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PURPOSE. This study aims to investigate the relationship among STRA6, circadian rhythm,
and choroidal neovascularization (CNV) formation, as well as the regulatory mechanism
of STRA6 in CNV under circadian rhythm disturbances.

METHODS. C57BL/6J male mice (aged 6 weeks) were randomly divided into control and
jet lag groups (using a time shift method every 4 days to disrupt the molecular clock’s
capacity to synchronize with a stable rhythm). A laser-induced CNV model was
established in both the control and the jet lag group after 2 weeks of jet lag. The
size of CNV lesions and vascular leakage were detected by morphological and imaging
examination on the seventh day post laser. STRA6 was screened by full transcriptome
sequencing. Bioinformatics analysis was conducted to assess the variation and
association of STRA6 in the GSE29801 dataset. The effects of STRA6 were evaluated
both in vivo and in vitro. The pathway mechanism was further elucidated and confirmed
through immunofluorescence of paraffin sections and Western blotting.

RESULTS. The disturbance of circadian rhythm promotes the formation of CNV. Patients
with age-related macular degeneration (AMD) exhibited higher levels of STRA6
expression compared to the control group, and STRA6 was enriched in pathways related
to angiogenesis. In addition, CLOCK and BMAL1, which are initiators that drive the
circadian cycle, had regulatory effects on STRA6. Knocking down STRA6 reversed the
promotion of CNV formation caused by circadian rhythm disturbance in vivo, and it
also affected the proliferation, migration, and VEGF secretion of RPE cells without
circadian rhythm in vitro, as well as impacting endothelial cells. Through activation of
the JAK2/STAT3/VEGFA signaling pathway in unsynchronized RPE cells, STRA6 promotes
CNV formation.

CONCLUSIONS. This study suggests that STRA6 reduces CNV production by inhibiting
JAK2/STAT3 phosphorylation after circadian rhythm disturbance. The results suggest that
STRA6 may be a new direction for the treatment of AMD.

Keywords: wet age-related macular degeneration (wAMD), choroidal neovascularization
(CNV), circadian rhythm, full transcriptome sequencing, STRA6

Age-related macular degeneration (AMD) is the lead-
ing cause of irreversible blindness in individuals over

60 years old in developed countries.1 It significantly impacts
quality of life, leading to reduced activity levels and an
increased risk of depression or anxiety.2 Choroidal neovas-
cularization (CNV) is a key feature of advanced wet
age-related macular degeneration (wAMD) and a primary
contributor to vision loss.3 Vascular endothelial growth
factor (VEGF) plays a pivotal role in its development.4

Currently, anti-VEGF drugs are commonly used in CNV treat-
ment. Despite their efficacy in reducing abnormal blood
vessel formation, only 30% to 40% of patients experience
improved vision following intravitreal anti-VEGF therapy,
with drug resistance posing a significant obstacle.5 Conse-
quently, further research into synergistic anti-VEGF therapy
is imperative.

The daily rhythm of light/dark cycle is a key zeitgeber
(time cue), which plays a critical role in human physiology.6

Suprachiasmatic nucleus (SCN), as the main biological clock
of mammalian circadian rhythm system, transmits signals
to tissues and organs by regulating related downstream
factors and interacting with endogenous clocks, causing
cyclic changes in various indicators of the body.7–9 The high-
est and lowest values of expression are separated by about
12 hours and undergo a full cycle within 24 hours.10 Disrup-
tions to these rhythms, such as frequent shifts between day
and night schedules, can heighten the risk of disease. Many
diseases caused by pathologic angiogenesis are linked to
disturbances in circadian rhythms, underscoring the impor-
tance of understanding their impact on disease development.
Previous studies have found that core clock proteins are
expressed in the outer and inner layers of the retina, but
only in the cones’ photoreceptors do these proteins show
circadian changes.11,12 Photoreceptors rely on close inter-
action with the retinal pigment epithelium (RPE) to renew
their photosensitive outer segments by shedding continuous
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discs,13,14 a process that represents circadian rhythms.15

Studies have demonstrated that the RPE exhibits circadian
rhythm and is implicated in the pathogenesis of AMD as a
major source of VEGF.16 These findings suggest a significant
relationship between circadian rhythm and the development
of AMD.

The visual perception of photoreceptors depends on the
interaction of light incident photons with retinol (ROL). It
is transported in a complex with retinol binding protein
(RBP) and delivered to photoreceptors through choroidal
blood flow behind the RPE.17,18 Stimulated by retinoic acid
6 (STRA6) is a multiplex transmembrane region protein that
functions as a specific membrane receptor for RBP, exhibit-
ing high affinity in binding RBP and efficient uptake of
vitamin A from the ROL-RBP complex.17 STRA6 is essen-
tial for visual response. In the absence of STRA6, the length
of the inner and outer segments of rods decreased, and the
number of cones decreased, as were scotopic and photopic
responses.19 Studies have indicated a high expression of
STRA6 in RPE cells, attributed to the conducive physiologi-
cal environment for its signal transduction.20 RPE needs to
absorb large amounts of vitamin A for proper visual func-
tions. The point mutations in human STRA6 associated with
birth defects cause severe or complete loss of vitamin A
uptake activity from holo-RBP.21 Vitamin A affects the body’s
subjective response to day and night, which in turn affects
the biological clock.22 In addition, STRA6 expresses the
circadian rhythm and regulates diurnal insulin responses.23

However, excessive intake of ROL can lead to an increase
in all-trans ROL, a pro-angiogenic factor that interacts with
RPE cell base side via the STRA6 protein and is a potential
risk factor for wet AMD.24 The relationship among STRA6,
circadian rhythm, and CNV formation requires further inves-
tigation.

Numerous studies have demonstrated the significant
involvement of the Janus kinase 2 (JAK2)/signal trans-
duction and activator of transcription 3 (STAT3) signaling
pathway in angiogenesis.25 Furthermore, VEGFA, a crucial
factor in the regulation of angiogenesis, has been iden-
tified as a downstream target gene of this pathway.25–27

The binding of STRA6 to RBP can lead to the recruit-
ment and activation of JAK2, facilitating the nuclear translo-
cation of STAT3.20 Moreover, the overexpression of JAK2
was observed to enhance retinol uptake only in the pres-
ence of STRA6.28 Our GSVA pathway enrichment analy-
sis indicates that STRA6 is linked to lipid metabolism,
and this change in function is associated with increased
JAK2/STAT3 signal transduction.29 Based on these findings,
it is hypothesized that STRA6 may promote angiogene-
sis by upregulating VEGFA through the JAK2/STAT3 path-
way.

