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PURPOSE. This study investigates the role of EFEMP1 in choroidal vascular dysfunction
and its implications for myopia progression, specifically focusing on the FOXO3/VEGFA
signaling pathway as a potential therapeutic target.

METHODS. We utilized adeno-associated virus (AAV) to overexpress and knock down
EFEMP1 in the choroid of guinea pigs. Subsequent proteomic analyses were conducted on
the choroidal tissue. We used Gene Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) to identify relevant pathways and genes. In vitro experiments were
performed on RF/6A cells, where both EFEMP1 and FOXO3 underwent overexpression
and knockdown. We conducted a series of cell culture experiments, including assess-
ments of cell proliferation, migration, tube formation, and choroidal sprouting assays,
to evaluate the functional effects of EFEMP1. Quantitative reverse transcription PCR and
Western blot analyses were utilized to measure gene and protein expression levels.

RESULTS. Silencing EFEMP1 significantly reduced choroidal vascular dysfunction and
slowed the progression of myopia. Proteomic analysis demonstrated that EFEMP1 regu-
lates FOXO3 activity, resulting in increased VEGFA expression in RF/6A cells and promot-
ing angiogenesis. Conversely, knockdown of FOXO3 led to decreased VEGFA levels,
confirming that EFEMP1 modulates VEGFA expression through FOXO3.

CONCLUSIONS. Targeting EFEMP1 may offer a novel therapeutic strategy for the prevention
and treatment of myopia by alleviating associated vascular dysregulation. Further explo-
ration of the FOXO3/VEGFA pathway could provide additional insights into therapeutic
interventions for myopia.
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Globally, the high prevalence and rapid increase of
myopia have become urgent issues in public health,

particularly among adolescents.1 The early onset and rapid
progression of myopia not only affect quality of life but may
also lead to a range of serious complications, such as retinal
detachment and macular degeneration.2 Therefore, in-depth
research into the pathogenesis of myopia is essential for
elucidating its pathological processes and identifying effec-
tive interventions.

Choroidal vascular dysfunction has increasingly been
recognized as a significant factor in the pathogenesis of
myopia.3 The choroid is a crucial structure that supplies
oxygen and nutrients to the retina; abnormalities in its vascu-
lar function may lead to metabolic imbalances within the
choroid itself, which subsequently triggers scleral remodel-
ing. Scleral remodeling is the central pathological process
underlying the progression of myopia, and choroidal vascu-
lar dysfunction may accelerate the development of myopia
by altering the composition and structure of the scleral extra-
cellular matrix.4 Therefore, choroidal vascular dysfunction

plays a pivotal role in the pathogenesis of myopia and may
serve as a critical target for research aimed at myopia preven-
tion and treatment.

Our previous studies have identified EGF-containing
fibulin-like extracellular matrix protein 1 (EFEMP1) as a key
regulatory factor in the remodeling of the scleral extracel-
lular matrix.5 We found that EFEMP1 expression is signif-
icantly increased in the tears of myopic individuals and in
the choroids of form-deprivation myopic (FDM) guinea pigs,
suggesting that EFEMP1 may be implicated in the onset and
progression of myopia.6 More importantly, the intricate rela-
tionship between choroidal vascular dysfunction and scleral
remodeling implies that EFEMP1 may play a dual role in
regulating these processes.

Based on this background, the present study further
explores the mechanisms by which EFEMP1 influences
choroidal vascular dysfunction associated with myopia
through in vivo and in vitro experiments. The experimen-
tal results indicate that silencing EFEMP1 expression effec-
tively inhibits choroidal vascular dysfunction and signifi-
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cantly delays the progression of myopia. Thus, modulating
EFEMP1 levels to intervene in choroidal vascular dysfunc-
tion may represent a novel strategy for the prevention and
treatment of myopia.

METHODS

Animals

All animal experiments comply with the relevant statements
from the Association for Research in Vision and Ophthal-
mology (ARVO) regarding the use of animals in ophthalmic
and vision research. The experimental subjects consisted of
male British Shorthair guinea pigs, aged 2 weeks, with a
body weight ranging from 100 to 150 grams. The animals
were housed in a temperature-controlled environment with
a 12-hour light/12-hour dark photoperiod, ensuring they had
daily access to adequate food and water. Additionally, fresh
vegetables were included in their diet to enhance nutritional
intake and diversify their feeding regimen.

