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Many rhodopsin-like G-protein-coupled receptors (Rh-GPCRs) are known to either promote or inhibit
angiogenesis. Among these, Opsin 4 and Opsin 5 are specifically involved in vascular development
within the eye. Opsin 3 (OPN3), another member of Rh-GPCRs, performs a variety of light-dependent
and light-independent functions in extraocular tissue. However, its role in endothelial cells and
angiogenesis remains unclear. Here, we found that OPN3 knockdown or knockout in zebrafish impairs
embryonic angiogenesis and vascular development. Similarly, silencing OPN3 in human umbilical vein
endothelial cells (HUVECS) inhibits cellular proliferation, migration, sprouting, and tube formation,
while OPN3 overexpression promotes these cellular processes. Moreover, OPN3 regulates
angiogenesis in HUVECs through the VEGFR2-AKT pathway, with OPN3 and VEGFR2 co-localizing at
the plasma membrane and forming a physical complex. These findings provide new insights into the
non-light-dependent functions of OPN3 in angiogenesis, expanding our understanding of its
physiological roles and offering potential therapeutic strategies for angiogenesis-related diseases.

Angiogenesis refers to the process of forming new blood vessels from
existing capillaries, which involves the coordinated action of various cell
types and signaling pathways, including endothelial cell activation, pro-
liferation, migration, lumen formation, and maturation'. It plays a critical
role in physiological processes such as embryonic development, wound
healing, and tissue regeneration. However, abnormal angiogenesis can lead
to diseases such as cancer and retinal disorders’. Therefore, a deeper
understanding of angiogenesis mechanisms not only helps to reveal phy-
siological phenomena but also provides new therapeutic targets’. VEGFR2 is
a receptor tyrosine kinase (RTK) belonging to class IV of the vascular
endothelial growth factor (VEGF) receptor family, expressed on endothelial
cells, is central to angiogenesis. Its activation triggers downstream signaling
pathways like PI3K/AKT and MAPK/ERK, promoting endothelial cell
proliferation and migration*”.

Previous study demonstrated that G protein-coupled receptors
(GPCRs) can regulate angiogenesis, with bidirectional activation between
GPCRs and RTKs. The interaction between GPCRs and RTKs has become a
target in drug development®. For example, G protein-coupled receptor 126
(GPR126) modulates VEGFR2 expression through STAT5 and GATA2,
affecting physiological and pathological angiogenesis’. Thrombin, a GPCR
agonist, stimulates VEGFR2 expression, influencing endothelial cell pro-
liferation and migration®. VEGFR2 also interacts with the $2-adrenergic

receptor in heteromeric complexes, affecting their localization and signaling
within cells, with VEGF165a promoting VEGFR2 homodimerization’.
Additionally, many Rh-GPCRs, which have negatively charged amino acid
residues, facilitate ligand binding and support cell-cell interactions, playing
crucial roles in angiogenesis'’. Opsins (OPNs), belonging to subfamily A of
the Rh-GPCR family, are involved in light-dependent angiogenesis'"'>. UV
light activates OPNS5, leading to dopamine transporter (DAT) phosphor-
ylation, which inhibits dopamine levels in the vitreous body. This suppresses
VEGFR2 signaling, promoting normal regression of vitreous vessels. In
OPNS5 knockout models, dopamine levels rise, causing premature vascular
degeneration'”. OPN4 mediates light-dependent vascular development in
the eye, controlling retinal cell structure and VEGFA levels. In OPN4
knockout mice or wild-type mice kept in darkness, vitreous vessels fail to
regress, leading to excessive growth of retinal vessels'. OPN4 also regulates
vascular function, particularly in light-induced relaxation, achieved through
stimulation with specific wavelengths of light”. In pulmonary arteries,
functional OPN3 and OPN4 represent an endogenous “optogenetic system”
that mediates photorelaxation of the pulmonary vasculature. In OPN4 "~
mice, the photorelaxation response is weakened, and further reduction in
response is observed with shRNA-mediated knockdown of OPN3'°. These
findings suggest that OPN3 may regulate vascular endothelial cells (ECs)
function and angiogenesis.

'School of Public Health, Guizhou Medical University, Guiyang, Guizhou, China. 2Department of Dermatology, Affiliated Hospital of Guizhou Medical University,

Guiyang, Guizhou, China. *These authors contributed equally: Huanhuan Luo, Wei Zhang, Wen Zeng, Yu Wang.

e-mail: luhongguang@gmc.edu.cn

Communications Biology | (2025)8:529


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07958-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07958-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07958-4&domain=pdf
http://orcid.org/0000-0002-5002-4276
http://orcid.org/0000-0002-5002-4276
http://orcid.org/0000-0002-5002-4276
http://orcid.org/0000-0002-5002-4276
http://orcid.org/0000-0002-5002-4276
mailto:luhongguang@gmc.edu.cn
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07958-4

Article

In this study, we investigated the role of OPN3 in ECs and angiogenesis
using HUVECs. We found that OPN3 regulates angiogenesis by modulating
cell proliferation, migration, and tube formation. OPN3 influences angio-
genesis through the VEGFR2-mediated AKT pathway, and OPN3 and
VEGFR2 form a physical complex in HUVECs. Additionally, OPN3
knockdown and knockout in zebrafish revealed that the absence of
OPN3 significantly reduced the total length of embryonic blood vessels and
vascular connections, while regulating VEGFR2 expression and AKT acti-
vation in vivo. These findings suggest new mechanisms in angiogenesis and
potential therapeutic approaches for angiogenesis-related diseases.

Results

OPN83 is expressed in HUVECs and human dermal microvascular
endothelial cells (HDMECs)

Vascular development is closely linked to the activation, proliferation, and
migration of ECs". To explore the role of OPN3 in ECs, we conducted
immunohistochemistry on human normal skin and umbilical cord tissues.
Using the CD31 antibody, an EC-specific marker'®, we confirmed vascular
localization and found that OPN3 is expressed in the ECs of both tissue types
(Fig. 1a, b). We further isolated HDMECs from human skin and cultured
HUVECs from the umbilical vein. HUVECs were identified by immuno-
fluorescence using CD31 and vVWF markers (Fig. S1), while HDMECs were
identified by flow cytometry using CD31 (Fig. S2), establishing a cellular
model of vascular growth. Immunofluorescence analysis revealed OPN3
presence in ECs, localized to the cellular membrane and cytoplasm (Fig. 1¢).
We further assessed OPN3 expression in HUVECs and HDMECs using
RT-qPCR and Western blot analyses, confirming its presence in HDMECs
and HUVEC:s (Fig. 1d, e). These results suggest a potential functional role
for OPN3 in human ECs in vitro.

OPNB3 regulates cellular proliferation, migration, tube formation,
and sprouting of HUVECs

To investigate the role of OPN3 in in vitro angiogenesis, we employed a
previously reported method”, infecting HUVECs with lentivirus to mod-
ulate intracellular OPN3 expression. The transfection efficiency of
puromycin-resistant cells was evaluated using fluorescence microscopy,
revealing a transfection rate of nearly 100% (Fig. S3). RT-qPCR and Western
blot analysis confirmed a substantial reduction in OPN3 mRNA and OPN3
protein levels in cells treated with LV-OPN3-RNAi compared to the control
group (LV-control-RNAi) (Fig. 2a, c). Conversely, in the OPN3 over-
expression group (LV-OPN3), OPN3 mRNA and OPN3 protein levels were
significantly elevated compared to the control (LV-control) (Fig. 2b, d).

In the LV-OPN3-RNAi group, cell proliferation was notably reduced,
with fewer cells observed compared to the LV-control-RNAi group.
Microscopic examination revealed morphological changes: cells in the LV-
control-RNAi group appeared elongated, spindle-shaped, or fusiform,
exhibiting prominent pseudopodia and good extension. In contrast, cells in
the LV-OPN3-RNAi group displayed a more rounded or irregular shape,
fewer cell-cell connections, and poorer extension (Fig. 2e). Notably, no
significant morphological changes were observed in the LV-OPN3 group
compared to its control (Fig. 2f). A significant decrease in the proportion of
EdU-positive nuclei was observed in the LV-OPN3-RNAi group, whereas
the proportion increased in the LV-OPN3 group (Fig. 2g). Flow cytometry
analysis further revealed an increased percentage of cells in the G1 phase and
a decrease in the G2 and S phases in the LV-OPN3-RNAi group (Fig. 2h). In
contrast, the LV-OPN3 group showed a reduced percentage of cells in the
G1 phase and an increase in the G2 and S phases (Fig. 2h). These results
collectively suggest that OPN3 expression influences HUVECs prolifera-
tion. In migration assays, the LV-OPN3-RNAi group demonstrated
reduced cell migration, whereas the LV-OPN3 group showed enhanced
migration (Fig. 2i). Similarly, tube formation assays revealed fewer tubular
structures in the LV-OPN3-RNAi group and a significant increase in the
LV-OPN3 group (Fig. 2j, k). In vitro sprouting experiments showed a
marked reduction in both sprout number and total length in the LV-OPN3-

RNAI group, while the LV-OPN3 group exhibited a significant increase in
these parameters (Fig. 21, m). Additionally, silencing OPN3 expression in
HDMECs using siRNA yielded results consistent with lentivirus-mediated
OPN3 knockdown in HUVECs (Fig. S4). These results further support the
hypothesis that OPN3 can regulate proliferation, migration, tube formation,
and sprouting in of human vascular endothelial cells.