Our study revealed a significant increase in CNV
following circadian rhythm disturbance. At the same
time, the expression of STRA6 and VEGFA was signifi-
cantly upregulated, and they had similar expression condi-
tions. Knocking down STRA6, both in vivo and in vitro,
resulted in a reduction in the range of ocular lesions, as
well as in the migration and proliferation of RPE cells
and endothelial cells. These findings provide compelling
evidence for the involvement of STRA6 in regulating angio-
genesis in the context of circadian dysregulation and
suggest that mitigating the effects of circadian rhythms
via the STRA6/JAK2/STAT3/VEGFA signaling pathway may
be a therapeutic strategy to prevent the development
of CNV.

MATERIALS AND METHODS

Ethics Statement

The animal studies were approved by the Ethics Commit-
tee of Animal Experiments at Nantong University (Nantong,
China; approval ID: S20220822-902), and all the processes
were in strict accordance with the Standard Operating Proce-
dures for Laboratory Animal Center of NTU. All methods
were reported in accordance with the ARVO Animal State-
ment.

Mouse Model of Circadian Rhythm and Jet Lag

Six-week-old male C57BL/6J mice were provided by Shang-
hai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All
the mice were randomly divided into two groups: the circa-
dian rhythm group and the jet lag group, after being accli-
mated to natural diurnal cycle conditions for 1 week. The
circadian rhythm group was exposed to 300 Lux of light
from 8:00 (zeitgeber time 0 [ZT0]) to 20:00 (zeitgeber time
12 [ZT12]) and kept in darkness from 20:00 to 8:00 to mimic
a consistent day-night cycle.30,31 The jet lag group experi-
enced an 8-hour forward shift every 4 days, relative to the
normal 12/12-hour cycle.32 This protocol was followed for
an additional 3 weeks.

Mouse CNV Model

Each mouse was anesthetized with a 0.15 mL intraperi-
toneal injection of a 1% pentobarbital sodium (50 mg/kg).
Following complete anesthesia, the eyes were dilated using
compounded tropicamide eye drops. Topical anesthesia with
proparacaine hydrochloride eye drops was applied to keep
the cornea moist with sodium hyaluronate. The 532 nm
frequency-doubling laser, with a spot size of 100 μm, power
of 100 mW, and duration of 150 ms, from the multi-
wavelength Kryptonion fundus treatment laser (Coherent,
USA) was utilized for laser photocoagulation. This was
carried out at the 3, 6, 9, and 12 o’clock positions around
the mouse optic disc, approximately one optic disc diame-
ter apart.

Fundus Fluorescein Angiography

Mice were anaesthetized by intraperitoneal injection on days
3, 7, 14, and 21 following laser photocoagulations. Two
percent concentration of 10% sodium fluorescein diluted
with PBS was administered at a volume of 0.1 mL per
injection. Fundus angiographic leakage was observed and
sequential real-time fundus fluorescein angiography (FFA)
images were captured with Saris Multi-Modal Ophthalmic
Imaging System for Animal (Robotrak, China) 1 to 2 minutes
after fluorescein injection post-injection.

Optical Coherence Tomography Angiography

The mice were anesthetized with 0.5% sodium pentobarbi-
tal by intraperitoneal injection and the eyes were dilated
using compound tropicamide eye drops. After 10 minutes,
the thickness, area, and central abnormal blood flow of the
lesion were photographed via 400 kHz SS-OCTA instrument
(BM400K; TowardPi Medical Technology Co., Ltd., Beijing,
China). Optical coherence tomography angiography (OCTA)
data were obtained with a raster scan protocol of 1536 (hori-
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zontal) × 1280 (vertical) B-scans. We scanned the BOTTOM-
RPE layer and observed blood flow imaging in the capillary-
free layer of the choroid. The thickness and area were quan-
tified in the OCTA machine. The measurement position was
always centered at the fovea without any rotation and the
data from the left eyes were horizontally flipped for statis-
tical analysis. Abnormal blood flow areas were quantified
using ImageJ software (National Institutes of Health, USA).
All the data were analyzed using GraphPad Prism software
(version 9.5.1).

Mouse Intravitreal Injection

Cholesterol modified si-STRA6 and si-NC (Servicebio, China)
were injected intravitreal in the eyes of CNV mice with a
Hamilton syringe (Sigma-Aldrich, Allentown, PA, USA) at a
rate of 0.1 nm per mouse on the first day after laser photo-
coagulation. After anesthesia and immobilization, the mice
were treated with eye disinfection, dilation, and topical anes-
thetic. The needle was inserted vertically at 1 mm behind the
corneal limbus and tilted away from the lens. After complet-
ing the injection, and waiting for about 10 seconds, we used
aureomycin eye cream to prevent infection. The sequences
of the primers used are shown in Supplementary Document
S1.

Western Blotting

Following dissection and extraction of the mouse RPE-
choroid-sclera complex, protein extract was prepared using
RIPA buffer supplemented with a protease inhibitor mixture
(Thermo, USA). The protein concentration was quanti-
fied utilizing a BCA protein assay (Thermo Fisher Scien-
tific, Waltham, MA, USA). Subsequently, electrophoresis was
performed on a 10% SDS-polyacrylamide gel, followed
by transfer to a PVDF membrane (Merck, Darmstadt,
Germany) and blocking with 5% skim milk for 2 hours.
The primary antibody was then incubated overnight at 4°C,
followed by incubation with the secondary antibody at room
temperature for 2 hours. Detection of immune complexes
was achieved using a chemiluminescence kit (SuperSig-
nal ECL Kit; Thermo Fisher, USA). The mean intensity
(intensity/area) of bands was determined and normalized
against α-Tubulin using ImageJ software (National Institutes
of Health, USA), and the experiment was independently
repeated three times. STRA6 antibody was purchased from
Novus (1:500; USA). BMAL1, JAK2, P-JAK2, STAT3, P-STAT3
antibodies were purchased from Cell Signaling Technology,
Inc. (1:1000; USA). The CLOCK antibody was purchased
from Abcam (1:2000; USA). VEGFA and α-Tubulin antibod-
ies were purchased from Proteintech (1:1000; China). All the
data were analyzed using GraphPad Prism (version 9.5.1)
software.

Hematoxylin and Eosin Staining

Following removal of mouse eyeballs, fixation was carried
out with 4% paraformaldehyde (PFA) at 4°C overnight
(approximately 12 hours). Subsequently, dehydration was
performed using a series of sucrose solutions with concen-
trations of 5%, 10%, 20%, and 30% for 4 hours each at
4°C. Once dehydration was completed, embedding in paraf-
fin wax was conducted with the eye axis positioned hori-
zontally, followed by vertical sectioning using a laser. The
sections were then subjected to roasting at 65°C, dewax-

ing, dehydration, and staining with hematoxylin and eosin
(H&E). Finally, the samples were sealed with resin and
imaged using a Leica Thunder high-resolution fluorescence
microscope.

