1 as well as SU5416 neutralizes the effect of exosomal miR-9-3p
in elevating cell proliferation, migration, and tube formation abilities
of hRECs, indicating that the S1P1 depletion as well as the activation
of the AKT/ERK pathway by miR-9-3p was necessary to induce
hRECs hypersprouting.

Numerous reports have pointed out that VEGF signaling, more
precisely, VEGF-A-induced VEGFR2 phosphorylation, was the
main regulator of neovascularization.56,57. In this work, we
demonstrate that HGMG-exo contributes to pathological angio-
genesis by mediating the endothelial reactivity toward endogenous
or exogenous VEGF-A, and these effects largely depend on the
downregulation of S1P1 level in hRECs. Of note, it has been pre-
viously reported that S1P1 depletion caused enhanced VEGF-A
HGMG-exo-treated group compared with the vehicle or LGMG-exo-treated groups. ***p

3p deletion (induced by 100 nM miR-9-3p inhi) on cell proliferation as demonstrated by

(E) Endothelial proliferation assessed by western blotting using Ki67 antibody. The Ki67

marker CD31) was significantly increased in OIR retinas, and further upregulated in the
protein level in mouse embryos.58 Since MGs are believed to the
main source of increased VEGF-A level in vitreous humor under
hypoxia and hyperglycemia,59,60 it is reasonable to conjecture
that elevated mir-9-3p level in HGMG may also influence
VEGF-A secretion. Whether miR-9-3p could cause both dysregu-
lated reactivity in hRECs and more paracrine VEGF-A production
from HGMG still needs more experimental evidence for
validation.

In conclusion, our study focused on understanding the intercellular
communication in the retinal neurovascular unit, in particular how
hMGs mediate hREC function via miRNAs loaded in exosomes.
Our data highlight the role of exosomal miR-9-3p in PDR secreted
by hMGs in the regulation of retinal angiogenesis by targeting the
S1P1/AKT/VEGFR2 pathway. Collectively, our study provides a bet-
ter understanding on the exact cellular and molecular mechanisms
underlying DR and sheds light on new potential therapeutic targets
in future.

MATERIALS AND METHODS
Patients and tissue samples

The procedures used in this study conformed to the tenets of the
Declaration of Helsinki. This study was approved by The Ethics Com-
mittee of the Faculty of Medicine, Nanjing Medical University (2017-
SR-283). Informed consent was given from all the patients. To
conduct exosomal sequencing, 20 mL vitreous humor from 10 PDR
patients and 30 mL from 15 MH patients (as control) were collected
from 2018 to 2019 at the First Affiliated Hospital of Nanjing Medical
University (Table S1). All the in vitro experiments were conducted us-
ing vitreous humor from 65 PDR patients and 63MHpatients (Tables
S2 and S3). Vitreous humor samples were harvested at the beginning
of pars plana vitrectomy without infusion.

Cell culture

Multiple retinal cell types, including hRECs, hMGs, hMC3, and
ARPE19 were purchased from the American Type Culture Collection.
Human primary endothelial cells (hRECs) at passages 2 to 3 were
used for this study and flow cytometry was conducted to verify the
protein markers CD31 and CDH5. For in vivo experiments, primary
cultures of mouse retinal MGs were conducted following the estab-
lished protocol with minor modifications,39,61,62 and had its purity
validated using immunocytochemistry as shown in Figure S4.
HRECs, hMGs, hMC3, and ARPE19 were cultured in DMEM (5.5
or 30 mM glucose) media contain 10% FBS and 1% pen/strep. To
exclude the hyperosmolarity effects on miR-9-3p expression, hMGs
were incubated in media containing normal glucose (5.5 mM
glucose), high glucose (30 mM glucose), or in hyperosmolar status
(5.5 mM glucose and 24.5 mM mannitol) as an osmotic control
< 0.001; n = 8. Scale bar, 1,000 mm. (D) Effects of HGMG-exo (5 mg/mL) and miR-9-

BrdU+ cell count. Scale bar, 100 mm. Mean ± SEM are provided and ***p < 0.001.

protein level in endothelial cells (sorted from retina tissues using endothelial surface

HGMG-exo group.
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(Figure S3A). To study the S1P1 overexpression effects on VEGFR2
activation, hRECs were serum starved overnight and the tyrosine
phosphorylation of VEGFR2 was stimulated by adding 50 ng/mL hu-
man recombinant VEGF-A (Proteintech Group, USA) for 15 min at
37�C.