To investigate the mechanisms by which OPN3 knockdown inhibits
in vitro angiogenesis, we performed RNA-seq analysis on HUVECs with
reduced OPN3 expression. This analysis identified 2985 differentially
expressed genes, of which 1379 were upregulated and 1606 were down-
regulated (Fig. 3a). Gene Ontology (GO) enrichment analysis revealed
significant associations with pathways related to angiogenesis, blood vessel
morphogenesis, and endothelial cell proliferation and migration (Fig. 3b).
Furthermore, we observed a downregulation of VEGFR2 (KDR) mRNA
expression in the LV-OPN3-RNAi group (Fig. 3c), suggesting that OPN3
regulates endothelial function, at least in part, through VEGFR2 signaling.

OPNS3 promotes proangiogenic effects in HUVECs by upregu-
lating VEGFR2 expression

To investigate the relationship between OPN3 and VEGFR2 expression in
HUVECs, we performed RT-qPCR and Western blot analyses. These assays
confirmed that VEGFR2 mRNA (Fig. 3d, e) and VEGFR2 protein levels
(Fig. 4a, b) decreased following OPN3 knockdown. Confocal microscopy
further revealed reduced VEGFR2 expression on the cell membrane and
partial redistribution to the cytoplasm upon OPN3 silencing (Fig. S5a).
Conversely, OPN3 overexpression increased VEGFR2 mRNA and VEGFR2
protein levels (Fig. 4a, b) and enhanced VEGFR2 localization on the cell
membrane (Fig. S5b).

To validate the role of VEGFR2, we silenced its expression using
VEGFR2-RNAI, which was confirmed by RT-qPCR and Western blot
(Fig. 4c, d). In HUVECGs overexpressing OPN3, VEGFR2-RNAI sig-
nificantly reduced tube formation and sprouting, effectively reversing the
pro-angiogenic effects of OPN3 overexpression (Fig. 4f-h). Additionally, we
observed that OPN3 expression levels were lower in the VEGFR2-RNAi
group compared to the RN Ai-control group (Fig. 4e), suggesting a potential
mutual regulatory relationship between OPN3 and VEGFR2.

To further explore this regulatory interaction at the protein level, we
overexpressed OPN3 in the OPN3 knockdown group via plasmid trans-
fection. Compared to the OPN3 knockdown group, the expression levels of
both OPN3 and VEGFR2 were restored upon OPN3 overexpression
(Fig. 5a, b). Conversely, in the OPN3 overexpression group, silencing OPN3
using siRNA resulted in a significant downregulation of both OPN3 and
VEGFR2 protein levels compared to the OPN3 overexpression group
(Fig. 5¢, d). These findings underscore a mutual regulatory relationship
between OPN3 and VEGFR2, further highlighting their critical roles in

angiogenesis.

OPNB3 and VEGFR2 are able to form a complex

Given the regulatory relationship between OPN3 and VEGFR2, we hypo-
thesized that they might form a functional or physical complex. To inves-
tigate this, we used confocal microscopy to examine the colocalization of
endogenous OPN3 and VEGFR2 in HUVECs. The results showed partial
colocalization of OPN3 and VEGFR?2 in the plasma membrane and cyto-
plasm of HUVEC:s (Fig. S6a). Furthermore, co-immunoprecipitation (Co-
IP) experiments confirmed their interaction. When HUVEC:s lysates were
immunoprecipitated with an anti-VEGFR2 antibody and subsequently
immunoblotted with an anti-OPN3 antibody, a band corresponding to the
molecular weight of OPN3 was detected (Fig. S6b). To further explore the
interaction at the molecular level, we utilized homology modeling and the
HDOCK method to identify potential binding sites between OPN3 and
VEGFR2”. Molecular docking simulations revealed that Ala690 of VEGFR2
forms a hydrogen bond with Arg73 of OPN3, while Ile669 of VEGFR2
interacts with Trp155 of OPN3 (Fig. S6¢). These residues, located within the
D7 domain of VEGFRY, are critical for its activation®’.
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Fig. 1 | OPN3 expression in primary human vascular endothelial cells: HUVECs
and HDMEC:s. a IHC staining of human skin tissue for CD31 and OPN3. CD31
positively marks dermal microvascular endothelial cells in human skin tissue, while
OPN3 staining shows its expression in human skin, with higher expression observed
in the basal layer of the epidermis. Comparing with the CD31-positive areas, OPN3-
positive reactions were found in the same locations, indicating that OPN3 is
expressed in HDMECs. The scale bar in the 10x panel corresponds to 100 pm, while
the scale bar in the 20x panel represents 50 um, and the scale bar in the 40x panel
indicates 25 pm. Red asterisks indicate the locations of HDMECs. b IHC staining of
human umbilical vein tissue for CD31 and OPN3. CD31 positively marks endo-
thelial cells in the human umbilical vein tissue, while OPN3 staining shows its
expression in the umbilical vein. Comparing with the CD31-positive areas, OPN3-
positive reactions were found in the same locations, indicating that OPN3 is
expressed in HUVEC:s. The scale bar in the 10x panel corresponds to 100 pm, while
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the scale bar in the 20x panel represents 50 um, and the scale bar in the 40x panel
indicates 25 pm. Red asterisks indicate the locations of HUVECs. ¢ Laser confocal
microscopy analysis of OPN3 protein expression and localization in HUVECs and
HDMECs. Green indicates OPN3 in HUVECs, red indicates OPN3 in HDMECs,
and blue represents the nucleus. The results show that OPN3 protein is mainly
located on the plasma membrane. The scale bar represents 50 um. d Western blot
analysis of OPN3 protein expression in HDMECs and HUVECs, with B-tubulin
used as a loading control for normalization of the WB analysis. e RT-qPCR analysis
of OPN3 mRNA expression in HDMECs and HUVECs. The relative mRNA
expression levels were calculated using the 27*“ method, with GAPDH serving as the
internal control (n = 3 independent experiments, with each experimental group
consisting of 6 dishes, derived from 3 different donors, with each donor providing 2
dishes of cells).

VEGF can enhance the combination of OPN3 and VEGFR2

In angiogenesis, VEGFR2 activation-mediated signaling primarily depends
on VEGF*. To further investigate this interaction, we stimulated HUVECs
with 25 ng/mL VEGEF. Co-IP analysis revealed that OPN3 weakly associates
with VEGFR2 under basal conditions. However, this interaction is sig-
nificantly enhanced after 15 min of VEGF stimulation and is sustained for at
least 30 min (Fig. 5e, f). Confocal microscopy colocalization analysis further
demonstrated that OPN3 is expressed on the cytoplasmic membrane and
partially colocalizes with VEGFR2 under basal conditions. Following

15min of VEGF stimulation, their colocalization on the membrane is
markedly increased (Fig. 5g, h). These findings suggest that VEGF stimu-
lation promotes the binding of OPN3 to VEGFR2 in HUVECs, thereby
activating the VEGFR2 signaling pathway.

OPNB3-induced proangiogenic effects are mediated by AKT
activation

Our KEGG pathway enrichment analysis, based on RNA-seq results from
HUVECs with reduced OPN3 expression, revealed the involvement of the
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PI3K/AKT signaling pathway in angiogenesis (Fig. 6a). Activation of the
AKT signaling axis in ECs plays a critical role in cardiovascular homeostasis
and angiogenesis”. To investigate whether OPN3 is necessary for AKT
activation in HUVECs, we performed functional assays. Silencing OPN3
inhibited AKT activation in HUVECs, while overexpression of OPN3
enhanced AKT phosphorylation (Fig. 6b, ).

