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Myopia has become a global public health problem due to high
prevalence. Although the etiological factors of myopia have
been gradually recognized, the underlying mechanism remains
largely elusive. Choroidal vascular dysfunction is recognized as
a critical vision-threatening complication in myopia. Circular
RNAs (circRNAs) are shown as the critical regulators in
many biological processes and human diseases. In this study,
we investigated the role of circRNAs in choroidal vascular
dysfunction in myopia. The level of circFoxO1 was significantly
upregulated in myopic choroid. circFoxO1 silencing sup-
pressed choroidal endothelial cell viability, proliferation,
migration, and tube formation in vitro and alleviated choroidal
vascular dysfunction in vivo and ex vivo. circFoxOl silencing
retarded the progression of myopia as shown by reduced extra-
cellular matrix remodeling and improved refractive error and
axial elongation. Mechanistically, circFoxO1 acted as the
sponge of miR-145 to sequester and inhibit miR-145 activity,
thereby inducing VEGFA or ANGPT2 expression. miR-145
could mimic the effects of circFoxO1 silencing on choroidal
endothelial phenotypes. Collectively, intervention of choroidal
vascular dysfunction via regulating circFoxOl1 level is a poten-
tial strategy for the prevention and management of myopia.

INTRODUCTION

Myopia has gradually become a global public health problem due to
its high prevalence."” The rising prevalence of myopia, especially high
myopia, can increase the risk of vision impairment and induce irre-
versible ocular complications.” Many strategies have been proposed
for the treatment of myopia, such as spectacle lenses, refractive sur-
gery, orthokeratology, and pharmacological treatment (i.e., atropine
eye drops).»” However, these strategies were only designed for the
correction of optical consequences of myopia rather than targeting
the molecular pathogenesis of myopia. Moreover, the cost of myopia
treatment is increasing constantly, which has become a considerable
economic burden in developing countries.” Hence, it is urgent to
clarify the molecular mechanism of myopia and search for novel
treatment alternatives.
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The pathogenesis of myopia is tightly associated with ocular axial
elongation and scleral extracellular matrix (ECM) remodeling.”*
The sclera is a dense and fibrous connective tissue, which can support
the retina and protect ocular content against external trauma.’
Choroid vessels supply oxygen and nutrients to the outer retina
and the overlying sclera.'’ Clinical evidence has shown that reduction
of choroidal vascular component is closely correlated with the severity
of myopia.'' Decreased perfusion or vascular dysfunction leads to
inadequate oxygen supply and tissue hypoxia. Hypoxia is identified
as the critical inducer of ECM remodeling.'” Hypoxia contributed
to the transdifferentiation of fibroblasts into myofibroblasts, resulting
in decreased collagen production and ocular axial elongation.” Based
on the above-mentioned evidence, we speculate that choroidal
vascular dysfunction may occur before scleral ECM remodeling. Tar-
geting choroidal vascular dysfunction may provide a novel therapeu-
tic strategy for myopia.

Circular RNAs (circRNAs) have emerged as a class of non-coding
RNAs that are generated via the back-splicing mechanism. They are
resistant to ribonucleases and more stable than linear transcripts
due to the closed-loop structures.'* They are usually conserved across
different species and stably expressed in tissue/developmental stage-
specific manners.'* They can regulate gene expression by acting as
microRNA (miRNA) sponges, transcriptional regulators, and pro-
tein-like regulators.'™'> Aberrant circRNA expression has been
implicated in many human disorders, such as neurological diseases,'®
cardiovascular diseases,'” and cancers.'® Collectively, circRNAs are
shown as the promising targets for therapeutic intervention and
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Figure 1. Myopia leads to an increased level of circFoxO1 during choroidal vascular dysfunction

(A-C) The guinea pigs underwent monocular form deprivation (FD) using the translucent eye shield. Three ocular biometric parameters, including refractive state (A), axial
length (AL; B), and vitreous chamber depth (VCD; C), were measured to verify the successful establishment of a myopia model (n = 6 retinas per group; Mann-Whitney U,
Bonferroni test). (D) gRT-PCR assays were conducted to detect the expression of circFoxO1 in the choroidal samples of guinea pigs after O (control [Ctrl]), 2, 4, or 8 weeks of
FD treatment (n = 6 retinas per group; Kruskal-Wallis test, Bonferroni test). (E) qRT-PCR assays were conducted to detect the expression of circFoxO1 in the choroid of
C57BL/6 mice after O (Ctrl), 2, 4, or 8 weeks of FD treatment (n = 6 retinas per group; Kruskal-Wallis test, Bonferroni test). (F and G) circFoxO1 expression was detected by
gRT-PCRs in RF/6A cells or primarily isolated choroidal endothelial cells (ECs) cultured in the medium containing normal medium (Ctrl), CoCl, (200 uM), or H,O, (100 pM) for

24 and 48 h (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test).

disease diagnosis. However, the functional significance of circRNA in
choroidal vascular dysfunction in myopia is still unclear.