Induction of FDM and Biological Parameter
Measurement

The guinea pigs were divided into a control group and an
FDM group randomly. The control group received no treat-
ment, whereas the FDM group had their right eye covered
with a homemade hood (made from latex balloons), ensur-
ing that other parts were normally exposed to prevent inter-
ference with feeding and activity.

The eyes of the guinea pigs were pretreated with
compounded tobramycin eye drops, administered 3 times
with intervals of approximately 5 minutes. The tested guinea
pigs were then moved to a dark room, where the examiner
uses a streak retinoscope (Six-Six Vision Technology, China)
for retinoscopy. The retinoscope was positioned about 50 cm
from the guinea pig, and the calculation formula for equiva-
lent spherical lenses was the spherical degree plus half the
cylindrical degree minus 2.0 diopters (D), repeated 3 times
and recorded to an accuracy of 0.01 D. All guinea pigs had
an interocular refractive difference of <3.00 D. The axial
length of the guinea pig was measured using an A ultra-
sound probe (Kaixin Electronic Instrument, China), with 10
measurements taken to obtain an average, precision to 0.01
mm, enabling the determination of the final axial length.

AAV Vector Construction and Intravitreal Injection

The pcAAV-CMV-EFEMP1-3 × FLAG-P2A-GdGreen-WPRE
plasmid vector (Supplementary Fig. S1) was co-transfected
with pHelper, which contains adenoviral genes, and pAAV-
RC, which includes AAV replication and coat genes, into
AAV-293 cells. The resulting virus was designated as AAV-
EFEMP1. Additionally, shRNA and corresponding empty
viral vectors were packaged and amplified, marked as
AAV-shEFEMP1, AAV-NC, and AAV-Vector, respectively (the
sequence is shown in Supplementary Table S1). Three days
after transfection, the recombinant AAV complete assembly
in the packaging cells.7 The virus was then harvested and
purified, with a final titer of approximately 1012 to 013 copies
per milliliter.8

After anesthetizing the guinea pigs with isoflurane, 2 μL
of AAV was injected intravitreally into the right eye of each
guinea pig in the treated groups (n = 10 in each group)
using a Hamilton microinjector (Sigma-Aldrich, USA) under

a microscope. After injection, the needle was slowly with-
drawn after a 2-second pause, and an eye gel containing
levofloxacin hydrochloride was applied to prevent infection.

Enzyme-Linked Immunosorbent Assays

Guinea pigs were euthanized via intraperitoneal injection
of 1% pentobarbital sodium, and then 2 mL of blood was
collected from each group of guinea pigs. After centrifu-
gation, the serum samples were quantitatively analyzed for
EFEMP1 content using an enzyme-linked immunosorbent
assay (ELISA) kit (Enzyme-linked Biotechnology Co., Ltd.,
Shanghai, China). Each well received 50 μL of standard,
sample, and biotin-labeled antibody, followed by incuba-
tion at room temperature for 1 hour, and then washed for 5
minutes, and repeated 3 times. Subsequently, 80 μL of HRP-
conjugated label was added, followed by incubation at room
temperature for 30 minutes, and again washed for 5 minutes,
and repeated 3 times, before adding the enzyme substrate.
After washing, the microplate was quickly scanned, and 50
μL of stop solution was added. Finally, the optical density
(OD) value was measured at 450 nm using an ELISA reader
(Thermo Fisher Scientific, USA) to quantify the EFEMP1
concentration in the serum samples.

Proteomic Analysis

After protein extraction, purification, and trypsin diges-
tion of the choroidal tissue samples from each group, the
proteins were reduced and alkylated, followed by analy-
sis using liquid chromatography-mass spectrometry (LC-MS).
The chromatography system’s preset 100 samples per day
(SPD) method was used for peptide separation.9 After ioniza-
tion using a capillary ion source, data were acquired using
the timsTOF Pro 2 mass spectrometer in the dia-PASEF acqui-
sition mode.10 Differential expression proteins (DEPs) were
identified through t-tests (P value < 0.05) and fold changes
greater than 1.5 or less than 0.5.