Fluorescence Staining of Choroidal Slides

After the mouse eyeballs were fixed with 4% paraformalde-
hyde (Beyotime, China) for 2 hours, the cornea, iris, lens, and
vitreous were removed, and the RPE-choroid-sclera complex
was preserved. After permeabilization with 2% Triton
(Sigma-Aldrich, USA) and 5% BSA (Saiguotech, China) for 30
minutes, the tissues were incubated with primary antibodies
overnight at 4°C. The tissues were removed from the refrig-
erator the next day and washed 3 times with PBS (Service-
bio, China) for 10 minutes each time. Next, the tissues were
incubated with the fluorescent secondary antibody at room
temperature for 2 hours. The RPE-choroid-sclera complexes
were removed superfluous liquid, flat-mounted onto glass
slides. Avoid light throughout the above process. A DAPI-
containing anti-fluorescence-quenched sealing tablet (South-
ernBiotech, USA) was dripped on the slide, and images
were taken with the Nikon Spatial Array Confocal (NSPARC)
detector (Nikon, Japan). Image J software (National Insti-
tutes of Health, USA) was used to analyze the fluorescence
images. All the data were analyzed using GraphPad Prism
software (version 9.5.1). CD31 antibody was purchased from
R&D Systems (1:15; USA). IB4 antibody was purchased
from Vector (1:200; USA). Fluorescent secondary antibody of
donkey anti-goat was purchased from Abcam (1:200; USA).

RNA Extraction and Quantitative PCR

After the mouse RPE-choroid-sclera complex was dissected,
total RNA was isolated with Trizol (Invitrogen, USA), chlo-
roform, isopropyl alcohol, and other reagents. First strand
cDNA was synthesized by reverse transcription from 1 μg
total RNA using PrimeScript RT Master Mix Kit (TaKaRa,
Japan). Using Fast SYBR Premix EX Taq II (TaKaRa, Japan)
for ABI Prism 7900 RT-qPCR (Applied Biosystems Inc.,
USA), and the relative expression levels were calculated
using the relative quantization 2−��CT method. Primers were
purchased from Shanghai Sangong Biotechnology (Shang-
hai, China), and the primer used was as follows:

STRA6-Forward primer: 5ʹ-AGACAGGCAGGAGGTGGTA
GAG-3ʹ;

STRA6-Reverse primer: 5ʹ-CGGATCAGGAGCAGGAAG
GTTG-3ʹ.

GAPDH-Forward primer: 5ʹ-GGTTGTCTCCTGCGAC
TTCA-3ʹ;

GAPDH-Reverse primer: 5ʹ-TGGTCCAGGGTTTCTTAC
TCC-3ʹ.

Immunofluorescence of Paraffin section of Eyeball

The paraffin slices were baked in the oven at 65 degrees
for 3 hours. Dewaxing was done with xylene and hydra-
tion with 100% to 75% alcohol and distilled water. Antigen
repair was performed with sodium citrate antigen repair
solution (pH 6.0) at 95 degrees to 100 degrees tempera-
ture for 20 minutes. Then, they were soaked in 0.5% Triton
X-100 and 3% H2O2 at room temperature. Then, sealed
with 5% BSA at room temperature for 1 hour. After incu-
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bating the primary antibody at 4 degrees overnight, they
were incubated with the corresponding secondary antibody
at room temperature and away from light for 2 hours. The
tablets were sealed with anti-fluorescence quenching solu-
tion SouthernBiotech (USA) containing DAPI. The images
were taken with the Leica Thunder high resolution fluores-
cence microscope. IB4 antibody was purchased from Vector
(1:200; USA). STRA6 antibody was purchased from Novus
(1:500; USA). F4/80 antibody was purchased from Service-
bio (1:500; China). Fluorescent secondary antibody of goat
anti-mouse and goat anti-rabbit was purchased from Abcam
(1:200; USA).

Cells

The human retinal pigment epithelial cell line ARPE-19
was purchased by the Eye Institute of Affiliated Hospi-
tal of Nantong University from Shanghai Enzyme Research
Biotechnology Co., LTD. (Shanghai, China). HUVEC and
RF/6A cells were obtained from ATCC (Manassas, VA, USA).
ARPE-19 and HUVEC were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F12 medium nutrient Mixture
F-12 (Ham’s; 1:1) with L-Glutamine and Sodium Pyruvate,
with Hepes 15 mM DMEM: F12 (1:1) supplemented with 10%
fetal bovine serum (FBS; Gibco, Rockville, MD, USA) and 100
U/mL penicillin-streptomycin mixture (Gibco, USA) at 37°C
in 5% CO2. RF/6A cells were grown in EMEM containing 10%
FBS and 1% penicillin-streptomycin.

Establishment of Cell Model

Glucocorticoids can activate signaling pathways that influ-
ence circadian molecular oscillators.33 They are not only
periodically secreted like melatonin, but the glucocorticoid
receptor (GR) is ubiquitously expressed in nearly all cells. In
addition, its impact on the expression of circadian rhythm
genes in tissues is independent of the central SCN pace-
maker.34 Hypoxia is a significant risk factor for the devel-
opment of AMD, which is caused by age-related changes
in retinal barrier structure, leading to deterioration of the
supply of nutrients and oxygen to photoreceptors through
RPE cells.35 To simulate AMD, a cellular hypoxia model
was created using cobaltous chloride (CoCl2) and synchro-
nized cellular circadian rhythms with dexamethasone (DEX).
Because serum shock induces the expression of the circa-
dian rhythm gene in mammalian tissue culture cells,36

serum-free medium is used to eliminate this effect. We added
100 nM concentration of DEX (MCE, USA) to ARPE-19 cells
cultured in serum-free medium for 15 minutes to synchro-
nize the circadian rhythm in the cells. After 48 hours, a
serum-free medium containing 200 μM of COCL2 (Sigma-
Aldrich, Germany) was replaced. Samples were collected
every 4 hours after 60 hours of synchronization, which is
served as the circadian rhythm group. Because DEX was
dissolved with DMSO (Solarbio, China), the same concen-
tration of DMSO was used to stimulate the control group for
15 minutes. The concentration of JAK2 pathway inhibitor
Fedratinib (MCE, USA) was 3 nM.

Enzyme Linked Immunosorbent Assay

The Human VEGFA ELISA kit (Bosterbio, China) was used to
detect the VEGFA content in the cell supernatant. The kit was
removed from the refrigerator at 4°C and rewarmed at room
temperature for 30 minutes. We then collected 100 μL/well

of different groups of cell supernatant and added it to the 96-
well plate. Then, we sealed it with a sealer film and placed it
in a 37 degrees incubator for 1.5 to 2 hours. After the liquid
in the plate was completely removed, the prepared biotin-
labeled antibody working solution (100 μL/well) was added
and incubated in the incubator for 1 hour. Then, we added
SA - HRP working solution and incubated it for 0.5 hours.
After the liquid was removed, 90 μL TMB of color developing
solution was added to each well. Then, we incubated it in the
incubator away from light for 7 to 30 minutes and washed
off the color developing solution. TMB termination solution
(100 μL/well) was added, and the OD values of each group
were detected, and the corresponding concentrations were
calculated using an enzyme-labeler (Bio-Rad Laboratories,
USA).