To further demonstrate that AKT activation is essential for OPN3-
mediated pro-angiogenic activity, we used MK-2206, a specific AKT
inhibitor™, to suppress AKT activation in OPN3-overexpressing HUVECs
(Fig. 6d). Overexpression of OPN3 significantly promoted spheroid
sprouting and tube formation, effects that were notably inhibited by MK-
2206 (Fig. 6e, f). Conversely, we applied SC79, an AKT activator™, to restore
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Fig. 2 | The regulatory effects of OPN3 knockdown and overexpression on
HUVEC: proliferation, migration, tube formation and sprouting. In HUVECs,
the OPN3 knockdown cell model was constructed using LV-OPN3-RNAi lentivirus
and the control LV-control-RNAi lentivirus. The OPN3 overexpression cell model
was constructed using LV-OPN3 and the control LV-control lentivirus, with the
uninfected group serving as the Control. a, b The OPN3 protein levels were verified
by Western blot, using p-tubulin as a loading control for normalization of the WB
analysis. Relative protein levels were quantified using Image] software (1 =9 inde-
pendent experiments, with each experimental group consisting of 18 dishes, derived
from 9 different donors, with each donor providing 2 dishes of cells). Statistical
analysis was performed using an unpaired t-test: ns: not significant, ****p < 0.0001.
¢, d The OPN3 mRNA levels were verified by RT-qPCR. The relative mRNA
expression levels were calculated using the 27**“ method, with GAPDH serving as
the internal control (# = 6 independent experiments, with each experimental group
consisting of 12 dishes, derived from 6 different donors, with each donor providing 2
dishes of cells). Statistical analysis was performed using an unpaired t-test:

#HHKp < 0.0001. This analysis confirmed the successful construction of different
experimental group cells. e, f After successful construction of the cell models, optical
microscopy was used to observe the morphology and quantity of cells in different
experimental groups. The scale bar represents 100 um. g The cell proliferation was
assessed by detecting the ratio of EdU-positive nuclei to total nuclei in different
experimental groups. Blue Hoechst represents the total number of cells, while red
represents EdU-positive cells. The counts of blue Hoechst and red EAU were ana-
lyzed using Image]J software (n = 6 dishes of cultured HUVECs from 3 different
donors, with each donor replicated twice). Statistical analysis was performed using

an unpaired t-test: **p < 0.01, ****p < 0.0001. The scale bar represents 50 um. h The
cell cycle in different experimental groups was analyzed by flow cytometry using
FlowJo software (n = 6 independent experiments, with each experimental group
consisting of 12 dishes, derived from 6 different donors, with each donor providing 2
dishes of cells). Statistical analysis was performed using an unpaired t-test: *p < 0.05,
**p < 0.01, ¥**p < 0.0001. i The migration of cells in different experimental groups
was assessed using the transwell assay, and images were captured under an optical
microscope. The number of migrating cells was counted after staining with crystal
violet, analyzed using Image]J software (n = 6 dishes of cultured HUVECs from 3
different donors, with each donor replicated twice). Statistical analysis was per-
formed using an unpaired t-test: **p < 0.01, ****p < 0.0001. The scale bar represents
100 pm. j, k Cells from different experimental groups were seeded on Matrigel for
10 h to record and quantify the tube formation. The number and length of branches
were analyzed using Image] software to determine the extent of tube formation

(n =9 dishes of cultured HUVECs from 3 different donors, with each donor repli-
cated three times). Statistical analysis was performed using an unpaired t-test:
*H%p < 0.001, ¥*¥**p < 0.0001. The scale bar represents 100 pm. 1, m Spheroid
sprouting experiments were conducted with cells from different experimental
groups. The sprouts were recorded and quantified using optical microscopy, and the
number and length of sprouts were analyzed using Image]J software to evaluate the
sprouting ability of ECs (n = 9 dishes of cultured HUVECs from 3 different donors,
with each donor replicated three times). Statistical analysis was performed using an
unpaired t-test: ****p < 0.0001. The scale bar represents 100 pm. Data are presented
as mean + SEM.

AKT activity in OPN3-knockdown HUVEC:s (Fig. 6g). The impairment of
spheroid sprouting and tube formation caused by OPN3 knockdown was
effectively rescued by SC79 (Fig. 6h, i). In addition, we observed that VEGF
stimulation for 15 min enhanced p-AKT expression in HUVECs (Fig. S7a).
To determine whether VEGF-induced AKT activation is dependent on
OPN3, we stimulated OPN3-knockdown HUVECs with VEGE. The results
showed that OPN3 knockdown reduced VEGF-induced AKT activation
(Fig. S7b). These findings indicate that OPN3 exerts its pro-angiogenic
effects in HUVECs by enhancing AKT activation and that OPN3 is a critical
mediator of VEGF-induced AKT activation in HUVECs.

Silencing or knockout of OPN3 causes angiogenesis deficiency
during embryogenesis

Zebrafish are ideal models for studying vascular development due to their
transparent embryos, rapid development, genetic tractability, and high
physiological similarity to mammals™. A Basic Local Alignment Search Tool
(BLAST) analysis of the National Center for Biotechnology Information
(NCBI) database revealed a 61.79% homology between human and zebra-
fish OPN3, supporting the relevance of zebrafish in studying OPN3’s
function.

In our study, we utilized transgenic flil: EGFP zebrafish, which express
enhanced green fluorescent protein (EGFP) in ECs”, to investigate the role
of OPN3 in angiogenesis. To achieve targeted gene knockdown, we
microinjected single-cell-stage embryos with either Control Morpholino
(MO) or OPN3 MO. At 48 h post-fertilization (hpf), western blot analysis
confirmed effective knockdown of OPN3 protein levels following OPN3
MO injection, with partial restoration upon co-injection with in vitro
transcribed OPN3 mRNA (Fig. 7b). Confocal microscopy revealed that
OPN3 knockdown led to a significant reduction in blood vessel length,
diminished vascular connections, and defects in dorsal anastomotic vessel
(DAV) fusion. Notably, co-injection of OPN3 mRNA successfully rescued
these vascular defects, confirming the critical role of OPN3 in vascular
development (Fig. 7a).

To further validate these findings, we employed CRISPR/Cas9 genome
editing to generate zebrafish with complete OPN3 knockout (OPN3"). A
mutant allele containing a+ 111 bp insertion causing a frameshift and
premature stop codon was selected for subsequent analyses. Western blot
analysis confirmed the depletion of OPN3 protein expression in OPN3”
mutants (Fig. 7d). Homozygous F2 OPN3” mutants were examined at key
developmental time points (24 hpf, 48 hpf, and 72 hpf). Confocal imaging

revealed significant vascular development defects, including reduced vas-
cular length, junction density, and abnormal vascular morphogenesis in
both the brain and trunk regions of OPN3" embryos (Fig. 7c, €). These
complementary knockdown and knockout approaches conclusively
demonstrate that OPN3 is indispensable for normal vascular development
in zebrafish.

OPNB3 regulates VEGFR2 expression and AKT activation in vivo
To verify whether OPN3 regulates VEGFR?2 expression in vivo in zebra-
fish, we conducted Western blot analysis to measure OPN3 and VEGFR2
protein levels in flil:EGFP zebrafish embryos with OPN3 knockdown
(OPN3 MO) and OPN3 knockout (OPN3”). The results demonstrated
that depletion of OPN3 significantly reduced VEGFR?2 protein expression
in vivo (Fig. 8a, b).

In Tg(kdrl:mCherry) zebrafish, the kdrl promoter drives mCherry
expression, serving as an indicator of VEGFR2 levels™. To further investi-
gate the role of OPN3 in regulating VEGFR2 expression in vivo, single-cell
stage embryos were injected with either a control morpholino (control MO)
or an OPN3-targeting morpholino (OPN3 MO). At 48 hpf, Western blot
analysis was performed. The results revealed a significant reduction in
VEGFR2 protein levels following OPN3 knockdown. Importantly, co-
injection of OPN3 MO with OPN3 mRNA partially restored VEGFR2
protein levels (Fig. 8c). Confocal microscopy also demonstrated a significant
decrease in mCherry fluorescence intensity in embryos injected with OPN3
MO, which was effectively rescued by co-injection of OPN3 mRNA
(Fig. 8d, e). These findings corroborated the western blot results (Fig. 8c).
Taken together, these in vivo findings indicate that OPN3 knockdown leads
to a reduction in VEGFR2 expression, which can be rescued by exogenous
OPN3 mRNA. These results provide consistent evidence that OPN3 posi-
tively regulates VEGFR2 expression both in vivo and in vitro.