Cell Culture and Transfection

RF/6A cells (FuHeng Cell Center, Shanghai, China) were
cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific) and incubated
in a humidified incubator at 37°C with 5% carbon dioxide.
The siRNA and plasmid targeting EFEMP1 and FOXO3 were
synthesized by GenePharma (Shanghai, China; the sequence
is shown in Supplementary Table S4). All transfections were
performed using Lipofectamine 3000 (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions.

Cell Proliferation Assay

When the cells reached approximately 70% to 80% conflu-
ence, 20 μM EdU working solution and an equal volume
of medium were added for a 2-hour incubation. Cells were
washed with PBS and fixed with 4% paraformaldehyde. After
permeabilization with a permeabilization solution (0.3%
Triton X-100 in PBS), an appropriate amount of Click reac-
tion solution was added to visualize the EdU-labeled cells.
Finally, EdU-positive cells were observed and counted using
a fluorescence microscope to assess cell proliferation.
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Cell Migration Assay

A Transwell chamber with 8.0 mm pores (Corning Life
Sciences, Corning, NY, USA) was placed in a 24-well plate,
and RF/6A cells were seeded at a density of 1 × 104 cells
in the upper chamber, whereas DMEM with 10% FBS was
added to the lower chamber. After 24 hours, the cells are
fixed with 4% paraformaldehyde, and non-migrated cells on
the upper surface were removed. The migrated cells were
subsequently stained with crystal violet and counted using
an inverted microscope (Olympus, Tokyo, Japan).

Tube Formation Assay

Matrigel was added to the culture plate and solidified at
37°C. Then, the cells to be tested were seeded onto the solid-
ified Matrigel surface and nurtured for 6 hours to promote
cell growth and tubular structure formation. The structure
and number of tubes were observed under a microscope
(Olympus, Tokyo, Japan), and the total length of tubes and
branch points were measured using ImageJ software or
other image analysis tools to quantify the tube formation
ability of the cells.

Quantitative Reverse Transcription PCR

Total RNA was extracted from RF/6A cells or choroidal
tissues using the RNA-Quick Purification Kit (ES Science,
Shanghai, China). The extracted RNA was then converted
to complementary DNA (cDNA) through reverse transcrip-
tion using the PrimeScript RT Master Mix (Takara, Shiga,
Japan). Specific primers targeting the genes of interest were
designed (see Supplementary Table S2). Amplification reac-
tions were performed using a real-time fluorescence quan-
titative PCR instrument, with SYBR Green probes used for
fluorescence monitoring. The fluorescence intensity of the
PCR amplification was recorded in real time. Relative expres-
sion levels of the target genes were calculated by comparing
the cycle threshold (Ct) values of the target genes to those of
GAPDH, utilizing the 2−��Ct method for data analysis. Each
sample was tested in triplicate to ensure the accuracy and
reproducibility of the results.

Western Blot

Following the collection of the cell or choroidal tissue
samples, protein extraction was performed using a lysis
buffer (Beyotime Biotechnology, China). After centrifu-
gation, the supernatant was obtained to remove cell
debris. The protein concentration was determined using
the BCA method (Beyotime Biotechnology, China), and
equal amounts of protein samples were separated using
SDS-PAGE. After electrophoresis, proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane
and treated with blocking solution (5% skim milk) to
reduce nonspecific binding. Primary antibodies (see Supple-
mentary Table S3) and corresponding HRP-conjugated
secondary antibodies were sequentially added to the
membrane, followed by washing, and color develop-
ment was performed using a chemiluminescent substrate
(ECL; Merck Millipore, Germany). Finally, the results were
recorded and quantitatively analyzed using an imaging
system.