Cell Counting Kit-8

After cell count and dilution (3000–5000 cells/100 μL), each
100 μL hole was added into the 96-well plate one by one,
with 4 pairs of holes in each group. When the cells had
grown to about 80%, the drug was added. After the appropri-
ate stimulation time, the cell counting kit-8 (CCK8) reagent
(10 μL/well; DOJINDO, Japan) was added and incubated
at 37°C for 2 hours. The absorbance of each group was
measured at 450 nm using an enzyme-labeler (Bio-Rad Labo-
ratories, USA). The number of surviving cells was calculated
using Image J software.

Wound Healing Assay

After the cells grew to 100% confluent in the 6-well plate,
a 200 μL pipette tip was used to move vertically across
the monolayer cells to produce “wound damage.” Then, we
removed the cell debris with PBS. After photographing the
scratch area for 0 hours, the cells were incubated again
using serum-free medium to put the cells in a serum-starved
state to exclude proliferation. Images of the same locations
were recorded at different points in time to assess the lateral
migration ability of the cells. The scratch area was quanti-
fied, and the mobility was calculated using ImageJ software.

Transwell Assay

Cells were cultured with serum-free medium for 12 to
24 hours to further remove the influence of serum, and the
cells with 70% to 80% confluent degree were digested and
then re-suspended with serum-free medium. Then, the count
and adjusted cell density was changed to 2.5 * 105/mL. The
upper chamber was inoculated with 200 μL cell suspension,
and the lower chamber was added with 500 μL medium
containing 10% serum. After further culture, it was fixed with
4% PFA and stained with 1% crystal violet (Beyotime, China).
Images were taken using microscope (Leica Thunder) and
quantified using the ImageJ software.

Endothelial Cell Tube Formation Assay

Matrigel matrix glue (300 μL; BD Biosciences, Canada) was
laid flat on a 24-well plate. Cells with a density of 30*
104 were inoculated with 300 μL and the well plates were
further incubated in an incubator for 3 to 6 hours. Random
images are obtained using a microscope (Leica Thunder).
The Angiogenesis analyzer of the ImageJ plug-in was used to
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quantify the tube formation ability by counting the number
of branches and tubes.

Cellular Immunofluorescence

After the cell slides were placed in 24-well plates, 300 μL
of ARPE-19 cell suspension was added to each well. When
the cells grew to 70% to 80%, 4% paraformaldehyde was
added and fixed at room temperature. Then, the 0.5% Triton
X-100 + 5% BSA was closed at room temperature for
2 hours. After incubating the primary antibody at 4 degrees
overnight, we incubated the corresponding secondary anti-
body at room temperature and away from light for 2 hours.
The tablets were sealed with anti-fluorescence quenching
solution SouthernBiotech (USA) containing DAPI. Images
were taken with the Leica Thunder high resolution fluo-
rescence microscope. STRA6 antibody was purchased from
Novus (1:200; USA). Fluorescent secondary antibody of goat
anti-rabbit was purchased from Abcam (1:200; USA).

EdU Assay for Cell Proliferation

After the cell slides were placed in 24-well plates, 300 μL cell
suspension was added to each well. Please refer to the kit
instructions for testing. All EdU reagents were obtained from
the EDU-594 cell proliferation assay kit (Beyotime, China).
The tablets were sealed with anti-fluorescence quench-
ing solution SouthernBiotech (USA) containing DAPI. The
images were taken with the Leica Thunder high resolution
fluorescence microscope.

Cell siRNA Transfection

Transfection was performed using jetPRIME cell siRNA trans-
fection reagent (Polyplus, France). The cells were inoculated
into 6-well plates (10–15 *104 cells/well) with 2 mL medium
per well. After the cell fusion reached 50%, the siRNA was
added to the jetPRIME buffer, immediately swirled for 2 to 3
seconds, and then centrifuged. The vortex was mixed imme-
diately for 2 to 3 seconds and centrifuged. After incuba-
tion at room temperature for 10 to 15 minutes, the trans-
fection complex was formed, and the transfection complex
was added to the cells containing serum. We gently shook
the culture vessel to distribute the transfection compound
evenly into the cells. The si-STRA6 and si-NC were synthe-
sized by Generalbio (China). The sequences of the primers
used are shown in Supplementary Document S1.

Luciferase Assay

BMAL1 transcription factor (pSE6884), CLOCK transcrip-
tion factor (pSE7084), STRA6 WT promoter (pSE7565),
TK-RLUC (pRL-TK), Promoter vector (pGL3-Basic), Posi-
tive control vector (pGL3-Control), and Transcription factor
vector (pCDNA3.1) were synthesized and constructed by
Sangon Biotech (Shanghai, China). The 293T cells were inoc-
ulated into 24-well plates at a confluent rate of 30% to
50%, with 3 compound pores in each group. The target
and control plasmids were transfected 12 to 20 hours later.
Preparation of DNA and transfection reagents: when trans-
fecting plasmid with 24-well plates, the ratio per well is
DNA: transfection reagent = 320 ng: 3 μL; Transcription
factor: promoter: TK-RLUC = 75 ng: 225 ng: 20 ng. The
mixture and transfection reagent were diluted, respectively,
and incubated at room temperature for 5 minutes. The

diluted mixture was mixed with the transfection reagent,
incubated at room temperature for 20 minutes, and then
added to the cell sample. Then, 6 hours after transfection,
the fluid was changed. At 48 hours after the transfection,
the medium was discarded and washed once with 1 × PBS.
The 24-well plate was tilted and drained of the remaining
PBS. Then, 1 × PLB was prepared and stored at 4°C before
use. We then added 200 μL diluted 1 × PLB to each well
and shook at 4°C for 15 minutes in a shaker for cracking.
Then, we placed a white, light-tight 96-well plate on ice and
added 20 μL pre-mixed LAR II to each hole. The cracked cells
and PLB were blown and sucked repeatedly and added into
the pore plate. Then, 29 μL of PBS was added to each hole,
and the supernatant of the cell lysate was 1 μL. Luciferase
activity was detected by enzymoscope (Tecan, Switzerland)
after 2 seconds. Then, immediately we added 20 μL pre-
mixed Stop & Glo Reagent to each hole, and test data after
left standing still for 2 seconds. We then divided the data
from Firefly luciferase by the data from Renialla luciferase
and plot it with Image J software (National Institutes of
Health, USA). The Dual-Luciferase Reporter Assay System
was purchased from Promega (USA). The carrier synthesis
report is located in Supplementary Document S3.