In this study, we investigated the role of circRNA in choroidal
vascular dysfunction in myopia. The level of circFoxO1 was found
to be significantly increased in myopic choroid. circFoxO1 silencing
suppressed choroidal vascular dysfunction and retarded the progres-
sion of myopia. Intervention of choroidal vascular dysfunction via
regulating the circFoxOl level may be a promising strategy for the
prevention and management of myopic pathology.

RESULTS

Myopia leads to an increased level of circFoxO1 during choroidal
vascular dysfunction

Guinea pigs underwent form deprivation (FD) in one eye for 2, 4, and
8 weeks to induce experimental myopia. The fellow eye was taken as
the control (Ctrl). Ocular biometric parameters, including eye refrac-
tion, axial length (AL), and vitreous chamber depth (VCD) of guinea

pigs were detected. We did not observe the significant differences of
ocular biometric parameters between FD eyes and the control eyes
at the beginning of FD. The FD eyes developed experimental myopia
after the treatment of FD for 2, 4, and 8 weeks as shown by increased
refraction error, axial prolongation, and VCD compared with the
control eyes (Figures 1A-1C).

Cellular and functional changes that occur in the choriocapillaris play
a critical role in the pathogenesis of myopia,'” We thus determined
whether the level of circFoxO1 was significantly altered in the choroid
of myopic guinea pigs. qRT-PCR assays showed that the level of circ-
FoxO1 was significantly upregulated in myopic choroid compared
with normal choroid in guinea pigs (Figure 1D). Although it was diffi-
cult to measure the ocular biometrics of C57BL/6 mice, we also con-
ducted FD treatment to induce myopic shift in C57BL/6 mice. qRT-
PCR assays revealed that the level of circFoxO1 was also upregulated
in myopic choroid compared with normal choroid in C57BL/6 mice
(Figure 1E).
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Endothelial cells (ECs) are the major cell types of choriocapillaris.
Rhesus choroid-retinal endothelial (RF/6A) cells or mouse choroidal
ECs (CECs) were exposed to hypoxic stress or oxidative stress to
mimic myopia-related pathological stresses.qRT-PCR assays showed
that the level of circFoxO1 was significantly upregulated in RF/6A
cells or choroidal ECs upon hypoxic stress or oxidative stress (Figures
1F and 1G). Given the induction of circFoxO1 in myopia, we exam-
ined the role of circFoxOl in the progression of myopia in the
following study.

circFoxO1 regulates choroidal EC function in vitro

To determine the role of circFoxO1 in choroidal ECs in vitro, RF/6 A
cells were transfected with circFoxO1 small interfering RNA (siRNA)
or circFoxO1 vector to regulate circFoxO1 levels. Compared with the
control group, circFoxOl1 silencing by circFoxO1 siRNA led to a
reduced level of circFoxOl. circFoxO1 overexpression led to an
increased level of circFoxO1 in RF/6A cells (Figure 2A). We then inves-
tigated the role of circFoxO1 in RF/6A cells in vitro. MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays showed that
circFoxO1 silencing led to reduced cell viability (Figure 2B). EAU (5-
ethynyl-2'-deoxyuridine) assays showed that circFoxOl silencing
significantly decreased the proliferation ability of RF/6A cells (Fig-
ure 2C). Transwell and Matrigel tube formation assays showed that
circFoxOl1 silencing significantly reduced the migration ability and
tube formation ability of RF/6A cells (Figures 2D and 2E). We also
determined whether circFoxO1 overexpression was capable of driving
endothelial angiogenic phenotypes. The results showed that circFoxO1
overexpression led to increased viability, proliferation, migration abil-
ity, and tube formation ability of RF/6A cells (Figure S1).

Moreover, we also determined the role of circFoxOl in primarily iso-
lated choroidal ECs. MTT assays showed that circFoxO1 silencing led
to reduced viability of choroidal ECs. EdU assays showed that circ-
FoxOl1 silencing decreased the proliferation ability of choroidal ECs.
Transwell and Matrigel tube formation assays showed that circFoxO1
silencing reduced the ability of migration and tube formation of
choroidal ECs (Figure S2). We also found that circFoxO1 overexpres-
sion was capable of driving endothelial angiogenic phenotypes of
choroidal ECs. circFoxO1 overexpression led to increased viability, pro-
liferation, migration, and tube formation (Figure S3).