Furthermore, to evaluate whether OPN3 regulates the downstream
signaling of VEGFR2, specifically AKT phosphorylation (p-AKT). In vivo,
we examined p-AKT levels in embryos with OPN3 knockdown. We co-
injected OPN3-MO and the AKT activator SC79 into flil:EGFP zebrafish
embryos. p-AKT expression was reduced in OPN3-knockdown embryos,
but its expression was saved after SC79 injection (Fig. 8h, i). Moreover, this
co-injection partially rescued the angiogenesis defects caused by OPN3
knockdown (Fig. 8f, g). These in vivo findings indicate that OPN3 influences
VEGFR2-mediated AKT activation and plays a critical role in the regulation
of angiogenesis.
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Fig. 3 | OPN3-deficient attenuates HUVECs angiogenesis. a The volcano plot of
differentially expressed genes based on transcriptome sequencing results shows the
fold change of gene expression (log2FoldChange) on the horizontal axis, repre-
senting the expression fold change between the LV-OPN3-RNAi and LV-control-
RNAI. The vertical axis represents the significance level of the gene expression
difference between the two groups (-loglOpvalue). Red dots indicate upregulated
genes, while green dots indicate downregulated genes. b The scatter plot of GO
functional enrichment analysis based on transcriptome sequencing results is divided
into three categories: biological process, cellular component, and molecular func-
tion. A total of 30 significant terms are selected from the GO enrichment analysis
results for visualization, with a threshold of padj < 0.05 to define significant
enrichment. The horizontal axis represents the ratio of the number of differentially
expressed genes annotated to the GO term to the total number of differentially
expressed genes. The vertical axis represents the GO terms. The size of the dots
corresponds to the number of genes annotated to the GO term, and the color

gradient from red to purple reflects the significance of enrichment. ¢ Based on the
transcriptome sequencing results, hierarchical clustering was performed on the
FPKM values of the genes, and the row (genes) was normalized (Z-score). The
resulting heatmap clusters genes with similar expression patterns together. In the
heatmap, the colors represent the expression levels of the same gene across different
samples, and each square’s color reflects the normalized expression value (ranging
from —1.5 to 1.5). Red indicates higher expression, and blue indicates lower
expression. d, e RT-qPCR was used to detect the mRNA expression levels of OPN3
and VEGFR2 after OPN3 knockdown and overexpression in HUVECs. The relative
mRNA expression levels were calculated using the 27**“ method, with GAPDH
serving as the internal control (n = 3 independent experiments, with each experi-
mental group consisting of 6 dishes, derived from 3 different donors, with each
donor providing 2 dishes of cells). Statistical analysis was performed using an
unpaired t-test: **p < 0.01, ***p < 0.001, ****p < 0.0001.

Discussion

In this study, we explored the role of OPN3 in angiogenesis, particularly its
regulatory function in the VEGFR2 signaling pathway. Using zebrafish
models and in vitro experiments with HUVECs, we found that the
expression of OPN3 in ECs is crucial for angiogenesis. The loss of
OPN3 significantly reduced HUVECs proliferation, migration, and tube
formation abilities, leading to vascular developmental defects in zebrafish
embryos. Additionally, Co-IP analysis confirmed the interaction between
OPN3 and VEGFR2, and molecular docking models predicted their binding
patterns, further supporting the conclusion of OPN3-VEGFR2 binding. We
also confirmed that OPN3 promotes angiogenesis by regulating VEGFR2
activation and downstream AKT signaling. These findings validate the role
of endothelial-specific Rh-GPCRs in positively regulating angiogenesis and
provide important insights for various biological fields, including vascular
development, tissue repair, and tumor progression.

Angiogenesis is essential for physiological and pathological processes
such as embryo development, tissue repair, and tumor progression. In
healthy tissues, angiogenesis aids organ development, wound healing, and
tissue regeneration. However, in pathological conditions like cancer, dia-
betic retinopathy, and cardiovascular diseases, abnormal angiogenesis may
contribute to disease onset and progression>”’. Angiogenesis is regulated
by various molecules and signaling pathways, among which VEGF and its
receptors play a central role.

VEGF receptors (VEGFRs) belong to the receptor tyrosine kinase
family and mainly include VEGFR1, VEGFR2, and VEGFR3. VEGFRI and
VEGFR?2 are primarily expressed in ECs, while VEGFR3 is mainly involved
in lymphatic vessel development and function regulation’. VEGFR1 and
VEGEFR?2 share similar structures, including seven transmembrane helices,
an extracellular ligand-binding region, and an intracellular kinase domain.
Despite their structural similarities, they differ significantly in function and
regulatory mechanisms®. VEGFR1 has a dual role: it inhibits embryonic
angiogenesis by binding to VEGFA, while also exerting positive regulatory
effects through tyrosine kinase-dependent signaling in adult tissues.
Although VEGFR1 has a high affinity for VEGF, it shows lower activity in
cultured cells, and only weak responses in ECs proliferation, migration, and
tube formation are observed even in cells overexpressing VEGFR1. Despite
self-phosphorylation of multiple tyrosine residues in response to VEGFA
stimulation, this phosphorylation typically results in weak responses in
endothelial cells” . In contrast, VEGFR?2 serves as the main positive signal
sensor for physiological and pathological angiogenesis. Its activation directly
promotes ECs proliferation, migration, tube formation, and various stages
of angiogenesis through multiple downstream signaling pathways, such as
PI3K/AKT and MAPK. VEGFR2 is especially crucial in the formation and
extension of new blood vessels"”’.

Previous studies have emphasized the critical role of GPCRs and
VEGFR2 in angiogenesis, but their interaction with photoreceptors has been
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relatively underexplored. Research indicates that OPN4 regulates eye vas-
cular development by influencing VEGFA expression. We hypothesized
that OPN3 might affect VEGFR2 function by regulating VEGFA
expression'’. However, through RNA-seq differential gene analysis, we
found that VEGFA levels increased in OPN3-knockdown HUVECs, while
VEGFR2 expression was significantly reduced compared to the control

group (Fig. 3¢). Combining this with previous reports showing that OPN5
affects VEGFR2 expression and mediates vitreous vascular regression". In
this study, we found that OPN3 not only regulates the expression of
VEGEFR2, but VEGFR2 can also regulate the expression of OPN3, thereby
affecting the function of HUVECs. This indicates that OPN3 and VEGFR2
can interact functionally. Studies have shown that OPN3 co-localizes with
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Fig. 4 | OPN3-induced proangiogenic in HUVECs is mediated by promoting
VEGFR?2 expression. a, b Western blot analysis was used to detect the protein
expression of OPN3 and VEGFR2 after lentiviral knockdown and overexpression of
OPN3, using B-tubulin as a loading control for normalization in the WB analysis.
Relative protein levels were quantified using Image]J software (n = 3 independent
experiments, with each experimental group consisting of 6 dishes, derived from 3
different donors, with each donor providing 2 dishes of cells). Statistical analysis was
performed using an unpaired t-test: ns (not significant), *p < 0.05, ***p < 0.001.

¢ SiRNA was used to silence VEGFR2 expression in HUVECs. The experiment was
divided into a knockdown group (RNAi-VEGFR2) and a control group (RNAi-
control). RT-qPCR was used to detect the mRNA expression levels of VEGFR2 under
different siRNA concentrations (30 nM, 50 nM, 70 nM). The relative mRNA
expression levels were calculated using the 27**“ method, with GAPDH serving as
the internal control (# = 3 independent experiments, with each experimental group
consisting of 6 dishes, derived from 3 different donors, with each donor providing 2
dishes of cells). Statistical analysis was performed using an unpaired t-test: ns (not
significant), **p < 0.01, ****p < 0.0001. d Western blot analysis was used to detect
VEGEFR?2 protein expression under 50 nM siRNA treatment, using -tubulin as a
loading control for normalization in the WB analysis. Relative protein levels were
quantified using Image] software (1 = 3 independent experiments, with each

experimental group consisting of 6 dishes, derived from 3 different donors, with each
donor providing 2 dishes of cells). Statistical analysis was performed using an
unpaired t-test: *p < 0.05. e Western blot analysis was used to detect OPN3 and
VEGEFR?2 protein expression levels in different cell groups with overexpression of
OPN3 or simultaneous overexpression of OPN3 and knockdown of VEGFR2, using
B-tubulin as a loading control for normalization in the WB analysis. Relative protein
levels were quantified using Image] software (n = 3 independent experiments, with
each experimental group consisting of 6 dishes, derived from 3 different donors, with
each donor providing 2 dishes of cells). Statistical analysis was performed using an
unpaired t-test: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001. £, h Cells
from different experimental groups were seeded on Matrigel for 10 h to record and
quantify tube formation. The number and length of branches were analyzed using
Image]J software to determine the extent of tube formation. f, g Spheroid sprouting
experiments were conducted with cells from different experimental groups. The
sprouts were recorded and quantified using optical microscopy, and the number and
length of sprouts were analyzed using Image]J software to evaluate the sprouting
ability of HUVECs (n = 9 dishes of cultured HUVECs from 3 different donors, with
each donor replicated three times). Statistical analysis was performed using an
unpaired t-test: ns (not significant), ****p < 0.0001. The scale bar represents 100 pum.
Data are presented as mean + SEM.

MCIR in the plasma membrane and intracellular structures to form a
physical complex’’. OPN3 and MC4R can form a molecular complex”.
OPN3 also seems to form a physical complex with BRAF V600E™. Based on
these reports, we demonstrate here that OPN3 in ECs interacts with
VEGFR2 to form a physical complex. This interaction is dynamically
regulated within the cell, and after VEGF stimulation, the co-localization of
OPN3 and VEGFR2 significantly increases, further confirming the func-
tional link between them. Molecular docking analysis shows that the
binding between OPN3 and VEGFR2 involves two hydrogen bonds: one
between the side chain of Arg73 in OPN3 and the main chain carbonyl of
Ala690 in VEGFR?2, and another between the side chain of Trp155 in OPN3
and the main chain carbonyl of Ile669 in VEGFR2.