Exosome isolation

Vitreous humor or conditioned cell culture supernatant was
collected and centrifuged at 300 � g for 10 min to remove cell
debris. After centrifugation at 2,000 � g for 10 min, the superna-
tant was collected and centrifuged again at 100,000 � g for 60 min.
The pellets were collected, washed with PBS and centrifuged at
100,000 � g for 70 min.63 The final pellets were resuspended in
100 mL PBS.

Microarray analysis of exosomal miRNAs

MicroRNAs (miRNAs) have been reported as the most abundant
RNA species in exosomes.64 We pooled the vitreous humor (4 mL)
harvested from two PDR patients or two MH patients (as control)
as one sample for exosomal sequencing analysis. In each sample, a to-
tal of 4 mL vitreous humor was mixed with RiboTM Exosome Isola-
tion Reagent and exosome isolation was performed according to the
manufacturer’s instructions. Exosomal RNA was extracted using a
HiPure Liquid miRNA Kit (Megan, Shanghai, China). Fifty nano-
grams of exosomal RNA from each of the samples were used to
generate small RNA libraries using the NEBNext Multiplex Small
RNA Library Prep Set for Illumina (NEB, USA) according to manu-
facturer’s instructions. The libraries were sequenced by HiSeq 2500
(Illumina, USA) with single-end 50 bp at RiboBio (Guangzhou,
China). Differentially expressed miRNAs were then identified accord-
ing to the fold change, and the p value was calculated using a t test.
The threshold set for the up- and downregulated genes was a fold
change of R2.0 and a p value of %0.05.

Transmission electron microscopy

Isolated exosomes were immediately fixed in 4% paraformaldehyde
(PFA) at 4�C for 2 h. Sections of 0.5 mm thickness were prepared un-
der a light microscope and then ultra-thin sections of 60 nm thickness
were prepared,65 which were stained with uranium acetate and lead
citrate, and observed under a transmission electron microscope
(HT7700, Nanjing, China).

Uptake of exosomes by endothelial cells

PKH dye (Sigma, USA) was 1:1,000 diluted and added into 20 mg exo-
some suspension at 37�C for 15 min. Next, the mixed liquor was
washed by PBS once and centrifuged at 100,000 � g for 60 min.
Then PKH67-labeled exosomes were cocultured with endothelia cells
for 24 h. Uptake of exosomes was observed under a confocal fluores-
cence microscope (MIC00223 LSM5 Live, Nanjing, China). The
whole process was entirely performed in the absence of the light.

Cell transfection

hRECs at passages 2 or 3 were seeded in 12-well plates at 5 � 105

cells/well and cultured for 24 h to reach 50%–70% confluence and
500 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
then transfected with mimics-nc, miR-9-3p mimics, inhibitor-nc,
and miR-9-3p mimics (all purchased from RiboBio) using Lipofect-
amine 3000 reagent (Thermo Fisher Scientific, USA) at final levels
of 50 nM according to the manufacturer’s protocol for 48 h; the
sequences are provided in Table S2. In a subsequent study, the hRECs
were stably transfected with a control plasmid or S1P1 plasmid
(GenePharma, Shanghai, China). Lipofectamine 3000 reagent was
used for transfection as described above.