circFoxO1 silencing inhibits choroidal vascular dysfunction

in vivo and ex vivo

Based on the above-mentioned evidence, we knew the critical role of
circFoxOl1 in choroidal ECs. We then determined whether circ-
FoxO1 played an important role in choroidal vascular dysfunction.
We first used laser-induced choroidal neovascularization (CNV)
model to examine the role of circFoxO1. C57BL/6] mice received
an intravitreal injection of circFoxO1 short hairpin RNA (shRNA)
or scrambled (Scr) shRNA for 2 weeks. We designed three different
shRNAs to reduce circFoxO1 level. qRT-PCR assays showed that the
levels of circFoxO1 in the choroid were significantly reduced after
circFoxO1 shRNA injection. However, the levels of FoxO1 mRNA
were not altered in the choroid after circFoxO1 shRNA injection
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(Figure 3A). circFoxO1 shRNA1 was chosen for the subsequent
experiment due to its highest silencing efficiency. Isolectin B4
(IB4) immunofluorescence staining revealed that circFoxO1
silencing led to decreased neovascular area in the choroidal flat
mounts compared with Scr shRNA-injected group (Figure 3B).
We then used the choroidal sprouting model to determine the
role of circFoxOl ex vivo. The choroid explants were embedded in
Matrigel and stained by CD31 at days 4, 5, and day 6 after ex vivo
incubation. The results showed that circFoxO1 silencing led to
decreased sprouting ability of choroidal ECs (Figure 3C). Collec-
tively, these results suggests that circFoxO1 plays an important
role in the development of CNV.

circFoxO1 silencing retards the progression of myopia in vivo
Choroidal vascular dysfunction can affect the progression of myopia.*’
We then investigated whether circFoxO1 was involved in the pathogen-
esis of myopia. We designed three different sShRNAs to reduce circ-
FoxOl levels in the choroid of guinea pigs. Two shRNAs could reduce
the level of circFoxOl in the choroid. Of them, shRNA1 had a greater
silencing efficiency. In contrast, the injection of circFoxO1 shRNA3 had
no effect on the expression levels of FoxO1 mRNA (Figure 4A). circ-
FoxOl silencing led to improved refractive errors compared with Scr
shRNA-injected eyes at 2,4, and 8 weeks after FD treatment (Figure 4B).
circFoxO1 silencing also retarded the elongation of AL (Figure 4C) and
VCD (Figure 4D). Altered refraction error and elongation of VCD and
AL are tightly associated with reduced collagen synthesis and myofibro-
blast transdifferentiation in sclera.”">*> Western blots showed that
myopia led to reduced expression of a fibroblast marker (COLlal)
and increased expression of myofibroblast markers (a-SMA and vincu-
lin) in the sclera at 8 weeks after FD treatment. circFoxOl silencing
could also reverse the downregulation of a fibroblast marker
(COLlal) and the upregulation of myofibroblast markers (a-SMA
and vinculin) in the sclera (Figure 4E). Immunofluorescence staining
further verified that circFoxO1 silencing restored scleral collagen pro-
duction and inhibited myofibroblast transdifferentiation in myopic
eyes (Figure 4F). Taken together, these results suggest that circFoxO1
silencing retards the progression of myopia in vivo.

circFoxO1 acts as a miRNA sponge in choroidal ECs
Accumulating evidence has shown that circRNAs usually play their
roles by acting as the miRNA sponges.”” qRT-PCR revealed that
circFoxO1 was mainly in cytoplasm but not in nucleus (Figure 5A).
We then used the circRNA database to predict the potential miRNAs
that could bind to circFoxO1. To validate the binding capability of
miRNAs to circFoxOl, we constructed a circFoxO1 luciferase re-
porter system. Each predicted miRNA mimic was co-transfected
with circFoxO1 luciferase reporter into HEK293T cells. The results
showed that miR-145 mimic and miR-486-3p mimic were capable
of reducing the luciferase activity of circFoxO1-Luc. Notably, miR-
145 could reduce by about 80% luciferase activity of circFoxO1-Luc
(Figure 5B). In contrast, miR-145 mimic transfection did not affect
the luciferase activity of circFoxO1-Luc mutant without miR-145
binding sites (Figure 5C). The potential binding sites between
miR-145 and circFoxO1 are shown in Figure 5D.
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Figure 2. circFoxO1 regulates choroidal EC function in vitro

(A) RF/6A cells were transfected with scrambled (Scr) sSiRNA, circFoxO1 siRNA, pcDNA 3.1 vector, pcDNA 3.1-circFoxO1 (circFoxO1 OE), or were left untreated (Ctrl) for 48 h.
gRT-PCR assays were conducted to detect the levels of circFoxO1 (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). (B-E) RF/6A cells were transfected
with Scr siRNA, circFoxO1 siRNA, or were left untreated (Ctrl) for 48 h. Cell viability was detected using an MTT assay (B, n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA,
Bonferroni test). Cell proliferation was detected using an EdU detection kit to analyze the incorporation of EAU during DNA synthesis (C, n = 4; *p < 0.05 versus Ctrl group,
one-way ANOVA, Bonferroni test). Scale bar, 20 um. Cell migration was determined using the transwell assay, and the cells that migrated through the transwell were
quantified (D, n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). Scale bar, 20 um. RF/6A cells were seeded on the Matrigel matrix. The tube-like structures
were observed 6 h after cell seeding. The average length of tube formation for each field was statistically analyzed (E, n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA,
Bonferroni test). Scale bar, 100 pm.
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Figure 3. circFoxO1 regulates choroidal vascular dysfunction in vivo and ex vivo