Nle669 and Ala690 are located in the seventh immunoglobulin-like
domain (D7) of VEGFR2’s protein kinase domain, which is closest to the cell
membrane”. It is known that D7 stabilizes the active conformation of the
kinase domain, promoting VEGFR?2 autophosphorylation and regulating its
kinase activity and angiogenesis”. Mutations or alterations in these amino
acid residues may impair VEGFR2 activity*’. VEGFR2 is capable of forming
dimers, and this dimerization is critical for its activation and downstream
signal transduction. Studies have shown that VEGFR2 can undergo ligand-
independent dimerization, and the dimerized receptors can still initiate
signaling by phosphorylating specific tyrosine residues, thereby activating a
series of downstream signaling pathways'"*>. The D7 domain is essential for
forming properly oriented VEGFR2 dimers and stabilizing the unliganded
VEGFR2 dimer”. Therefore, future studies need to characterize the role of
OPN3 binding to VEGFR?2 in the dimerization process.

In this study, we also observed that when OPN3 expression was
knocked down, in addition to a reduction in the cell membrane expression
of VEGFR2, some of the VEGFR2 accumulated in the cytoplasm (Fig. S5).
Thus, the complex formed between OPN3 and VEGFR2 may also affect the
stability of the receptor on the plasma membrane. Similar to the interaction
between MCIR and OPN3*, the OPN3-VEGFR2 complex might change
the trafficking of VEGFR2 to and from the plasma membrane, thereby
affecting its function. In addition to the direct interaction between OPN3
and VEGFR2, we also propose that OPN3 may modulate VEGFR2 signaling
through G protein signaling pathways, particularly via Gai. In mosquitoes,
OPN3 has been shown to couple with the G protein Gai/o subunit*”. This
mechanism has been previously confirmed in the interaction between
OPN3 and MCIR, where OPN3 modulates the receptor’s cAMP response
via Gai*’. OPN3 also bidirectionally regulated the MC4R-activated cCAMP
response in a Gai/o-dependent manner”. Similarly, we hypothesize that
OPN3 can influence VEGFR2 signaling by altering its coupling with G,
which is known to play a role in regulating angiogenesis and endothelial cell

behavior. This is particularly relevant to VEGFR2 internalization and
downstream signaling'. Studies have reported that Gail/3 is part of the
VEGFR2 internalization complex (VEGFR2-Ephrin-B2-Dab2-PAR-3),
and it is essential for VEGFR2 internalization and downstream signaling.
Knockdown, knockout, or mutation of Gail/3 inhibits VEGF-induced
VEGFR2 internalization, as well as downstream AKT-mTOR and ERK-
MAPK activation, and VEGF-induced angiogenesis both in vitro and
in vivo, as well as HUVEC proliferation, migration, invasion, and tube
formation®. Therefore, OPN3 may modulate VEGFR2 and Gai interac-
tions, altering downstream signaling cascades and angiogenesis, which will
be determined by future research.

Arg73 and Trpl155 are located in the transmembrane helices 2 (TM2)
and 4 (TM4) of OPN3, respectively. These residues likely play a crucial role
in retinal binding, light absorption, and initiating photoreceptor
responses'” . Given that OPN3 is a light-sensitive GPCR protein, it may
regulate ECs function through various signaling pathways upon light
exposure.

Previous studies have reported that blue light radiation can promote
angiogenesis and accelerate wound healing in ischemic flap models™. OPN3
can sense blue light, with its absorption peak within the blue light range™”",
which is closely associated with wound healing™. Additionally, blue light
regulates melanogenesis in melanocytes through OPN3-dependent pho-
toreceptor activation. When we irradiated HUVECs and HDMECs with
blue light, we observed a significant upregulation of OPN3 expression at
doses of 7-14 J/cm” (Figure S9a, b). Subsequently, under 14 J/cm® blue light
irradiation, we assessed ECs proliferation, migration, tube formation, and
spheroid sprouting, and found enhanced cellular functions (Figure S9¢c-h).
However, when OPN3 was knocked down in HUVEC:s, blue light irradia-
tion resulted in reduced tube formation and spheroid sprouting
(Figure S9i-1). We then measured VEGFR2 expression and found that it was
upregulated with increased OPN3 expression under 14 J/cm® blue light
irradiation (Figure S9m, n). These results suggest that the pro-angiogenic
effect of blue light in HUVECs might be mediated through OPN3-regulated
VEGEFR2 expression. However, whether blue light further enhances the
interaction between OPN3 and VEGFR2, thereby accelerating the angio-
genesis process, requires further investigation.

In conclusion, this study demonstrates that OPN3 plays a key role in
angiogenesis by interacting with VEGFR2 to regulate AKT activity. These
findings enrich our understanding of the regulatory mechanisms of Rh-
GPCRs in angiogenesis. Our research provides not only new insights for
basic research but also potential targets for the treatment of vascular-related
diseases. Future studies could further explore the role of OPN3 under var-
ious pathological conditions and assess its feasibility as a therapeutic target.
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Materials and methods

Human samples

Human skin tissues were obtained from discarded foreskin samples fol-
lowing circumcision of healthy male donors aged 20-40 years. These
samples were provided by the Department of Urology at the Affiliated
Hospital of Guizhou Medical University. Human umbilical cord tissues
were collected from normal umbilical cord samples discarded after cesarean

Distance

sections performed on healthy female donors aged 20-35 years, from the
Obstetrics Department of the same hospital. All ethical regulations relevant
to human research participants were followed. Written informed consent
was obtained from all volunteers or their legal guardians. The study was
approved by the Ethics Committee of the Affiliated Hospital of Guizhou
Medical University (Approval: #2021-541; #2023-740). This research was
conducted in accordance with the principles outlined in the Declaration of
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Fig. 5 | OPN3 and VEGFR2 are able to form a complex. a, b Western blot analysis
was used to detect the protein levels of OPN3 and VEGFR? in different cell groups
with lentiviral knockdown of OPN3 or lentiviral knockdown of OPN3 combined
with plasmid overexpression of OPN3 (GFP-OPN3), using B-tubulin as a loading
control for normalization in the WB analysis. Relative protein levels were quantified
using Image] software (# = 3 independent experiments, with each experimental
group consisting of 6 dishes, derived from 3 different donors, with each donor
providing 2 dishes of cells). Statistical analysis was performed using an unpaired t-
test: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001. ¢, d Western blot
analysis was used to detect the protein levels of OPN3 and VEGFR? in different cell
groups with lentiviral overexpression of OPN3 or overexpression of OPN3 combined
with siRNA-mediated knockdown of OPN3 (RNAi-OPN3), using p-tubulin as a
loading control for normalization in the WB analysis. Relative protein levels were
quantified using Image] software (n = 3 independent experiments, with each
experimental group consisting of 6 dishes, derived from 3 different donors, with each
donor providing 2 dishes of cells). Statistical analysis was performed using an
unpaired t-test: *p < 0.05, **p < 0.01. e HUVECs were stimulated with VEGF (25 ng/
mL), and cells were collected at different time points (5 min, 15 min, 30 min) to

detect the interaction between OPN3 and VEGFR2 by Co-IP. Anti-OPN3 or anti-
IgG (negative control) antibodies were used for immunoprecipitation (IP), followed
by western blot analysis to detect OPN3 and VEGFR?2 protein levels. Relative protein
levels were quantified using Image]J software. f Bar graph represents the averaged
fold change of VEGFR2/OPN3 ratio over the basal ratio (n = 3 independent
experiments, with each experimental group consisting of 12 dishes, derived from 6
different donors, with each donor providing 2 dishes of cells). Statistical analysis was
performed using an unpaired t-test: *p < 0.05, **p < 0.01. g, h HUVECs were sti-
mulated or not stimulated with VEGF for 15 min, followed by co-staining of OPN3
and VEGFR2. Images were captured using confocal microscopy. OPN3 was labeled
in green, VEGFR2 in red, and DAPI in blue. The scale bar represents 25 pm. Yellow
fluorescence (indicated by white arrows) in the merged images indicates their
colocalization, which was analyzed by comparing the fluorescence intensity of each
protein along the white line in the magnified images of the white box. A bar graph
shows the percentage of colocalization (n = 6 dishes of cultured HUVECs from 3
different donors, with each donor replicated twice). Statistical analysis was per-
formed using an unpaired t-test: ***p < 0.001.

Helsinki and the International Ethical Guidelines for Health-Related
Research Involving Humans.