RNA isolation and quantification and qRT-PCR

Total RNA from hRECs was extracted using Trizol reagent (Invitro-
gen, USA) in accordance with the manufacturer’s instructions. cDNA
for qRT-PCR was synthesized using a miDETECTA Track miRNA
qRT-PCR Starter Kit (RiboBio) in accordance with the manufac-
turer’s instructions. The primers for miR-9-3p and external control
miR-39-3p were obtained from RiboBio. The sequences are covered
by a patent.

Bioinformatics analysis

The differential miRNAs expression heatmap was constructed using
the pheatmap package. The miRNAs regulating the S1P1 gene were
predicted using the TargetScan database (http://www.targetscan.org/
), miRmap database (https://mirmap.ezlab.org/), microT database
(http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/
index), Starbase database (https://starbase.sysu.edu.cn/), and the
miRDB database (http://mirdb.org/). A Venn diagram was employed
to obtain the intersection of the three database prediction results.

Cell proliferation assay

Cell proliferation was measured using the cck-8 kit (MCE, USA) and
the EdU Cell Proliferation kit with an Alexa Fluor 596 Imaging kit
(Thermo Fisher Scientific) following the manufacturer’s instructions.
In brief, normal hRECs or hRECs at an initial density of 5 � 103

cells/well, cocultured with 100 mg/mL MH-exo or PDR-exo, were
seeded into 96-well plates and transfected with various oligonucleo-
tides for 48 h. The cell proliferation was evaluated by 450 nm
absorbance values at 6, 12, 24, 48, and 72 h thereafter using an
enzyme-linked immunosorbent assay plate reader. Data are presented
as mean ± SD of five replicates. Regarding the EdU assay, 100 mL
50 mM EdU medium was added into each well and incubated for
2 h in 37�C. The cells were then washed twice using PBS for
10 min, fixed in 4% PFA for 15 min, neutralized with 2 mg/mL
glycine, and washed with PBS before permeabilizing with 0.5% Triton
X-100 for 10 min. Finally, the hRECs were labeled using 100 mL
Apollo-596 staining agent and washed in 0.5% Triton X-100 three
times. EdU assay was performed three times independently and a to-
tal of three randomly selected fields were imaged in each condition
using a confocal fluorescence microscope (MIC00223 LSM5 Live).
The percentage of EdU-positive cells (labeled red) was calculated
and analyzed using ImageJ software.

Transwell assay

Transwell assay was performed using 24-well chambers containing
membrane filter inserts. After 48 h of transfection, each group of

http://www.targetscan.org/
https://mirmap.ezlab.org/
http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/index
http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/index
https://starbase.sysu.edu.cn/
http://mirdb.org/
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hRECs was starved for 24 h. After 24 h of conventional culture,
the transwell chamber was removed, and the cells on the inner
surface of the apical chamber were removed with a cotton swab.
Afterward, the cells that migrated into the lower side of the mem-
brane were fixed with 4% PFA for 15 min, stained with 0.5% crys-
tal violet solution for 15 min, and washed three times with PBS.
Transwell assay was performed three times independently and a
total of three randomly selected fields were imaged in each condi-
tion. Micrographs were acquired with a DP71 digital camera
(Olympus).

Tube formation assay

Cell culture plates (96 wells) were coated with 50 mL basement mem-
brane matrix (Matrigel; BD Biosciences, USA). HRECs were seeded at
a density of 1 � 106 cells/well and treated with ECM medium for 8 h
at 37�C. Capillary-like tube structures formed by hRECs on the Ma-
trigel were photographed with a DP71 digital camera (Olympus).
Tube formation was quantified by counting the total length of
branching points of the capillary-like structures and calculating num-
ber of nodes per visual field. Tube formation assay was performed
three times independently and a total of three randomly selected fields
were imaged in each condition. Micrographs were acquired with a
DP71 digital camera (Olympus).