(A) C57BL/6 mice (males, 8 weeks old) received an intravitreal injection of Scr shRNA, circFoxO1 shRNA1-3, or were left untreated (Ctrl) for 2 weeks. gRT-PCR assays were
conducted to detect the levels of circFoxO1 and FoxO1 mRNA in choroid (n = 6; *p < 0.05 versus Ctrl group, Kruskal-Wallis test, Bonferroni test). (B) C57BL/6 mice received
an intravitreal injection of Scr shRNA, circFoxO1 shRNAT, or were left untreated (Ctrl). Two weeks after laser injury, IB4 labeling was conducted to label the neovascular area in
flat-mounted choroidal tissues. White circles denote the neovascular area (n = 6; “p < 0.05 versus Ctrl group, Kruskal-Wallis test, Bonferroni test). Scale bar, 100 um. (C)
Choroidal sprouting assays were conducted to determine the angiogenic potency of choroidal explants. CD31 staining was conducted to label choroidal sprouting.
Representative images of choroidal sprouting and quantification results are shown (n = 6; *p < 0.05 versus Ctrl group; *p < 0.05 FD+Scr shRNA group versus FD+circFoxO1

shRNA1 group; Kruskal-Wallis test, Bonferroni test). Scale bar, 500 pm.

qRT-PCR assays showed that miR-145 expression was significantly
reduced in myopic choroid compared with normal choroid (Figure 5E).
Hypoxic stress or oxidative stress led to decreased miR-145 expression
in RF/6A cells (Figure 5F). In addition, circFoxO1 overexpression led
to decreased miR-145 expression in RF/6A cells (Figure 5G).
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Next, we used TargetScan to predict the potential target genes of miR-
145. Two candidate genes, VEGFA and ANGPT2, aroused our inter-
est due to their roles in angiogenesis and retinopathy. miR-145 mimic
transfection significantly downregulated VEGFA and ANGPT2 (Fig-
ure 5H). The 3" untranslated region (UTR) of the VEGFA and
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ANGPT2 genes was cloned into the luciferase vector and co-trans-
fected with miR-145 mimic into HEK293T cells. A significant reduc-
tion in luciferase activity was detected in the presence of miR-145
mimic, whereas mutation of the miR-145 target site completely abol-
ished this repression (Figure 5I).

The circFoxO1/miR-145/VEGFA or ANGPT2 axis regulates
choroidal EC function in vitro

We subsequently investigated the role of miR-145 in choroidal ECs.
MTT assays showed that miR-145 mimic transfection significantly
decreased the viability of RF/6A cells compared with scramble
miRNA transfection (Figure 6A). EAU assays showed that miR-145
mimic transfection significantly led to decreased cell proliferation
(Figure 6B). Transwell and Matrigel tube formation assays showed
that miR-145 mimic transfection significantly reduced the migration
and tube formation ability of RF/6A cells (Figures 6C and 6D). miR-
145 mimic could mimic the effects of circFoxO1l silencing on RF/6A
cell function. Moreover, circFoxO1 overexpression could abrogate
miR-145-mediated anti-angiogenic effects in RF/6A cells (Figures
6A-6D). We also showed that exogenous VEGFA or ANGPT2 over-
expression could partially reverse the anti-angiogenic effects of circ-
FoxOl1 silencing in RF/6A cells (Figure S4). Collectively, these results
suggest that the circFoxO1/miR-145/VEGFA or ANGPT2 axis is
involved in the regulation of choroidal EC function in vitro.

We also determined the role of miR-145 in primarily isolated
choroidal ECs. miR-145 mimic transfection could decrease the
viability, proliferation, migration, and tube formation ability of
choroidal ECs (Figure S5). miR-145 mimic could also mimic the ef-
fects of circFoxO1 silencing on choroidal EC function. circFoxO1
overexpression could abrogate miR-145-mediated anti-angiogenic
effects on choroidal ECs (Figure S5).

The circFoxO1/miR-145/VEGFA or ANGPT2 axis regulates
choroidal vascular dysfunction in vivo

We further investigated the role of the circFoxO1/miR-145/VEGFA
or ANGPT?2 axis in choroidal vascular dysfunction in vivo. circFoxO1
silencing led to decreased expression of VEGFA and ANGPT2 in
choroid (Figure 7A). Injection of miR-145 agomir led to decreased
expression of VEGFA and ANGPT2 in choroid from the laser-
induced CNV model, which was consistent with the effect of
circFoxO1 silencing on VEGFA and ANGPT?2 expression (Figure 7B).
Moreover, injection of miR-145 agomir significantly decreased the
neovascular area in the choroidal flat mounts compared with the
Scr shRNA-injected group (Figure 7C). In contrast, injection of
miR-145 antagomir led to increased expression of VEGFA and
ANGPT?2 (Figure 7D) and increased neovascular area in the choroidal
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flat mounts compared with the Scr shRNA-injected group
(Figure 7E).