Immunohistochemical

Tissue sections were fixed overnight in 4% formaldehyde (P1110, Solarbio,
China) and subsequently embedded in paraffin. Three-micrometer sections
were deparaffinized, rehydrated, and subjected to antigen retrieval using an
EDTA-based solution (ZLI-9069, ZSGB-BIO, China). Endogenous perox-
idase activity was blocked with 3% hydrogen peroxide (PV-9000; ZSGB-
BIO, China), and non-specific binding was blocked by incubating with 5%
goat serum (ZLI-9056, ZSGB-BIO, China). Sections were incubated over-
night with primary antibodies against OPN3 (ab228748, Rabbit, 1:800,
Abcam, UK) and CD31 (ab9498, Mouse, 1:1000, Abcam, UK), followed by
incubation with the secondary antibody (PV9000, ZSGB-BIO, China) at
37 °C for 30 min. Detection was performed using DAB (ZLI9018, ZSGB-
BIO, China), and the sections were counterstained with hematoxylin.

Cell culture

Based on previous research methods™, human umbilical vein endothelial
cells (HUVECs) were isolated from the umbilical cord. To begin, 15 mL of
type I collagenase (C8140, Solarbio, China) was injected into the umbilical
vein, followed by digestion at 37 °C for 30 min. The reaction was then
terminated by adding fetal bovine serum (FBS, FBSST-01033-500, OriCell,
China), and the cells were collected by centrifugation. The isolated cells were
cultured in endothelial cell medium (ECM, ScienCell, USA) supplemented
with 5% FBS (0025, ScienCell, USA), 0.5% endothelial cell growth supple-
ment (ECGS, 1052, ScienCell, USA), and 0.5% antibiotic solution (P/S, 0503,
ScienCell, USA).

Human dermal microvascular endothelial cells (HDMECs) were iso-
lated from post-surgical skin tissue. The skin flaps were digested with
Dispase II (SCM133, Sigma, Germany) at 37 °C for 90 min to separate the
epidermis, after which the dermis was further digested with type I col-
lagenase (SCR103, Sigma, Germany) at 37 °C for 40 min. The reaction was
then halted by the addition of FBS (FBSST-01033-500, OriCell, China). The
digested tissue was filtered through a 40 pm filter (F8200, Solarbio, China),
and the cells were resuspended in ECM. They were seeded into gelatin-
coated culture dishes (G0040, Solarbio, China) and incubated at 37 °C with
5% CO,. After 8 days, the cells underwent magnetic bead sorting using the
CD31 MicroBead Kit (130-091-935, Miltenyi, Germany), following the
manufacturer’s instructions. A second round of sorting was performed
4 days later to further enrich the population of ECs.

Immunofluorescence staining

According to the manufacturer’s instructions (abs50012, Absin, China),
HUVECs and HDMECs were seeded at a density of 1.0 x 10* cells per wellin
confocal dishes and incubated at 37 °C with 5% CO, for 24 h. The cells were

then fixed with 4% paraformaldehyde for 10 min, air-dried, and blocked
with 5% goat serum for 30 min at 37 °C. After blocking, the cells were
washed with PBS and incubated overnight at 4 °C with primary antibodies
targeting vVWF (AF3000, Rabbit, 1:500, AffBiotech, USA), CD31 (ab9498,
Mouse, 1:1000, Abcam, UK), OPN3 (ab75285, Rabbit, 1:800, Abcam, UK),
and VEGFR2 (55B11, Rabbit, 1:1000, Cell Signaling Technology, USA). The
next day, after three washes with PBS, the cells were incubated with HRP-
conjugated secondary antibodies (abs50012, Absin, China) for 45 min at
37 °C. Following another round of PBS washed, fluorescent staining was
performed using TSA Fluorescein 520 or TSA Rhodamine 570 dyes (1:100)
for 30 min. Finally, nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI, D9542, Sigma-Aldrich) for 10min at room
temperature.

Real-time quantitative PCR
Total RNA was extracted from cells using the TRIzol reagent (15596018,
Invitrogen, USA) according to the manufacturer’s instructions. The
extracted RNA was then reverse transcribed into complementary DNA
(cDNA) using the Fastking DNA Dispelling TRSuperMIX Reverse Tran-
scriptase Kit (KR170801, TTANGEN, China). Quantitative real-time poly-
merase chain reaction was performed using the PreMix (SYBR Green)
fluorescent quantitative PCR reagent kit (FP209, TTANGEN, China) on the
CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, USA).
The relative mRNA expression levels of OPN3 and VEGFR2 were calculated
using the 27°% or 27**“ method, with GAPDH serving as the internal
control. The primer sequences used in this study, synthesized by Sangon
Biotech (China), are provided below:

OPN3 F, 5-CAATCCAGTGATTTATGTCTTCATGATCA-
GAAAG-3,

OPN3 R, 5-GCATTTCACTTCCAGCTGCTGGTAGGT-3/,

VEGFR2 F, 5-GTGATTGTGGAGACTGCTGGACTG-3/,

VEGFR2 R, 5-CTGACACATTTTGCCGCTTGGATAAC-3/,

GAPDH F, 5-GACATCCGCAAAGACCTG-3/,

GAPDH R, 5-GGAAGGTGGACAGCGAG-3'.

Western blot

Thirty juvenile zebrafish from each treatment group were anesthetized and
euthanized on ice. The zebrafish were pooled and homogenized in RIPA
lysis buffer (R0010, Solarbio, China) supplemented with 1 mM PMSF
(P0100, Solarbio, China) using a tissue homogenizer (SWE-C6, Servicebio,
China). For cell or zebrafish samples treated with RIPA lysis buffer, lysis was
performed on ice for 30 min, followed by centrifugation to obtain protein
extracts. The extracted proteins (30-200 pg) were separated via SDS-PAGE
and transferred onto PVDF membranes (FFP39, Millipore, USA). The
membranes were then blocked with 5% skim milk (P0216, Beyotime, China)
at room temperature for 2 h and subsequently washed three times with
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TBST (T1085, Solarbio, China). Following the washing steps, the mem- Anti-phospho-AKT (4060, Rabbit, 1:2000, Cell Signaling

branes were incubated overnight at 4°C with the following primary
antibodies:
For human vascular endothelial cells:
Anti-OPN3 (ab228748, Rabbit, 1:1000, Abcam, UK)
Anti-OPN3 (A15803, Rabbit, 1:500, ABclonal, China)
Anti-VEGFR2  (55B11,  Rabbit, 1:1000, Cell
Technology, USA)
Anti-AKT (ABP0059, Rabbit, 1:1000, Abbkine, China)
Anti-phospho-AKT (ABP0030, Rabbit, 1:1000, Abbkine, China)
Anti-B-Tubulin (T0023, Mouse, 1:10000, Aftbiotech, USA)
For zebrafish samples:
Anti-VEGFR2 (MBS8242633, Rabbit, 1:500, MyBioSource, USA)
Anti-OPN3 (A15803, Rabbit, 1:500, ABclonal, China)

Signaling

Technology, USA)

Anti-B-Tubulin (T0034, Mouse, 1:5000, Aftbiotech, USA)

After primary antibody incubation, the membranes were washed
thoroughly and then incubated with HRP-conjugated secondary antibodies
(Goat Anti-Rabbit IgG H&L, ab97051, 1:10000 or Goat Anti-Mouse IgG
H&L, ab97023, 1:10000, Abcam, UK) for 1 h at room temperature. Protein
bands were visualized using the Ultra High Sensitivity ECL Kit (HY-K1005,
MedChemExpress, USA).

Chemical preparation and storage

MK-2206 (AKT inhibitor, HY-10358, MedChemExpress, USA) was also
dissolved in DMSO to prepare a stock solution with a final concentration of
10 mM, stored at —80°C for future use. For cell-based experiments,
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Fig. 6 | The proangiogenic effects induced by OPN3 are possibly mediated
through the promotion of AKT activation. a The scatter plot of KEGG pathway
enrichment based on transcriptome sequencing results. KEGG pathway enrichment
was considered significant with a threshold of padj < 0.05. The top 20 most sig-
nificant KEGG pathways were selected for visualization in the scatter plot. The
horizontal axis represents the ratio of differentially expressed genes annotated to
KEGG pathways to the total number of differentially expressed genes. The vertical
axis represents the KEGG pathways. The size of the dots corresponds to the number
of genes annotated to the KEGG pathway, and the color gradient from red to purple
reflects the significance of enrichment. The PI3K-AKT pathway was significantly
enriched, as indicated by the red horizontal line. b, ¢ Western blot analysis was used
to detect the protein expression of OPN3, AKT, and p-AKT in OPN3 knockdown or
overexpression HUVECs, using p-tubulin as a loading control for normalization in
the WB analysis. Relative protein levels were quantified using Image] software (n =3
independent experiments, with each experimental group consisting of 6 dishes,
derived from 3 different donors, with each donor providing 2 dishes of cells). Sta-
tistical analysis was performed using an unpaired t-test: ns (not significant),