Transcriptome Sequencing and Bioinformatics
Analysis

We extracted RPE-choroid-scleral complex tissues from two
groups of mouse eyeballs for full transcriptome sequencing.
The sequencing data have been deposited in the NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/
geo/) database under the accession code GSE253949. The
differential expression of messenger RNAs (DEmRNAs)
between the two group samples was identified using the
“limma” package. Using the limma R package, we identi-
fied differentially expressed genes (DEGs) between 2 risk
groups according to the following conditions: log2|FC|>1,
an adjusted P value < 0.05 and a false discovery rate (FDR)
< 0.05. In addition, we conducted differential expression
gene analysis and GSVA enrichment analysis on the public
dataset GSE29801 (n = 293). Using the “GSVA” R package,
the related pathways of gene enrichment were identified.

Protein-Protein Interaction

Based on STRA6, all proteins that have direct inter-
actions were obtained using the Search Tool for the
Retrieval of Interacting Genes Database (STRING; https://
cn.string-db.org/). These interactions produce non-directed
edges between protein nodes. The protein–protein inter-
action (PPI) networks were constructed and visualized by
Cytoscape 3.9.0.

Prediction of Transcription Factor Binding Sites

Calculate STRA6 promoter regions (Chr15: 74212160–
74214259) through the NCBI database (https://www.ncbi.
nlm.nih.gov/). CLOCK was selected as the transcription
factor in the JASPAR database (https://jaspar.elixir.no/) and
the STRA6 promoter region sequence was copied to “Scan.”
We then set the relative score threshold to 90%. The binding
sites were screened according to the score. We used WebL-
ogo (https://weblogo.threeplusone.com/create.cgi) to draw
images. Promoter sequences and possible binding sites are
in Supplementary Document S2.

https://www.ncbi.nlm.nih.gov/geo/
https://cn.string-db.org/
https://www.ncbi.nlm.nih.gov/
https://jaspar.elixir.no/
https://weblogo.threeplusone.com/create.cgi
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Statistical Analysis

In this study, all statistical analyses were performed using
R software (version 4.1.2; https://www.r-project.org/) and
GraphPad Prism software (version 9.5.1). Analysis of vari-
ance and Student’s t-test were used for comparison between
groups. All values were expressed as mean ± SEM. Any
P value < 0.05 was considered statistically significant.

RESULTS

Circadian Rhythm Disturbance Promotes CNV in
Mouse Model

Mice models of circadian rhythm and jet lag were
constructed, as illustrated in Figure 1A. The abnormal blood
flow signals at the laser site confirmed neovascularization,
thus validating the successful establishment of the laser
model (Fig. 1B). The transcription factor BMAL1 and CLOCK

are central components of the mammalian biological clock,
and serve as its primary driver.33 We confirmed the success-
ful induction of circadian disturbance by detecting abnormal
oscillatory expression of BMAL1 and CLOCK (Figs. 1C–F). As
shown in Figure 1G, fundus leakage was most pronounced
on the seventh day post laser. Consequently, the seventh day
was chosen to investigate the impact of circadian rhythm
disturbance on CNV formation. The H&E staining and CD31
immunofluorescence indicated a significant increase in CNV
size in mice with jet lag compared to those with normal
circadian rhythm (Figs. 1H–K).

The Expression of STRA6 is Upregulated in
Circadian Rhythm Disturbance and CNV

Further, we performed full transcriptome sequencing
(Fig. 2A). Subsequent analysis revealed 290 genes with
increased expression and 425 genes with decreased expres-

FIGURE 1. Establishment of animal model of jet lag and its influence on CNV formation. (A) Schematic diagram of mouse circadian rhythm
disturbance combined with laser-induced CNV model construction. (B) Fundus OCTA of mice on day 7 after laser (scale = 50 μm). (C to F)
Expression of clock gene BMAL1 and CLOCK in mouse RPE-choroid-sclera complex (n= 5 mice at each time point/group). (G) FFA images
of mouse CNV model induced by laser at different time points (n = 3/group, scale = 100 μm). (H and J) CD31 immunofluorescence of
mouse eye choroidal film (n = 3/group, scale = 1000 μm and 100 μm). (I and K) H&E staining was performed on the section of mouse eye
lesions (n = 3/group, scale = 100 μm). CL, choroid layer; INL, inner core layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium;
SL, sclera layer; ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

https://www.r-project.org/
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FIGURE 2. Correlation analysis of STRA6 and the influence of circadian rhythm and CNV on it. (A) Schematic diagram of complete tran-
scriptome sequencing in mouse tissue. (B) Venn diagram of mRNA upregulation and downregulation in sequencing results. (C) Analysis
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of STRA6 gene expression differences in public dataset GSE29801 (n = 293). (D) Heat map of GSVA analysis in patients with AMD with
high and low STRA6 expression. (E) STRA6 protein-protein interaction. (F) A possible binding site to the CLOCK gene. (G) Luciferase assay
showed the regulatory effects of BMAL1 and CLOCK on STRA6. (H) The expression of STRA6 mRNA in each group was detected by qRT-PCR
(n = 3 independent experiment). (I and J) STRA6 protein expression levels in each group (n = 3 independent experiments). (K to M) The
expression of STRA6 and VEGFA protein in RPE-choroid-sclera complex in CNV model mice induced by laser at different time points (n =
3 independent experiments). ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

sion in the disturbed group. Notably, genes such as SCD1,
ATP11A, LY6C1, STRA6, and HMOX2, exhibited significant
differences in expression levels among those with increased
expression, whereas ATP5C1, BASP1, COL1A2, RPL18A, and
FAM107A showed prominent differences among those with
decreased expression (Fig. 2B). STRA6 was selected for
follow-up experiments based on its related research on circa-
dian rhythm and neovascularization. Analysis of the public
dataset GSE29801 (n = 293) indicated that STRA6 was
expressed at higher levels in patients with AMD compared to
the control group (Fig. 2C). GSVA revealed that patients with
AMD with high or low STRA6 expression were differentially
enriched in the pathways that promote angiogenesis, includ-
ing inositol phosphate metabolism, the phosphatidyl inositol
signaling system (PI3K/AKT),37 pantothenic acid, and Coen-
zyme A biosynthesis,38 etc. (Fig. 2D). PPI indicated interac-
tions of STRA6 with CYP26A1, CALML3, TTR, etc. (Fig. 2E).
Finally, we analyzed the sequence characteristics of STRA6
promoter, and identified the possible binding sites to the
CLOCK gene through the JASPAR database (Fig. 2F). In addi-
tion, we confirmed the regulatory effects of BMAL1 and
CLOCK on STRA6 by Luciferase Assay (Fig. 2G). These anal-
yses provide valuable insights for further mechanism-related
research.