Choroid Sprouting Assay

The choroid-retinal pigment epithelium (RPE)-sclera
complex was cut into thin slices approximately 2 mm × 1
mm and placed in a 24-well plate coated with Matrigel (BD
Biosciences, Cat. 354230). After the choroid was plated, it
was incubated without medium for 10 minutes in a 37°C
incubator to allow the Matrigel to solidify. Subsequently,
500 μL of medium was added to each well, and the plates
were incubated at 37°C and 5% CO2 for 48 hours before
any treatments were applied. The medium was replaced
every 48 hours, and observations were made at days 1, 4,
and 7 using a microscope (Nikon, Tokyo, Japan).

Immunohistochemistry

After preparing the sections from tissue samples, the
sections were washed with PBS and subjected to deparaf-
finization and rehydration. Antigen retrieval methods were
used to enhance the accessibility of antibody binding sites.
The treated sections were then processed with blocking
solution to reduce background noise. Specific primary anti-
bodies were added to the sections, followed by incubation
overnight at 4°C to enhance binding efficiency. After incuba-
tion, PBS washing was conducted, and HRP or fluorescently
labeled secondary antibodies are added, followed by addi-
tional washing. Finally, color development was performed
using DAB or fluorescent dyes, and the results were recorded
and observed under a microscope (BH-2, Olympus, Japan).

Statistical Analysis

We leveraged the R software package to conduct Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis with the intent of explicating functional
enrichment and constructing clusters, as well as to delineate
the diversity among genes/proteins with differential func-
tions. For statistical analyses and graphic representations,
SPSS version 25.0, GraphPad Prism 9 and R version 3.5.2
were utilized. Differences between groups were assessed
using Chi-square tests, Student’s t-tests, Mann-Whitney U
tests, and Friedman tests. For experimental components
involving comparisons across multiple groups, 1-way analy-
sis of variance (ANOVA) was used, followed by Bonferroni
post hoc tests for multiple comparisons. The t-tests were
administered for analyses involving only two groups. All
outcomes are presented as mean ± standard error of the
mean (mean ± SEM). A P value of less than 0.05 was consid-
ered the threshold for statistical significance in this study.

RESULTS

Increased Expression of EFEMP1 in the Blood of
FDM Guinea Pigs

To explore the changes in EFEMP1 expression in the blood
of FDM guinea pigs, we collected serum samples from
guinea pigs that had their right eyes covered for 4 weeks,
as well as from control group guinea pigs. Compared to the
control group, the FDM group exhibited a significant myopic
shift characterized by decreased refraction and a marked
increase in axial length (Figs. 1A, 1B). Moreover, the EFEMP1
content in the serum of FDM guinea pigs was significantly
higher than that in the control group (Fig. 1C).
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FIGURE 1. Expression of EFEMP1 in guinea pig serum and the impact of its overexpression on the cytokine expression profile. (A,
B) Comparison of the right eye refraction A and axial length B of different groups of guinea pigs after 4 weeks of form-deprivation treatment
(n = 10 in each group, ***P < 0.001, Mann-Whitney U test, and Bonferroni test). (C) Comparison of EFEMP1 contents in the serum of two
groups of guinea pigs (n = 10 in each group, ***P < 0.001, unpaired two-tailed t-tests). (D) The effect of AAV-mediated overexpression
of EFEMP1 on EFEMP1 mRNA expression (***P < 0.001, 1-way ANOVA, and Bonferroni test). (E) Heatmap representation of differentially
expressed genes regulated by overexpression of EFEMP1. (F) Identification of proteins enriched in functional pathways through KEGG
analysis. (G) Scatter plot representation of differentially expressed genes regulated by overexpression of EFEMP1 (panels E and F were
created using R version 3.5.2 and ggplot2 version 3.3.5).
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FIGURE 2. Overexpression or knockdown of EFEMP1 promotes or inhibits the invasion, tube formation, and proliferation of RF/6A
cells through the FOXO3/VEGFA pathway. (A, B) The mRNA expression levels of EFEMP1 A and FOXO3 B after transfecting RF/6A cells
with the pcDNA 3.1 vector, pcDNA 3.1-EFEMP1 (oe-EFEMP1), and pcDNA 3.1-FOXO3 (oe-FOXO3; ***P < 0.001 unpaired two-tailed t-tests,
n = 6); (C, D) The mRNA expression levels of EFEMP1 C and FOXO3 D after interfering with RF/6A cells using siRNA-EFEMP1 (si-EFEMP1)
and siRNA-FOXO3 (si-FOXO3; ***P < 0.001 unpaired two-tailed t-tests, n = 6). (E–M) The effects of EFEMP1 overexpression (OE-EFEMP1),
FOXO3 overexpression (oe-FOXO3), and simultaneous knockdown of FOXO3, whereas overexpressing EFEMP1 (oe-EFEMP1 + si-FOXO3),
si-EFEMP1, and si-FOXO3, and the simultaneous knockdown of EFEMP1 whereas overexpressing FOXO3 (si-EFEMP1 + oe-FOXO3) on the
invasion (E, H, K), tube formation (F, I, L), and proliferation (G, J, M) of RF/6A cells (*P < 0.05, **P < 0.01; and ***P < 0.001; 1-way
ANOVA, Bonferroni test; Bar = 100 μm, n = 6). (N–O) The effects of overexpressing EFEMP1 and FOXO3 in RF/6A on the expression of
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EFEMP1/FOXO3/VEGFA pathway proteins (*P < 0.05, **P < 0.01, and ***P < 0.001, 1-way ANOVA, and Bonferroni test, n = 6). (P–Q) The
impact of knocking down EFEMP1 and FOXO3 in RF/6A on the expression of EFEMP1/FOXO3/VEGFA pathway proteins (*P < 0.05, **P <