*p < 0.05, **p < 0.01. d Western blot analysis was used to detect the protein levels of
AKT and p-AKT in different cell groups with OPN3 overexpression or OPN3
overexpression followed by treatment with 10 uM MK-2206, using p-tubulin as a
loading control for normalization in the WB analysis. Relative protein levels were
quantified using Image] software (n = 3 independent experiments, with each
experimental group consisting of 6 dishes, derived from 3 different donors, with each
donor providing 2 dishes of cells). Statistical analysis was performed using an
unpaired t-test: ns (not significant), **p < 0.01. e, f Cells from different experimental
groups were seeded on Matrigel for 10 h to record and quantify tube formation. The

number and length of branches were analyzed using Image] software to determine
the extent of tube formation. Spheroid sprouting experiments were conducted with
cells from different experimental groups. The sprouts were recorded and quantified
using optical microscopy, and the number and length of sprouts were analyzed using
Image]J software to evaluate the sprouting ability of HUVECs (n = 3 independent
experiments, with each experimental group consisting of 6 dishes, derived from 3
different donors, with each donor providing 2 dishes of cells). Statistical analysis was
performed using an unpaired t-test: ****p < 0.0001. The scale bar represents

100 pm. g Western blot analysis was used to detect the protein levels of AKT and
p-AKT in different cell groups with OPN3 knockdown or OPN3 knockdown fol-
lowed by treatment with 10 uM SC79, using -tubulin as a loading control for
normalization in the WB analysis. Relative protein levels were quantified using
Image]J software (n = 3 independent experiments, with each experimental group
consisting of 6 dishes, derived from 3 different donors, with each donor providing 2
dishes of cells). Statistical analysis was performed using an unpaired t-test: ns (not
significant), *p < 0.05, **p < 0.01.h, i. Cells from different experimental groups were
seeded on Matrigel for 10 h to record and quantify tube formation. The number and
length of branches were analyzed using Image]J software to determine the extent of
tube formation. Spheroid sprouting experiments were conducted with cells from
different experimental groups. The tube formation was recorded and quantified
using optical microscopy, and the number and length of sprouts were analyzed using
Image] software to evaluate the sprouting ability of HUVECs (n = 9 dishes of cul-
tured HUVECs from 3 different donors, with each donor replicated three times).
Statistical analysis was performed using an unpaired t-test: ****p < 0.0001. The scale
bar represents 100 um. Data are presented as mean + SEM.

HUVECs were treated with 10 uM MK-2206 for 24 h, as determined by cell
viability results (Fig. S8a) and prior research findings'>*".

SC79 (AKT agonist, HY-18749, MedChemExpress, USA) was dissolved
in dimethyl sulfoxide (DMSO, D8371, Solarbio, China) to prepare a stock
solution with a final concentration of 10 mM, which was stored at —80 °C
until use. For cell-based experiments, HUVECs were treated with 10 uM
SC79 for 24 h, a concentration determined based on cell viability results (Fig.
S8b) and previous studies”. In the zebrafish rescue experiments, SC79 was
microinjected at a concentration of 1 uM (1 nL per embryo) into fertilized
eggs, which were then observed for developmental changes over 48 hpf>*”".

VEGEF (293-VE-010, R&D Systems, USA) was dissolved in phosphate-
buffered saline (PBS, P1020, Solarbio, China) to achieve a stock con-
centration of 100 pug/mL, and the solution was stored at —80°C until
required for experiments.

Cell viability assay

The effects of SC79 and MK-2206 (2HCI) at varying concentrations on
HUVECs were assessed using a CCK8 assay. HUVECs were seeded into 96-
well plates at a density of 1.0 x 10* cells per well. After 24 h of incubation, the
cells were treated with different concentrations of SC79 (0 uM, 2.5 pM,
5uM, 7.5 uM, 10 uM, 15uM, and 20 uM) or MK-2206 (2HCI) (0 uM,
2.5 UM, 5uM, 7.5 uM, 10 pM, 15 puM, and 20 pM) for 24 h. At the end of the
treatment period, 10 puL of CCK8 reagent (CA1210, Solarbio, China) was
added to each well, and the plates were incubated for an additional 2 h. The
absorbance was then measured at 405nm using a Multiskan SkyHigh
Microplate Spectrophotometer (Thermo Fisher Scientific, USA).

SiRNA transfection
HUVECs or HDMECs were transfected with siRNA targeting OPN3 or
VEGFR2 using Lipofectamine 2000 (Catalog No. 2097561, Invitrogen, USA)
at a final siRNA concentration of 50 nM in serum-free Opti-MEM (Catalog
No. 31985070, Gibco, USA). A negative control siRNA (TransheepBio,
Shanghai, China) was included as a control. After 6 h of incubation, the
medium was replaced with serum-containing medium to support cell
growth. Silencing efficiency was evaluated by RT-qPCR 48h post-
transfection. The sequences of the siRNAs used were as follows:

OPN3: 5-GUCACCUUUACCUUCGUGUTT-3

VEGFR2: 5-GGCAUGUACUGACGAUUAUUT-3'

Negative control: 5-UUCUCCGAACGUGUCACGUTT-3’

Lentiviral infection

Lentiviral particles (Genechem, Shanghai, China) were prepared following
standard protocols. These included LV-OPN3-RNAi (80513-1), LV-
control-RNAi (CON313, hU6-MCS-CBh-GCGFP-IRES-puromycin), LV-
OPN3 (45560-1), and LV-control (CON238, Ubi-MCS-3FLAG-SV40-
EGFP-IRES-puromycin) constructs. HUVECs were seeded at a density of
1 x 10° cells per well in 12-well plates. Lentiviral particles were added to the
wells at a multiplicity of infection (MOI) of 10. Once the cell confluence
reached approximately 30%, the cells were infected with the lentivirus-
containing medium. After 72h of incubation, the infection medium was
replaced with fresh culture medium. The cells were then maintained in
culture medium supplemented with 10 pg/mL puromycin (P8230, Solarbio,
China) for 1-2 weeks to select for successfully transduced cells. Puromycin-
resistant colonies were subsequently collected and expanded for down-
stream experiments.

Plasmid transfection

Plasmids were purchased from Genechem (Shanghai, China), experiments
were performed in reference to previous reports and according to the
manufacturer’s standard instructions”. The GFP-OPN3(CMV-MCS-
EGFP-SV40-Neomycin) plasmid was transfected into HUVECs to up-
regulate the expression of OPN3. Cells were seeded in 6 cm cell culture
dishes and transfected with 3 pg/well of GFP-OPN3 plasmid and 4 uL/well
of transfection reagent (R0531, Invitrogen, USA) when they reached 50%
confluence. Forty-eight hours after plasmid transfection, cells were collected
for subsequent experiments.

Transcriptome sequencing

RNA was extracted from HUVECs with OPN3 knockdown and from
control cells. Following extraction, the RNA underwent quality assessment
to ensure integrity and purity. mRNA was subsequently enriched, and
double-stranded complementary DNA (cDNA) was synthesized. Library
preparation was carried out using the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina®, adhering to the manufacturer’s protocol. The prepared
libraries were sequenced on the Illumina NovaSeq 6000 platform to generate
high-throughput sequencing data. After sequencing, bioinformatics analy-
sis was performed, including data filtering to remove low-quality reads,
quality control checks to ensure reliable data, and differential gene expres-
sion analysis. Further, Gene Ontology (GO) enrichment and Kyoto
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Fig. 7 | Silencing or knockout of OPN3 causes angiogenesis deficiency during
embryogenesis. a Inject fliI:EGFP transgenic zebrafish embryos with control MO,
OPN3 MO, or OPN3 MO and OPN3 mRNA (rescue), and image the treated
embryos from each group at 48 hpf using a confocal microscope. Dorsal longitudinal
anastomotic vessels (DLAVs) were absent in many places (*). Intersegmental vessels
(ISVs) were discontinuous, thin and short (*). The scale bar represents 100 um. Use
Image]J to analyze the total vessel length and the number of junctions in the images
from each group (n = 15, each individual data point represents a single zebrafish
embryo). Statistical analysis was performed using an unpaired t-test: ****p < 0.0001.
b Western blot analysis of OPN3 protein expression in fliI:EGFP zebrafish embryos
at 48 hpf. B-tubulin was used as a loading control for normalization in the WB
analysis. Relative protein levels were quantified using Image]J (n = 3 batches of
injected zebrafish embryos, each batch containing 30 embryos). Statistical analysis
was performed using an unpaired t-test: ****p < 0.0001. ¢ Confocal imaging of
intersegmental vessels in wild-type (WT) sibling zebrafish embryos and OPN3
mutant zebrafish embryos (OPN3™"") at different developmental stages (24 hpf, 48

hpf, and 72 hpf). DLAVs were absent and discontinuous in many places (*). ISVs
were discontinuous, thin and short (*). The scale bar represents 100 um. Use Image]
to analyze the total vessel length and the number of junctions in the images from
each group (n = 15, each individual data point represents a single zebrafish embryo).
Statistical analysis was performed using an unpaired t-test: ****p < 0.0001.