To verify the accuracy of the sequencing results, RT-
qPCR and Western blotting (WB) were used to assess STRA6
expression levels in different groups of mice. The findings
revealed a significant upregulation of STRA6 expression in
the jet lag group, with laser-induced CNV formation further
enhancing this expression (Figs. 2H–J). To investigate the
correlation between STRA6 and VEGF and determine the
optimal time point for subsequent studies, we examined the
expression of proteins on days 3, 7, 14, 21, and 28. We found
that both had a similar expression trend, increasing gradu-
ally in the early stage, reaching a peak value on the seventh
day after laser, and then gradually decreasing. This finding
suggests that there may be some association between them,
and that the 7-day time point was chosen due to the highest
expression (Figs. 2K–M).

The Knockdown of STRA6 Inhibits the Promotion
of CNV Formation In Vivo by Jet Lag

To investigate the impact of STRA6 on CNV in vivo, siSTRA6
was injected into the vitreous cavity of C57BL/6J mice for a 2-
week period, with siNC serving as the control. Three distinct
siRNAs were designed to knock down STRA6 levels in the
mouse RPE-choroid-sclera complex. RT-qPCR and WB illus-
trated that all three siRNAs effectively decreased the protein
expression of STRA6 (Figs. 3A–C). siRNA #1 was selected
for subsequent experiments due to its superior knockdown
efficiency. Subsequent verification confirmed the signifi-
cant reduction in STRA6 levels following siSTRA6 injection
(Fig. 3D). Immunofluorescence analysis of IB4 choroidal
flat-mount revealed an increase in neovascularization after
circadian rhythm disturbance, which was reversed upon

STRA6 knockdown (Figs. 3E, 3F). These findings suggest an
important role for STRA6 in pathological angiogenesis under
conditions of disrupted circadian rhythms. The H&E stain-
ing demonstrated that STRA6 knockdown led to reduced
neovascularization (Figs. 3G, 3H). Additionally, OCTA indi-
cated a certain extent of reduction in neovascularization
thickness, area, and abnormal blood flow under jet lag
conditions following STRA6 knockdown (Figs. 3I–L). Collec-
tively, these results indicate that STRA6 knockdown miti-
gates CNV formation promoted by circadian disturbance in
vivo.

STRA6 Influenced ARPE-19 Cell Proliferation,
Migration, and VEGF Secretion in the Case of
Unsynchronized Circadian Rhythms

We carried out in vitro studies through cell experiments.
Immunofluorescence staining of APRE-19 revealed signifi-
cant nuclear expression of STRA6 (Fig. 4A). Subsequently,
we established a model of cellular circadian rhythm
combined with hypoxia. The optimal concentrations were
determined through CCK8 screening (Figs. 4B, 4C), and
COCL2 was selected at a concentration of 200 μM (μmol/L).
Combining our own results and its use in other literature,
we chose a concentration of 100 nM (nmol/L) for subse-
quent experiments. The construction of the model is illus-
trated in Figure 4D. The clock gene BMAL1 and CLOCK were
used to demonstrate the effectiveness of modeling (Figs. 4E–
H).

In the following study, the expression of STRA6 in ARPE-
19 cells was reduced through transfection of siRNA, with
siSTRA6 #3 demonstrating the highest knockdown efficiency
(Figs. 4I, 4J). The effectiveness of knockdown was confirmed
by WB analysis in Figure 4K. Transwell and wound healing
assays indicated a decrease in the migration ability of ARPE-
19 cells after circadian rhythm synchronization, with a simi-
lar effect observed in cells without circadian rhythm upon
STRA6 knockdown (Figs. 4L–Q). The proliferation experi-
ment of CCK-8 in Figure 4R showed that cells with unsyn-
chronized circadian rhythm had strong proliferation ability,
which was effectively inhibited by STRA6 knockdown. ELISA
demonstrated a decrease in VEGF secretion in the cell super-
natant post-circadian rhythm synchronization, which further
decreased following STRA6 knockdown. Interestingly, non-
rhythmic cells exhibited a more significant inhibition of
VEGF secretion after STRA6 knockdown compared to cells
with synchronized circadian rhythm (Fig. 4S). These findings
suggest that STRA6 knockdown leads to reduced prolifera-
tion and migration of unsynchronized RPE cells, along with
decreased VEGF secretion.

KnockDown STRA6 Inhibits Endothelial Cells
Multiplication, Migration, and Tube Formation

Pathologically elevated VEGF promotes the pathological
growth of endothelial cells, leading to CNV. We collected the
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FIGURE 3. Effects of STRA6 knockdown on CNV formation in vivo. (A) The expression of STRA6 mRNA in each group was detected by qRT-
PCR (n = 3 independent experiment). (B and C) STRA6 protein expression levels in each group (n = 3 independent experiments). (D) STRA6
knockdown verification (n = 3 independent experiments). (E and F) The scale of neovascularization was shown by IB4 immunofluorescence
in mouse choroid (n = 3/group, scale = 100 μm). (G and H) H&E staining was performed on slices of diseased eye area of mice (n =
3/group). CL, choroid layer; INL, inner core layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; SL, sclera layer; scale = 100 μm).
(I to L) OCTA showed the thickness, area, and blood flow of new vessels in each group (n = 3/group, scale = 200 μm). ZT, zeitgeber time;
error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

supernatant of ARPE-19 cells from each group and cultured
HUVECs and RF/6A cells. Transwell and wound healing
assays revealed that under hypoxia conditions, the ARPE-19
cell supernatant reduced the migration capacity of endothe-
lial cells compared to the control group when synchronized
with the circadian rhythm, with similar effects observed
after STRA6 knockdown (Figs. 5A–E, Figs. 6A–E). In the
tube formation assay, both synchronized circadian rhythm
and ARPE-19 supernatant treated with siSTRA6 significantly
reduced the cumulative number of tubular structures formed
by HUVECs and RF/6A cells (Figs. 5F–H, Figs. 6F–H). EdU
proliferation assay results demonstrated that culturing with
ARPE-19 supernatant post-STRA6 knockdown effectively
alleviated the problem of enhanced proliferation ability of
HUVECs and RF/6A cells caused by unsynchronized cell

supernatant (Figs. 5I, 5J, Figs. 6I, 6J). These findings provide
evidence for the role of STRA6 knockdown in inhibiting
angiogenesis in the context of circadian rhythm disturbance.