Western blot analysis

PDR-exo or MH-exo proteins were determined using a BCA protein
assay kit (Thermo Fisher Scientific) according to manufacturer’s in-
structions. The phosphotyrosine content of the VEGFR2, as well as
AKT/ERK signaling pathways, was measured as described previ-
ously using western blotting assay.66,67 A total of 30 mg protein har-
vested from each group of hRECs (quantified using a BCA protein
assay kit) was utilized for western blotting analysis. After blocking
with 5% skim milk, membranes were incubated with antibodies
against respective primary antibodies and appropriate secondary
antibodies were used. Tubulin (Proteintech Group, USA) was
applied as a loading control. To identify the source of the exosomes,
we labeled the exosomes with different cell type markers and per-
formed a subsequent analysis (Figure S3C). All protein bands
were detected with SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce, USA) on Tanon 5200 Multi (Tanon, USA). To detect
endothelial proliferation in the OIR model, endothelial cells were
first sorted using endothelial surface marker CD31 (Abcam, USA)
and processed for immunoblotting assay using antibodies to Ki67
(Proteintech Group). Tubulin (Proteintech Group) was applied as
a loading controls.

Dual-luciferase assay

Luciferase reporter assay was performed as previously described to
explore the potential regulation mechanisms of miR-9-3p.68 Cells
were cotransfected with luciferase reporter plasmid (S1P1-WT,
S1P1-MUT) and miR-9-3p mimics (all purchased from RiboBio) in
HEK293T cells. The activities of the luciferase plasmid were measured
48 h later using the Dual-Luciferase Reporter 1000 Assay System
(Promega).
Experimental retinal neovascularization

Experimental retinal neovascularization was induced in C57BL/6
mice, as described previously.40,69 Mice were exposed to 75% oxygen
on postnatal day 7 (P7) and then returned to normal oxygen pres-
sure on P12. The mice were divided into five groups as follows:
(1) WT; (2) OIR mice; (3) OIR mice treated with PBS; (4) OIR
mice treated with LGMG-exo (5 mg/mL); (5) OIR mice treated
with HGMG-exo (5 mg/mL). To support the notion that MG-derived
exosomal miR-9-3p promotes angiogenesis, rescue experiments
were performed using anti-miR-9-3p in the HGMG-exo-treated
group at P12 and P15.

Immunofluorescence analysis

After labeling with isolectin B4 (Vector Laboratories, USA), the
retinas were cut into four or five fragments and were observed and
photographed. The avascular area and the NV were calculated using
ImageJ software. To evaluate the endothelial proliferation in OIR
models, mouse retinas were processed for PH3 staining. In brief,
retinas were collected and then permeated in 0.3% Triton X-100 over-
night. Afterward, the retinas were incubated with anti-PH3 antibody
(Proteintech Group).

BrdU assay

BrdU (500 mg) dissolved in sterile PBS was intraperitoneally injected
to the WT or OIR mice two consecutive days before sacrifice. For
BrdU labeling, retinas were denatured using 2N HCl for 1 h at
room temperature, neutralized with 0.1 M Tris-HCl (pH 8.8), and
then blocked in 0.3% Triton X-100 overnight. Afterward, the retinas
were incubated with anti-BrdU antibody (Proteintech Group).
Similarly, isolectin B4 was utilized to visualize endothelial cells
here. A total of three fields were randomly selected under a confocal
fluorescence microscope (MIC00223 LSM5 Live) for each condition
and then the BrdU positive cells were manually counted and
compared using Student’s t test.

Statistical analysis

All experimental data were processed and analyzed using SPSS 21.0
(IBM, Armonk, NY, USA). Data were presented as mean ± standard
deviation. Data comparisons were performed by independent sample
t test with Welch correction. The Shapiro-Wilk test was used to
analyze data normality. One-way analysis of variance (ANOVA)
was used to compare data that were normally distributed among mul-
tiple groups. Otherwise, a non-parametric Kruskal-Wallis test was
used. Cell viability at different time points were analyzed by repeated
measure ANOVA. Differences were considered statistically signifi-
cant when p < 0.05.
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