0.01, and ***P < 0.001, 1-way ANOVA, and Bonferroni test, n = 6). (R, S) The effects of oe-EFEMP1 + si-FOXO3 and si-EFEMP1 + oe-FOXO3
on the expression of EFEMP1/FOXO3/VEGFA pathway proteins (*P < 0.05, **P < 0.01, and ***P < 0.001, 1-way ANOVA, and Bonferroni test,
n = 6).

Protein Expression Related to EFEMP1
Overexpression in the Choroid

To identify the molecular mechanisms associated with the
pathogenesis of myopia in the choroid following EFEMP1
overexpression, we performed intravitreal injections using
AAV. The results showed that EFEMP1 was significantly
elevated in the choroid of the AAV-EFEMP1 + FDM group
compared to the control group (Fig. 1D). Subsequently,
proteomic analysis of the choroidal tissue from the FDM
model was performed. Initially, the fold change (log2 |fold
change| > 1) was set as the criterion for differentially
expressed genes (DEGs). Compared to the AAV-Vector +
FDM group, 261 DEGs were identified in the AAV-EFEMP1
+ FDM group, including 181 DEGs such as FOXO3, that
were upregulated, whereas the remaining 80 were down-
regulated. KEGG analysis indicated that DEGs were highly
enriched in signaling pathways such as ribosome, ECM-
receptor interaction, and PI3K-AKT (Figs. 1E, 1F, 1G).

Regulatory Roles of EFEMP1 and FOXO3 in
Choroidal Cell Functions

To determine the role of EFEMP1 in RF/6A cells in vitro,
we transfected RF/6A cells with siRNA and overexpres-
sion plasmids for EFEMP1 and FOXO3. Overexpression
of EFEMP1 (oe-EFEMP1) and FOXO3 (oe-FOXO3) resulted
in increased expression in RF/6A cells compared to the
Vector group (Figs. 2A, 2B). In contrast to the negative
control (NC) group, silencing of EFEMP1 (si-EFEMP1) and
FOXO3 (si-FOXO3) led to decreased expression of EFEMP1
and FOXO3 in RF/6A cells (Figs. 2C, 2D). Transwell and
Matrigel tube formation assays demonstrated that overex-
pression of EFEMP1 and FOXO3 significantly enhanced
the migratory and tube-forming abilities of RF/6A cells
(Figs. 2E, 2F, 2H, 2I). Conversely, silencing of EFEMP1 and
FOXO3 inhibited the migratory and tube-forming abilities
of RF/6A cells (Figs. 2E, 2F, 2K, 2L). EdU (5-ethynyl-2′-
deoxyuridine) assays showed that both EFEMP1 and FOXO3
overexpression significantly increased the proliferation of
RF/6A cells (Figs. 2G, 2J). Conversely, silencing EFEMP1 and
FOXO3 inhibited the proliferative capacity of RF/6A cells
(Figs. 2G, 2M).