DISCUSSION

Choroidal vascular dysfunction plays a critical role in the pathogen-
esis of myopia.”*** Understanding the cellular and functional changes
in choriocapillary is essential for the prevention and management of
myopia. In this study, we report a novel mechanism of choroid
vascular dysfunction, which is regulated by a circRNA-mediated
network. The level of circFoxOl1 is significantly upregulated in
myopic eyes. circFoxOl silencing alleviates choroid vascular dysfunc-
tion, which can ultimately retard the progression of myopia.

The choroid is a highly vascularized layer, which is uniquely situated
%% The choroid can relay retina-
derived signals to the sclera and affect scleral ECM remodeling and
ocular size.”* Accumulating clinical evidence has shown that myopia
decreases the thickness of choroid.””*" In the present study, we iden-
tified a novel mechanism governing choroid vascular dysfunction.
circFoxO1 overexpression may induce abnormal activation of ECs
and accelerate choroid vascular dysfunction. Choroid vascular
dysfunction may lead to decreased perfusion, inadequate oxygen sup-
ply, and tissue hypoxia. Hypoxia is shown as a critical inducer of ECM
remodeling, which can result in decreased collagen production and
ocular axial elongation.””' In contrast, circFoxO1 silencing could
alleviate choroid vascular dysfunction, improve choroidal vascular
perfusion, and alleviate tissue hypoxia. Moreover, circFoxOl
silencing could reverse hypoxia-induced reduction of collagen and
axial elongation. Thus, it is not surprising that circFoxOl silencing
can retard the progression of myopia.

between the retina and the sclera.

Choroidal vascular defects contribute to the development of myopic
pathologies; however, the molecular mechanisms underlying
choroidal vascular dysfunction remain to be fully elucidated. Oxida-
tive stress, hypoxic stress, inflammation, and mitochondrial
dysfunction contribute to the development of choroidal pathol-
ogies.'*” Both oxidative stress and hypoxic stress can obviously
lead to increased levels of circFoxOl in myopic choroid tissue
and choroidal ECs. Myopic pathologies are tightly associated with
increased circFoxO1 levels. circFoxOl silencing can alleviate
choroidal vascular dysfunction and retard the progression of myopic
pathology. ECs are the major cell types of choroidal vessels.”
pathological myopia, abnormal activation of ECs may lead to
CNV.*! circFoxO1 silencing can reduce the proliferation, mobility,
and tube formation of choroidal ECs in vitro. We thus speculate
that circFoxO1 deregulation is responsible for choroidal vascular
dysfunction in myopia.

In

Figure 4. circFoxO1 silencing retards the progression of myopia in vivo

(A) The eyes of guinea pigs received an intravitreal injection of Scr shRNA, circFoxO1 shRNA1-3, or were left untreated (Ctrl) for 2 months. gRT-PCR assays were conducted
to detect the levels of circFoxO1 (n = 6; “p < 0.05 versus Ctrl group, Kruskal-Wallis test, Bonferroni test). (B-D) Refraction difference (B), AL (C), and VCD (D) in guinea pigs
after FD treatment was measured to determine the role of circFoxO1 in myopia. (E and F) The expression of a fibroblast marker (COL1a.1) and myofibroblast markers («-SMA
and vinculin) in the sclera after circFoxO1 silencing were detected by western blot or immunofluorescence staining (n = 6; *p < 0.05 versus Ctrl group; *p < 0.05 FD+Scr
shRNA group versus FD+circFoxO1 shRNA1 group; Kruskal-Wallis test, Bonferroni test). Scale bars, 100 um.
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Figure 5. circFoxO1 acts as a miRNA sponge in choroidal ECs
(A) The expression of nucleus Ctrl transcript (U6), cytoplasmic Ctrl transcript (GAPDH), FoxO1 mRNA, and circFoxO1 was detected by gRT-PCRs in the nucleus and
cytoplasmic fractions of RF/6A cells (n = 4). (B) The entire sequence of circFoxO1 was cloned into the pRL-TK luciferase reporter to construct the LUC-circFoxO1 vector.
RF/6A cells were co-transfected LUC-circFoxO1 with different miRNA mimics. Luciferase activity was detected using a dual-luciferase assay 48 h after transfection (n = 4;
*p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). (C) RF/6A cells were co-transfected LUC-circFoxO1-Mut (without miR-145 binding site) with miR-145 mimic,
Scrmimics, or were left untreated (Ctrl). Luciferase activity was detected using a dual- luciferase assay at 48 h post-transfection (n = 4; *p < 0.05 versus Ctrl group, one-way
ANOVA, Bonferroni test). (D) The putative binding sites of miR-145 on circFoxO1 transcript are shown. (E) gRT-PCR assays were conducted to detect the expression level of
miR-145 in the choroidal tissues of C57BL/6 mice after 8-week FD induction (n = 6; *p < 0.05 versus normal choroid, Mann-Whitney U test, Bonferroni test). (F) RF/6A cells
(legend continued on next page)
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circRNAs can regulate gene expression by affecting transcription,
mRNA turnover, and translation by sponging RNA-binding
proteins or miRNAs.”> qRT-PCR assays show that circFoxOl is
mainly expressed in the cytoplasm of choroidal ECs, implicating
that circFoxOl regulates gene expression at the post-transcrip-
tional level. circFoxOl serves as a platform for Ago2 and
miRNAs and acts as a sponge of miR-145. VEGFA and ANGPT2
are the potential target genes of miR-145. VEGFA is a critical EC-
specific mitogen and an angiogenic inducer.” Increased VEGFA
level has a mitogenic and anti-apoptotic effect on ECs. VEGF
can increase vascular permeability and accelerate cell migration,
and it contributes to normal and pathological angiogenesis.”*
ANGPT?2 is an important proangiogenic cytokine and its upregu-
lation contributes to angiogenesis and vascular inflammation.>
Based on the above-mentioned evidence, we conclude that circ-
FoxOl acts as the sponge of miR-145, thereby inducing increased
level of VEGFA and ANGPT2. circFoxO1 upregulation becomes a
sink for miR-145 and eliminates the inhibitory function of miR-
145 on VEGFA and ANGPT2. Collectively, the circFoxO1-miR-
145-VEGFA/ANGPT2 axis is involved in choroidal vascular
dysfunction.