STRA6 is Involved in Inflammation and is
Associated With VEGF

Immunofluorescence staining was performed on mouse
eyeballs 7 days post-laser injury using markers for
macrophages (F4/80), endothelial cells (IB4), and STRA6.
The results revealed significant enrichment of STRA6 in
the lesions, showing high colocalization with macrophages,
which were concentrated around the laser injury sites.
In addition, STRA6 is expressed internally in choroidal
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FIGURE 4. Construction of circadian rhythm cell model and effect of STRA6 knockdown on RPE cell function in vitro. (A) Immunofluores-
cence staining of ARPE-19 cells (n = 3 independent experiments; red = STRA6, blue = DAPI; scale = 200 μm). (B) The effects of different
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concentrations of COCL2 on the proliferation of ARPE-19 cells were detected by CCK8 (μmol/L; n = 3 independent experiments). (C) The
effects of different concentrations of DEX on the proliferation of ARPE-19 cells was detected by CCK8 (nmol/L; n = 3 independent exper-
iments). (D) Schematic diagram of cell synchronization circadian rhythm model construction. (E to H) Expression of clock gene BMAL1
and CLOCK protein in ARPE-19 cells in each group (n = 3 independent experiments). (I and J) STRA6 protein expression levels in each
group (n = 3 independent experiments). (K) STRA6 knockdown verification (n = 3 independent experiments). (L to N) Transwell showed
the migration of ARPE-19 cells (n = 3 independent experiments; scale = 6–12 hours 200 μm, 8 hours 50 μm). (O to Q) The wound healing
assay showed the migration of ARPE-19 cells in each group at 24 hours and 48 hours (n = 3 independent experiments; scale = 50 μm).
(R) The proliferation of ARPE-19 cells in each group was detected by CCK8 (n = 3 independent experiments). (S) VEGF in cell supernatant
was detected by ELISA (n = 3 independent experiments). ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically
significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

FIGURE 5. Effect of RPE cell supernatant on endothelial cell proliferation and migration tube formation under different conditions. (A and
B) Transwell assay showed the effect of ARPE-19 cell supernatant on HUVEC migration at 6 hours (n = 3 independent experiments, scale =
200 μm). (C to E) The effect of supernatant of ARPE-19 cells on the migration ability of HUVECs at 24 hours and 48 hours was demonstrated
by wound healing assay (n = 3 independent experiments; scale = 50 μm). (F to H) The effect of the supernatant of ARPE-19 cells on the
formation of HUVECs tubes was detected by endothelial cell tube formation experiment (n = 3 independent experiments; scale = 50 μm).
(I and J) EdU proliferation assay was used to detect the effect of ARPE-19 cell supernatant on the proliferation of HUVECs (n = 3 inde-
pendent experiments; scale = 50 μm). ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

vessels, which is consistent with its role in blood interac-
tion with RBP (Fig. 7A).39 Circadian fluctuations in VEGFA
protein levels were observed in ARPE-19 cells after circa-
dian synchronization in both normal and hypoxic groups.
Peak expression occurred around noon, whereas the lowest
expression was observed around midnight. The difference
was that unsynchronized circadian rhythms led to a phys-
iological decrease in overall VEGFA expression in normal
ARPE-19 cells and a pathological increase in expression in
hypoxic ARPE-19 cells (Figs. 7B–E). This suggests that both
VEGFA and STRA6 are pathologically elevated following
circadian rhythm disturbance. To explore the relationship

between VEGFA and STRA6, we also examined the rhythm
of STRA6. The results showed that STRA6 expression peak-
ing around noon and dropping at midnight, which is similar
to VEGFA, suggesting the potential correlation between the
two proteins (Figs. 7F, 7G).

STRA6 Promotes CNV Formation by Activating
JAK2/STAT3/VEGFA Signaling in RPE Cells

Next, we studied the expression levels of pathway-related
molecules, revealing that both JAK2 and STAT3 exhib-
ited a circadian expression trend like STRA6 and VEGFA



Related Research of STRA6 in AMD IOVS | September 2024 | Vol. 65 | No. 11 | Article 21 | 12

FIGURE 6. Effect of RPE cell supernatant on endothelial cell proliferation and migration tube formation under different conditions. (A and
B) Transwell assay showed the effect of ARPE-19 cell supernatant on RF/6A cell migration (n = 3 independent experiments; scale = 200 μm).
(C to E) The effect of supernatant of ARPE-19 cells on the migration ability of RF/6A cells at 36 hours and 72 hours was demonstrated
by wound healing assay (n = 3 independent experiments; scale = 50 μm). (F to H) The effect of the supernatant of ARPE-19 cells on the
formation of RF/6A tubes was detected by endothelial cell tube formation experiment (n = 3 independent experiments; scale = 200 μm).
(I and J) EdU proliferation assay was used to detect the effect of ARPE-19 cell supernatant on the proliferation of RF/6A cells (n = 3
independent experiments; scale = 50 μm). ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

(Figs. 8A–D). Phosphorylated JAK2 and STAT3, as well as
VEGFA protein expressions, were observed to increase when
the circadian rhythm was unsynchronized and decrease
when STRA6 was knocked down (Figs. 8E, 8F). To further
investigate the impact of JAK2/STAT3 signal transduction on
VEGFA, we treated unsynchronized ARPE-19 cells with the
JAK2 inhibitor fedratinib and COCL2. As anticipated, in an
anoxic cell model with unsynchronized rhythms, the inhibi-
tion of JAK2/STAT3 activation by fedratinib led to a corre-
sponding downregulation of VEGFA (Figs. 8G, 8H). Above
all, these findings suggest that STRA6 contributes to promot-
ing CNV formation by activating JAK2/STAT3/VEGFA signal-
ing in RPE cells.

DISCUSSION

Light serves as the key factor in synchronizing the suprachi-
asmatic nucleus (SCN), the central pacemaker of the circa-
dian rhythm, with the daily cycle.40 In mammals, circa-
dian rhythms are generated primarily by retinal percep-
tion of light signals transmitted directly through the retina-
hypothalamic tract to the SCN, which contains the circadian

rhythm master pacemaker, to regulate circadian rhythms
throughout the body.41 Interestingly, the circadian rhythm
of the mammalian retina operates independently from the
central SCN clock. This retinal circadian rhythm system plays
a crucial role in a range of physiological functions of the
eye, such as visual processing, changes in corneal thick-
ness and eye pressure, disc detachment and phagocytosis,
and susceptibility to light-induced photoreceptor damage.42