EFEMP1 Regulates Choroidal Vascular Function
Via FOXO3/VEGFA

The overexpression of EFEMP1 led to increased expres-
sion levels of EFEMP1, FOXO3, and VEGFA in RF/6A
cells, whereas overexpression of FOXO3 alone also signif-
icantly upregulated VEGFA expression (Figs. 2N, 2O). In
contrast, when siRNA was used to inhibit EFEMP1 and
FOXO3 expressions in RF/6A, both FOXO3 and VEGFA
levels significantly decreased (Figs. 2P, 2Q). To further
verify whether EFEMP1 regulates choroidal cell function and
VEGFA through FOXO3, we applied si-FOXO3 to RF/6A after
overexpressing EFEMP1 and found that cell proliferation,

migration, and tube formation were inhibited (Figs. 2E–M),
whereas VEGFA expression decreased (Figs. 2R–S). Addi-
tionally, following the knockdown of EFEMP1 with oe-
FOXO3, we observed significant increases in the migration
and tube formation abilities of cells compared to the groups
with only si-EFEMP1 or si-FOXO3 (Figs. 2E–M), and VEGFA
protein levels were also significantly elevated (Figs. 2R–S).

AAV-EFEMP1 Intravitreal Injection Induces
Myopic Shift and Aggravates Ex Vivo Choroidal
Vascular Dysfunction in Guinea Pigs

Based on the evidence outlined above, we established
the key role of EFEMP1 in choroidal cells and investi-
gated whether EFEMP1 is implicated in the pathogenesis
of myopia. We utilized AAV to deliver the overexpressed
EFEMP1 plasmid via intravitreal injection into FDM guinea
pigs 1 week after modeling to elevate EFEMP1 levels in the
choroid. The results showed that the AAV-EFEMP1 + FDM
group exhibited significantly increased levels compared to
the AAV-Vector + FDM and control groups (see Fig. 1D).
After 3 weeks of injections, the degree of myopia in the AAV-
EFEMP1 + FDM group significantly increased compared to
the AAV-Vector + FDM group, with axial length changes
that were more increased (Figs. 3A–D). We used a choroidal
sprouting model to evaluate the effects of EFEMP1 overex-
pression in the choroid. The results indicated that EFEMP1
overexpression significantly enhanced the angiogenic activ-
ity of the choroid ex vivo (Figs. 3E, 3F). Western blot anal-
ysis revealed that after 4 weeks of FDM treatment, the
expressions of EFEMP1, FOXO3, and VEGFA in the choroid
of guinea pigs were significantly increased (Figs. 3G, 3H).
Immunohistochemistry results further showed that the
expression of the fibroblast marker COL1A1 in the sclera
was reduced, whereas the expression of the myofibroblast
marker α-SMA was increased (Fig. 3I).

Inhibiting EFEMP1 Delays the Progression of
Myopia and Suppresses Choroidal Vascular
Dysfunction Ex Vivo