In summary, this study provides important evidence that circFoxO1
serves as a novel regulator of choroidal vascular function by sponging
miR-145. Targeting the circFoxO1-miR-145-VEGFA/ANGPT?2 axis
is a promising strategy for the prevention and management of myopic
pathology.

MATERIALS AND METHODS

Animals

All animal treatments were conducted according to the Association
for Research in Vision and Ophthalmology (ARVO) Statement for
the Use of Animals in Ophthalmic and Vision Research. The animal
research was approved by the Animal Care and Use Commiittee of the
author’s institute. They were reared in a temperature-controlled room
with 12-h light/12-h dark cycles (on at 8:30 a.m., off at 8:30 p.m.) and
allowed for free access to water and food with additional fresh vege-
tables every day as diet enrichment.

Induction of FD myopia

Three-week-old pigmented guinea pigs or 3-week-old male C57BL/6
mice were monocularly FD using the translucent eye shields. The
contralateral eyes were taken as the controls. The shields were cleaned
and checked every day. After FD treatment, 1% cyclopentolate
(Cyclogyl; Alcon) was topically applied to each eye. The refractive er-
rors were measured using a streak retinoscopy (66 Vision Tech,

Molecular Therapy

Jiangsu Province, China). VCD and AL were measured using an A-
scan ultrasonography device.

Establishment of CNV model

For the induction of CNV, C57BL/6] mice (8 weeks old, males) were
anesthetized through intraperitoneal injection of ketamine (80 mg/
kg) and xylazine (4 mg/kg). After dilating pupils with tropicamide,
four spots of laser photocoagulation in the posterior pole of retinas
were created through the dilated pupil with a power of 120 mW,
100-pum-diameter spot size, and duration of 50 ms. The laser burns
were produced in the 3, 6,9, and 12 o’clock position around the optic
disc and located approximately 3 disc-diameters away from the optic
nerve head. The presence of bubble confirmed the disruption of
Bruch’s membrane.

Immunofluorescent staining

Frozen sections of the posterior eyecup were allowed to thaw and dry
at room temperature for 30 min, and then fixed in 4% paraformalde-
hyde at 4°C for 20 min. The sections were blocked with 5% BSA for
30 min at room temperature, followed by incubating with the primary
antibody at 4°C overnight and the secondary antibody for 3 h at room
temperature. The cell nuclei were stained with 4',6-diamidino-2-phe-
nylindole (DAPI, 0.5 pg/mL) for 10 min.

Choroid sprouting assay

C57BL/6] mice were anesthetized by the intraperitoneal injection of ke-
tamine (80 mg/kg) and xylazine (4 mg/kg) and euthanized by cervical
dislocation. The eyes were carefully enucleated and kept in ice-cold me-
dium before dissection. The retinal pigment epithelium (RPE)-choroid-
sclera complex (choroid explants) was separated from the retina, and
then the peripheral area of the optic nerve was cut into approximately
1.0 x 1.0-mm pieces. These explants were embedded in Matrigel
(354230, BD Biosciences), seeded in 24-well tissue culture plates, and
incubated at 37°C in 5% CO,. About 800 pL of EGM-2 medium was
added to each well, and the medium was changed every other day.