Previous research has demonstrated the significant impact
of circadian rhythm disruption on various eye diseases,
including dry eye, glaucoma, cataract, myopia, and diabetic
retinopathy.40 Wet AMD, characterized by CNV and subreti-
nal neovascularization fibrous tissue, is responsible for 80%
of the vision loss of patients with AMD.43 Studies have indi-
cated that circadian rhythm plays a role in the occurrence
and development of pathological angiogenesis, with a subset
of genes in vascular endothelial cells exhibiting a 24-hour
rhythm of gene expression cycle.44 Melatonin, a hormone
responsible for regulating circadian and seasonal rhythms,
has been shown to inhibit the formation of CNV.45–47 Despite
this, the specific impact of circadian rhythm on CNV has not
been thoroughly investigated. Through our mouse and cellu-
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FIGURE 7. Relationship between STRA6 and inflammation and VEGF. (A) Laser induced immunofluorescence staining of paraffin sections of
CNV model mice (n = 3/group; red = STRA6; green = F4/80, IB4; blue = DAPI; scale = 100 μm). (B and C) Expression of VEGFA protein in
ARPE-19 cells at different time points in the non-combined hypoxia model (n = 3 independent experiments). (D and E) Expression of VEGFA
protein in ARPE-19 cells at different time points in the non-combined hypoxia model (n = 3 independent experiments). (F and G) STRA6
protein expression in ARPE-19 cells at different time points after circadian rhythm synchronization in the combined hypoxia model (n = 3
independent experiments). ZT, zeitgeber time; error bars represent mean ± SEM; ns was not statistically significant; *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

lar circadian rhythm models, we have successfully demon-
strated the exacerbating effect of circadian rhythm disrup-
tion on CNV formation both in vivo and in vitro, suggesting
that circadian disruption may be an important risk factor for
AMD.

The transcription factor BMAL1 is a major driver of
mammalian molecular clocks.33 BMAL1 signaling is involved
in promoting neovascularization, and its deficiency results in
a significant decrease in new blood vessel formation. Stud-
ies have demonstrated that the deletion of other clock genes,
such as CLOCK, also inhibits abnormal and excessive blood
vessel growth.48 Disruption of the circadian rhythm leads to
a pathological increase in BMAL1 levels, which contributes
to heightened angiogenesis, as supported by our findings
in this paper. The expression of BMAL1 protein is notably
elevated in animal and cell models with circadian rhythm
disturbances and desynchronized rhythms, indicating that
circadian rhythm disruptions upregulate BMAL1 expression
in tissues, thereby fostering the occurrence and development
of pathological angiogenesis. VEGF plays a crucial role in
angiogenesis, with the RPE layer serving as a major source
of this protein and exhibiting circadian rhythms. Research
indicates that VEGF expression follows a circadian pattern.16

Actually, VEGF is a direct transcriptional target of the clock
gene BMAL1 and is primarily involved in developmental
angiogenesis regulated by the circadian clock.49 This study
observed a circadian rhythm in VEGF expression in RPE

cells, noting an increase during pathological conditions and
a decrease during physiological conditions after the circa-
dian rhythm is disturbed. This fluctuation may be linked
to VEGF’s protective function in the retina, safeguarding
retinal neurons, RPE, and endothelial cells while support-
ing the fenestration of choroidal endothelial cells for opti-
mal nutrient supply to photoreceptors.50 Furthermore, our
findings revealed a close similarity between the circadian
protein expression patterns of VEGF and BMAL1. These
results suggest that BMAL1 is an important factor affect-
ing the occurrence and development of CNV after circadian
rhythm disturbance.

Given the exclusive expression of the eye clock gene in
photoreceptor cells and the significant influence of light, we
hypothesize that the eye circadian rhythm is controlled by
cone photoreceptors. Vitamin A, a key component of the
photoconductive cycle of vertebrate retinas, plays a vital role
in light reception and visual perception.51 Absorbed through
the small intestine, it is converted into all-trans retinol within
intestinal cells. All-trans retinol enters cells via the blood
stream bound to retinol-binding protein 4 (RBP4) with the
help of transmembrane transporters, stimulated by STRA6.
As a multi-transmembrane domain protein, STRA6 was iden-
tified as an RBP-specific membrane receptor in bovine RPE
cells in 2007, and was found to bind to RBP with high affinity
and have strong vitamin A-RBP complex uptake activity. It is
widely expressed in both embryonic development and adult
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FIGURE 8. Effect of STRA6 on CNV formation by activating JAK2/STAT3/VEGFA signaling in RPE cells. (A and B) The expression of JAK2
protein in circadian rhythm (n = 3 independent experiments). (C and D) The expression of STAT3 protein in circadian rhythm (n = 3
independent experiments). (E and F) Expression of P-JAK2, JAK2, P-STAT3, STAT3, STRA6, and VEGFA in ARPE-19 cells of each group
(n = 3 independent experiments). (G and H) Expression of P-JAK2, JAK2, P-STAT3, STAT3, and VEGFA proteins in ARPE-19 cells that did
not synchronize circadian rhythm after addition of JAK2 pathway inhibitors (n = 3 independent experiments). ZT, zeitgeber time; error bars
represent mean ± SEM; ns was not statistically significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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organ systems, serving as the main physiological medium
for cellular vitamin A uptake.17 Previous research indicates
the presence of STRA6 on choroidal and macrophage cells,
a finding corroborated by our own experiment.52 Notably,
vitamin A consumption has been linked to a reduced risk of
AMD, and supplementation of STRA6 can enhance vitamin A
uptake under normal physiological conditions.53 Sequencing
data reveal a significant increase in STRA6 levels following
disturbances in circadian rhythm. This elevation in STRA6
expression may result in excessive vitamin A intake, leading
to an increase in the pro-angiogenic factor all-trans retinol, a
potential risk factor for exudative AMD.24 Our results suggest
that STRA6 knockdown can effectively mitigate the CNV
promotion effect of circadian rhythm disturbance in mice
and cell models.

Chronic inflammation is a key factor in numerous human
diseases, with morbidity and mortality frequently linked
to metabolic dysfunction. Inflammation and metabolic
processes vary with circadian timing, suggesting impor-
tant temporal crosstalk between these systems. However,
the connection between these processes in eye diseases
has not been thoroughly explored. This research reveals
that STRA6, a protein closely tied to metabolism, is
recruited in macrophages, and influences pathological
angiogenesis through the inflammatory pathway involving
JAK2/STAT3. These findings suggest that investigating the
role of STRA6 could serve as a valuable starting point for
delving into the intersection of ocular inflammation and
metabolism.

This study represents the first attempt to establish a
connection between circadian rhythms and AMD. By devel-
oping an animal model, the researchers were able to show
that disruptions in circadian rhythms can lead to patho-
logical angiogenesis. Following the successful validation of
the model, a comprehensive transcriptome sequencing was
conducted to identify differentially expressed genes, with
a focus on STRA6 for further investigation. The findings
revealed a circadian rhythm of JAK2/STAT3 in the mouse
eye, with evidence suggesting that STRA6 promotes CNV
formation by activating the JAK2/STAT3/VEGFA signaling
pathway in RPE cells. This study sheds light on the signifi-
cance of circadian rhythms in neovascularization associated
with AMD, offering potential new avenues and targets for
anti-VEGF therapy.

CONCLUSIONS

This study suggests that STRA6 reduces CNV production
by inhibiting JAK2/STAT3 phosphorylation after circadian
rhythm disturbance. The results suggest that STRA6 may be
a new direction for the treatment of AMD.
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