We designed shRNA to reduce the levels of EFEMP1 in
the choroid of guinea pigs (Fig. 4A). Likewise, intravit-
real injections were applied to guinea pigs 1 week after
FDM treatment. After 4 weeks of FDM treatment, the silenc-
ing of EFEMP1 led to significant improvement in refrac-
tive error when compared to the AAV-NC + FDM group
(Figs. 4B, 4D), whereas simultaneously delaying the exten-
sion of axial length (Figs. 4C, 4E). Ex vivo sprouting exper-
iments demonstrated that inhibiting EFEMP1 could signifi-
cantly diminish the sprouting ability of choroidal endothe-
lial cells (Figs. 4F, 4G). Additionally, expression levels of
EFEMP1, FOXO3, and VEGFA in the choroid of guinea pigs
were significantly suppressed (Figs. 4H, 4I), whereas the
expression of COL1A1 in the sclera increased significantly
and α-SMA expression decreased (Fig. 4J).
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FIGURE 3. EFEMP1 overexpression promotes myopia in FDM guinea pigs and regulates choroidal vascular function in vivo and ex
vivo. (A–D) Changes in biological parameters of the right eye of each group of guinea pigs before and after the intravitreal injection of
AAV-EFEMP1 (*P < 0.05, **P < 0.01, and ***P < 0.001, versus the control group, ##P <0.01 and ###P <0.001, versus AAV-Vector + FDM
group, 2-way repeated measures ANOVA, and Bonferroni tests, n = 6 of each group). (E, F) Choroidal sprouting assay results for each group
on days 1, 4, and 7 (Bar = 500 μm, *P < 0.05, **P < 0.01, and ***P < 0.001, versus the control group, ##P < 0.01 and ###P < 0.001, versus
the AAV-Vector + FDM group, Mann-Whitney U test, and Bonferroni test, n = 5). (G, H) The expression of EFEMP1/FOXO3/VEGFA pathway
proteins after intravitreal injection (*P < 0.05, **P < 0.01, and ***P < 0.001, 1-way ANOVA, and Bonferroni tests, n = 6). (I) Representative
immunohistochemical staining images of Collagen I and α-SMA in the sclera of each group (Bar = 50 μm).
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FIGURE 4. Knockdown of EFEMP1 retards the progression of myopia in FDM guinea pigs and inhibits choroidal vascular function
in vivo and ex vivo. (A) The expression levels of EFEMP1 mRNA in the choroid of each group after injection of AAV-shEFEMP1 (**P < 0.01
and ***P < 0.001, two-way ANOVA, and Bonferroni test, n = 10 in each group). (B–E) Changes in biological parameters of the right eye
of each group of FDM guinea pigs before and after injection of AAV-EFEMP1 B and C (*P < 0.05, **P < 0.01, and ***P < 0.001, versus the
control group, ##P < 0.01 and ###P < 0.001, versus the AAV-NC + FDM group, two-way repeated measures ANOVA, and Bonferroni tests; D
and E, *P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA, and Bonferroni test, n = 10 in each group). (F, G) Results of the choroidal
sprouting assay for each group on days 1, 4, and 7 (Bar = 500 μm, *P < 0.05, **P < 0.01, and ***P < 0.001, versus the control group, ##P
< 0.01 and ###P < 0.001, versus the AAV-NC + FDM group, Mann-Whitney U test, and Bonferroni test, n = 5). (H, I) The expression of the
EFEMP1/FOXO3/VEGFA pathway proteins after intravitreal injection of AAV-shEFEMP1 (*P < 0.05, **P <0.01, and ***P < 0.001, one-way
ANOVA, and Bonferroni tests, n = 6). (J) Representative immunohistochemical staining images of Collagen I and α-SMA in the sclera of each
group (Bar = 50 μm).
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DISCUSSION

Our preliminary study suggests that EFEMP1 influences
the onset and progression of myopia by modulating the
composition and structural integrity of the extracellular
matrix.5 The role of the extracellular matrix within the sclera
is crucial for maintaining ocular structure, with remodel-
ing critical to axial elongation and myopia development.11

Hence, the function of EFEMP1 in myopia progression
warrants further investigation to elucidate its role in myopia
pathogenesis of this condition.

Current research highlights the pivotal role of reduced
choroidal blood flow-induced scleral hypoxia in the devel-
opment of myopia.12,13 Such hypoxia not only hastens
myopia progression but might also foster atypical extra-
cellular matrix remodeling by activating particular signal-
ing paths.14,15 This mechanism represents an expanding
area of focus in the pathophysiological study of myopia.
Previously, we observed anomalously elevated expression
of EFEMP1 in the choroid of FDM guinea pigs, indicating
its potential significance in choroidal pathology.6 This study
utilized AAV vectors to overexpress EFEMP1 in the choroids
of guinea pigs and subsequently investigated related signal-
ing pathways and molecular mechanisms through proteomic
sequencing.