Quantitative reverse transcriptase PCR (QRT-PCR)

Total RNAs in tissues and cells were extracted using the TRIzol reagent
(Invitrogen). RNA concentration was measured using the NanoDrop
ND-1000 instrument (NanoDrop Technologies). Then, about 500 ng
of RNAs was subjected for the synthesis of complementary DNAs
(cDNAs) using a reverse transcriptase kit (Takara, China). qRT-
PCRs were performed in 96-well plates using SYBR Premix Ex Taq
IT (Takara, Dalian, China). Each 20-puL reaction contained 10 uL of
SYBR Green PCR master mix, 0.5 puL of each primer, 8 pL of dou-
ble-distilled H,O (ddH,0), and 1 pL of cDNA. PCR conditions were

were incubated with normal culture medium, H>O, (200 uM, oxidative stress), or CoCl, (100 uM, hypoxic stress) for 24 h. gRT-PCR assays were conducted to detect miR-
145 expression (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). (G) RF/6A cells were transfected with pcDNA3.1 (vector), pcDNAS.1-circFoxO1, or
were left untreated (Ctrl) for 24 h. gRT-PCR assays were conducted to detect miR-145 expression levels (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test).
(H) RF/BA cells were transfected with Scr mimic, miR-145 mimic, or were left untreated (Ctrl) for 24 h. gRT-PCR assays were conducted to detect VEGFA and ANGPT2
expression (n =4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). (I) RF/6A cells were co-transfected VEGFA-Luc, VEGFA-Luc mutant (Mut), ANGPT2-Luc, or
ANGPT2-Luc Mut with Scr mimic, miR-145 mimic, or were left untreated (Ctrl) for 24 h. Luciferase activity was detected at 24 h post-transfection (n = 4; *p < 0.05 versus Ctrl

group, one-way ANOVA, Bonferroni test).
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Figure 6. The circFoxO1/miR-145/VEGFA or ANGPT2 axis regulates choroidal EC function in vitro

(A) RF/BA cells were treated as shown. Cell viability was detected by an MTT assay (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). (B) Cell proliferation
was detected using EAU detection kits to analyze the incorporation of EAU during DNA synthesis (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). A
representative image along with the quantification result is shown. Scale bar, 20 um. (C) Transwell assay and quantification analysis was conducted to determine the
migration of RF/6A cells (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). Representative images along with the quantification results are shown. Scale
bar, 20 um. (D) RF/6A cells were seeded on the Matrigel matrix. The tube-like structures were observed at 6 h after cell seeding. The average length of tube formation for each
field was statistically analyzed (n = 4; *p < 0.05 versus Ctrl group, one-way ANOVA, Bonferroni test). Scale bar, 100 um. *p < 0.05 versus Ctrl group; *p < 0.05 indicates

significant difference between the marked group.

conducted as shown below: 95°C for 1 min, followed by 40 cycles at
95°C for 20 s, and 62°C for 30 s. The 2~ **“* method was used to calcu-
late the relative expression of the target gene.

Western blot
Total proteins were extracted from the choroid and sclera samples using
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime

Biotechnology) supplemented with protease inhibitor cocktail
(4693159001; Roche). The concentration was measured using a bicin-
choninic acid (BCA) protein assay (Beyotime Biotechnology). About
50 pg of proteins was separated on 10% SDS-PAGE for 1-2 h, and
then transferred to polyvinylidene fluoride (PVDF) membranes
(EMD Millipore). After blocking with non-fat milk, the PVDF mem-
brane was incubated with the primary antibody against collagen type
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Figure 7. The circFoxO1/miR-145/VEGFA or ANGPT2 axis regulates choroidal vascular dysfunction in vivo

(A) C57BL/6 mice (males, 8 weeks old) received an intravitreal injection of Scr shRNA, circFoxO1 shRNA, or were left untreated (Ctrl) for 2 weeks. gRT-PCR assays were
conducted to detect the levels of VEGFA and ANGPT2 in choroid. (B and C) C57BL/6 mice received an intravitreal injection of negative Ctrl (NC) agomir, miR-145 agomir, or
were left untreated (Ctrl). Two weeks after laser injury, gqRT-PCR assays were conducted to detect the levels of VEGFA and ANGPT2 in choroid. IB4 labeling was conducted to
detect neovascular area in flat-mounted choroidal tissues. (D and E) C57BL/6 mice received an intravitreal injection of NC antagomir, miR-145 antagomir, or were left
untreated (Ctrl). Two weeks after laser injurygRT-PCR assays were conducted to detect the levels of VEGFA and ANGPT2 in choroid. IB4 labeling was conducted to detect
neovascular area in flat-mounted choroidal tissues. n = 6; *p < 0.05 versus Ctrl group, Kruskal-Wallis test, Bonferroni test. Scale bars, 100 um.

1(1:1,000, Abcam), a-SMA (1:2,000, Cell Signaling Technology), vincu-
lin (1:1,000, Abcam), or B-actin (1:2,000, Abcam) overnight at 4°C. The
membranes were then incubated with the secondary antibody for 2 h at
room temperature. The protein bands were visualized by an enhanced
chemiluminescence detection system. Quantification of protein bands
were conducted using Image] software (National Institutes of Health).