The proteomic analysis in this study demonstrated that
EFEMP1 overexpression resulted in aberrant expression of
molecules primarily involved in the ribosome and PI3K/AKT
pathways. These findings underscore EFEMP1’s potential
to modulate cellular function and disease progression,
prompting a more in-depth exploration of its mechanis-
tic impact on myopia and choroidal angiogenesis. In stud-
ies of other ocular diseases, such as Leventinese disease
and Doyne honeycomb retinal dystrophy, it has been estab-
lished that the abnormal expression of EFEMP1 can activate
the unfolded protein response and increase VEGF expres-
sion.16 Furthermore, EFEMP1 significantly influences angio-
genesis in conditions such as primary hypertension by regu-
lating the expression of vascular endothelial growth factor
A (VEGFA).17

The transcription factor Recombinant Forkhead Box
Protein O3 (FOXO3), regulated by EFEMP1, has garnered
interest due to its involvement in autophagy, apoptosis,
and oxidative stress, as well as its potential modulation of
angiogenesis through the regulation of VEGFA transcrip-
tion. This provides valuable insights for further exploration
into molecular mechanisms.18–23 Research has demonstrated
FOXO3’s capability to suppress VEGFA expression via the
miRNA pathway, thereby inhibiting angiogenesis and tumor
metastasis.24 In rheumatoid arthritis, the FOXO3/VEGFA
pathway appears to govern angiogenic activities, aligning
with our study’s findings and suggesting FOXO3’s broader
regulatory influence on angiogenesis across various patho-
logical situations.25 Additionally, VEGFA expression is signif-
icantly elevated under hypoxic conditions, with the hypoxia-
inducible factor (HIF) serving as a crucial transcriptional
activator that enhances VEGFA transcription, promoting
vascular endothelial cell proliferation and angiogenesis.26–29

As myopia progresses, the vascular structure and hemo-
dynamics of the choroid are altered, resulting in hypoxia
and inflammatory responses in the ocular tissues. This
environment promotes VEGFA expression and exacerbates
choroidal neovascularization associated with myopia.30–32

In the context of our myopic model, FOXO3’s regu-
lation of VEGFA expression levels appeared to influence
choroidal angiogenesis. To delineate the interplay among

EFEMP1, FOXO3, and VEGFA, we conducted a suite of in
vitro experiments using RF/6A cells, manipulating EFEMP1
and FOXO3 expression through plasmid-mediated overex-
pression and siRNA-induced knockdown. Our findings indi-
cated that overexpression of EFEMP1 significantly enhanced
FOXO3 activity, which in turn elevated VEGFA expres-
sion. Conversely, FOXO3 knockdown substantially reduced
VEGFA levels, suggesting that EFEMP1 may indirectly regu-
late VEGFA through FOXO3, thus impacting choroidal vessel
formation. This novel regulatory mechanism offers an inno-
vative perspective on the pathogenesis of myopia. Subse-
quent in vivo assays confirmed these findings, revealing
that overexpression of EFEMP1 in the choroidal tissue of
FDM guinea pigs significantly accelerated the progression of
myopia. Utilizing the choroid sprouting assay, we observed
a marked increase in the vascularization potential of the
choroidal tissue in FDM guinea pigs with EFEMP1 overex-
pression. Furthermore, we noted a concurrent reduction in
COL1A1 levels and an increase in α-SMA levels within the
sclera, which aligns with alterations in choroidal angiogen-
esis. These results suggest that EFEMP1 may regulate angio-
genesis through the FOXO3/VEGFA axis and contribute to
scleral remodeling.

In summary, our study evidences that EFEMP1 orches-
trates choroidal angiogenesis through the FOXO3/VEGFA
pathway, potentially precipitating significant scleral struc-
tural alterations amid myopia pathology. These insights rein-
force the notion that future investigations should explore the
dual regulatory effects of EFEMP1 on both choroidal and
scleral pathology while assessing its therapeutic potential
as a target. Moreover, subsequent research should investi-
gate HIF’s regulatory role on the FOXO3/VEGFA axis under
hypoxic conditions, as well as the effects of blocking VEGF
on the expression of EFEMP1 and FOXO3, to gain a deeper
understanding of the role of this pathway in pathological
angiogenesis.
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