Cell culture and transfection

RF/6A cells or choroidal ECs were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM; Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% peni-
cillin-streptomycin solution (Gibco) in a humidified incubator at 37°C
in 5% CO,. siRNAs directed against circFoxO1 and Scr siRNAs were
synthesized by GenePharma (Shanghai, China). All transfections
were performed using Lipofectamine 6000 (Beyotime Biotechnology,
China) according to the manufacturer’s instructions.

Isolation and culture of choroidal ECs

Choroidal ECs were isolated from one litter (six or seven pups) of
4-week-old C57BL/6] mice. Briefly, the eyes were enucleated, and
the connective tissues were removed from the sclera. In cold
DMEM, the anterior eye was removed, followed by the lens, vitreous,
retina, and optic nerve, leaving RPE-choroid-sclera tissues. These tis-
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sues were minced into small pieces and digested using collagenase
type I (1 mg/mL in serum free DMEM, Worthington Biochemical)
for 30 min at 37°C. After digestion, DMEM with 10% FBS was added
and cells were pelleted. Then, the cellular digests were filtered, centri-
fuged to pellet cells, and washed with DMEM containing 10% FBS.
Finally, these cells were incubated with anti-platelet EC adhesion
molecule 1 antibody-coated magnetic beads. The magnetic beads
were washed, and the bound cells were choroidal ECs.

Cell viability assay

MTT assays were used to detect cell viability. Briefly, RE/6A cells
(2 x 10*) or choroidal ECs (2 x 10*) were cultured in a 96-well plate
and incubated for the indicated times. Then, 10 uL of MTT solution
(5 mg/mlL, Sigma-Aldrich) was added to each well and incubated at
37°C for 4 h. The formazan crystals were dissolved in 100 pL of
DMSO. The absorbance was measured in the microreader at a wave-
length of 570 nm (Thermo Scientific).

Cell proliferation assay

The EdU assay kit (Ribobio, Guangzhou, China) was used to deter-
mine cell proliferation. After the required treatment, RF/6A cells or
choroidal ECs were incubated with 50 uM EdU reagent at 37°C for
2 h, fixed with 4% paraformaldehyde (Biosharp, China) for 30 min,
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and permeabilized with 0.3% Triton X-100 for an additional 20 min.
The staining results were observed using an inverted fluorescence mi-
croscope (Olympus, Tokyo, Japan).

Cell migration assay

A transwell assay was used to determine the ability of cell migration.
Briefly, the transwell chamber with 8.0-um pores (Corning Life Sci-
ences, NY, USA) was placed on a 24-well plate. RF/6A cells or
choroidal ECs were plated at a density of 1 x 10* cells per chamber
into the upper chamber. DMEM supplemented with 10% FBS was
added to the lower chamber as a chemoattractant. After 12 h, these
non-migrated cells were removed from the upper surface and the fil-
ters were stained with crystal violet.

Tube formation assay

BD Matrigel matrix gel was seeded in 24-well culture plates and placed
in an incubator at 37°C for 30 min. RF/6A cells or choroidal ECs were
added to each well when the gel was solidified. They were then cultured
at 37°C for 6 h. Tube formation was quantified by Image] software.

Cytoplasm/nucleus fraction isolation

Cytoplasm/nucleus fraction percentage was detected using a nuclear/
cytosol fractionation kit (Cell Biolabs). Briefly, the extracted RNAs
from the cytoplasm or nucleus were detected using QRT-PCRs. Relative
expression levels of circFoxO1, FoxO1 mRNA, nuclear control tran-
script (U6), and cytoplasmic control transcript (GAPDH) were
determined.

Luciferase assay

Luciferase assays were conducted using a luciferase assay kit (Prom-
ega, Madison, WI, USA) according to the manufacturer’s protocols.
Briefly, HEK293T cells were seeded in 24-well plates at 80% conflu-
ence. The wild-type or the mutant 3’ untranslated region of VEGFA,
ANGPT2, or the circFoxO1 sequence was constructed and cloned
into the pRL-TK plasmid (Promega) vector. Then, the cells were
co-transfected with miRNA mimics using Lipofectamine 6000 (Beyo-
time Technology, China). After 48 h, the firefly and Renilla luciferase
activities were detected using a luciferase assay kit.

Statistical analysis

All data are presented as mean + standard error of the mean (SEM).
Statistical analysis was performed using GraphPad Prism software.
For normally distributed data with equal variance, the significance
was determined by a Student’s t test (two-group comparisons) or
one-way ANOVA (multi-group comparisons) followed by Bonferro-
ni’s multiple comparison post hoc test. For non-normally distributed
data or data with unequal variances, the significance was determined
by a Mann-Whitney U test (two-group comparisons) or Kruskal-
Wallis test followed by Bonferroni’s post hoc test (multi-group com-
parisons). p <0.05 was considered statistically significant.
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