d Western blot analysis of OPN3 protein expression in WT and OPN3"" at 48 hpf. B-
tubulin was used as a loading control for normalization in the WB analysis. Relative
protein levels were quantified using Image] (1 = 3 batches of injected zebrafish
embryos, each batch containing 30 embryos). Statistical analysis was performed
using an unpaired t-test: ****p < 0.0001. e Confocal imaging of brain vasculature in
WT and OPN3" at different developmental stages (24 hpf, 48 hpf, and 72 hpf). The
scale bar represents 100 um. Use Image]J to analyze the fluorescence intensity in the
images from each group (n = 15, each individual data point represents the trunk or
brain region of a single zebrafish embryo). Statistical analysis was performed using
an unpaired t-test: **p < 0.01, ¥****p < 0.0001. Data are presented as mean + SEM.

containing 50 uM EdU was added to each well, and the cells were incubated
for 2 h. Subsequently, the cells were fixed with 4% paraformaldehyde in PBS
for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min, and
subjected to the Click reaction according to the kit protocol. The nuclei were
counterstained with Hoechst 33342. Fluorescence microscopy was used to
visualize and quantify EdU-positive nuclei.

Flow cytometry

HDMEC:s were collected by centrifugation, and the resulting cell pellet was
resuspended in flow cytometry buffer to achieve a concentration of 1 x 10°
cells per 100 uL. To prevent non-specific binding, 10% goat serum (Absin,
abs993, China) was added to the suspension, which was then incubated for
15 min at room temperature. Afterward, anti-CD31 antibody (1:20 dilution,
Mouse, ab9498, Abcam, UK) was added, and the mixture was incubated at
4°C in the dark for 30 min with gentle mixing. Following two washes with
flow cytometry buffer, cells were incubated with Goat Anti-Mouse IgG H&L
(Alexa Fluor® 647, ab150115, 1:2000 dilution, Abcam, UK) for 30 min at
4°C in the dark. The cells were then washed twice more and analyzed by
flow cytometry (BD Biosciences, USA) to determine the proportion of
CD31-positive cells. The data were processed using FlowJo software
(v10.10, USA).

For HUVECs, the cells were collected, washed with precooled PBS, and
fixed overnight with 70% ethanol at 4 °C, following the instructions pro-
vided in the Cell Cycle Detection kit (C1052-7, Beyotime, China). After
centrifugation and PBS washes, RN Ase solution (100 ug/mL) was added
and incubated at 37 °C for 30 min. Next, propidium iodide (50 ug/mL) was
added, and the cells were incubated at 4 °C for at least 30 min in the dark. At
least 10,000 cells were analyzed using a flow cytometer, and Flow]Jo (v10.10,
USA) or ModFit LT (v5.0, USA) software was employed to determine the
percentage of cells in different phases of the cell cycle (G1, S, and G2).

Transwell assay

HUVECs, treated with various experimental conditions, were suspended in
serum-free medium and seeded into the upper chambers of Transwell plates
(3422, Corning, USA) with a pore size of 0.8 ym at a density of 1 x 10" cells
per 200 pL of medium. Complete medium (400 L) containing 10% FBS
was added to the lower chambers. After 24 h of incubation, the medium in
the upper chambers was removed. Cells that had migrated through the
membrane were fixed with 4% paraformaldehyde for 15 min, stained with
0.1% crystal violet for 10 min, and then observed under a light microscope
(Nikon, Japan). Images were captured and recorded for analysis.

Tube formation assay

The ECs tube formation assay is one of the most widely used and reliable
methods for studying angiogenesis in vitro. Following previously reported
protocols and kit instructions™®, the ECMatrix solution (ECM625, Sigma-
Aldrich, USA) was mixed with a 10x dilution buffer in a ratio of 9:1. A total
of 50 pL of the mixture was added to a 96-well tissue culture plate. After

incubation at 37 °C for 1 h to allow the mixture to solidify, 1 x 10* cells/
100 uL were seeded onto the surface of the gel. The cells were then incubated
at 37 °Cfor 10 h, and tube formation was observed under an inverted optical
microscope. The cells were fixed with 4% paraformaldehyde, and images
were captured for documentation. Image analysis was performed using the
angiogenesis plug-in of Image].

Spheroid-based sprouting angiogenesis assay

The sphere-based sprouting assay is a well-established and reliable
method for studying angiogenesis in vitro™. Begin by carefully mixing
4mL of cell culture medium containing 8 x 10* cells with 1 mL of
methylcellulose solution (M0512, Sigma-Aldrich, USA) at a con-
centration of 12 mg/mL. Next, pipette 25 pL of the cell mixture onto the
lid of a 10 cm square Petri dish (688102, Greiner Bio One International,
Austria). Incubate the dish upside down in a humidified incubator for
24 h to allow the formation of spheroid structures. After incubation,
gently rinse the hanging drops with PBS and resuspend the HUVECs in
2mL of a 20% FBS-containing methylcellulose solution. Then, add
0.25 mL of ten-fold diluted Medium 199 (M0650, Sigma-Aldrich, USA)
to 2 mL of rat type I collagen solution (35436, Corning, USA) and mix
thoroughly. Afterward, transfer the spheroid-collagen mixture into a 12-
well plate and incubate at 37 °C with 5% CO, for 30 min to allow the
collagen to gel. Following this, introduce 25 ng/mL of VEGF (293-VE-
010, R&D Systems, USA) and continue incubation for an additional
24 h. Finally, capture images of the samples under a microscope. Image
analysis: Quantifying the sprout length of all sprouts in the spheroid
using Image]J software.

Immunoprecipitation

Protein A/G magnetic beads (20 pL, P2179S, Beyotime, China) were incu-
bated with primary antibodies for 1.5 h, and the supernatant was removed
according to the instructions provided with the immunoprecipitation kit
(P2179S, Beyotime, China). Cell lysates were prepared by homogenizing
500 pL of lysis buffer (containing 5 uL of protease inhibitor cocktail). The
lysates were then centrifuged at 15,000 rpm for 15 min at 4 °C to remove cell
debris, and the resulting supernatant was divided into Input, IgG, and IP
fractions. The IP fraction was mixed with antibody-bound beads and
incubated overnight at 4 °C. The following primary antibodies were used:
anti-IgG (P2179S, Rabbit, 1:100, Beyotime, China), anti-VEGFR2 (55B11,
Rabbit, 1:100, Cell Signaling Technology, USA), and anti-OPN3 (A15803,
Rabbit, 1:100, ABclonal, China)*. After washing the beads three times with
lysis buffer, 100 pL of SDS-PAGE loading buffer was added, and the samples
were heated at 95 °C for 5 min. Protein analysis was performed by Western
blotting using primary antibodies against VEGFR2 (55B11, Rabbit, 1:1000,
Cell Signaling Technology, USA) and OPN3 (A15803, Rabbit, 1:500,
ABclonal, China). The primary antibody is detected by incubation with the
universal secondary antibody (heavy chain + light chain, M21008, 1:2000,
Abmart, China).
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Molecular docking

The OPN3 protein structure was predicted using AlphaFold2 (https://
alphafold.ebi.ac.uk/entry/Q9H1Y3), while the VEGFR2 structure was
obtained from the PDB database (ID: 3KVQ). Protonation at neutral pH
(7.0) was performed using the H + + 3 online server. Heteroatoms and
water molecules were removed using UCSF Chimera, leaving only the
protein structure and assigning the Amber14SB force field charges. Protein-
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protein docking was performed using HDOCK with the ITScorePP scoring
function. Out of 100 output configurations, the top 10 were selected based
on their docking and confidence scores, and the configuration with the
highest scores was chosen for further analysis. PyMOL2.04 was used for 3D
visualization, while Maestro (academic version) was employed for 2D
interaction analysis, including statistical evaluation of interaction types,
distances, and quantities.
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Fig. 8 | OPN3 regulates VEGFR2 expression and AKT activation in vivo.

a Western blot analysis of OPN3 and VEGFR2 protein expression in flil:EGFP
zebrafish embryos after OPN3 knockdown using MO. B-tubulin was used as a
loading control for normalization in the WB analysis. Relative protein levels were
quantified using Image]J (n = 9 batches of injected zebrafish embryos, each batch
containing 30 embryos). Statistical analysis was performed using an unpaired t-test:
*¥H%p < 0.0001.b Western blot analysis of OPN3 and VEGFR2 protein expression in
WT and OPN3™ at 48 hpf. B-tubulin was used as a loading control for normalization
in the WB analysis. Relative protein levels were quantified using Image] (n =9
batches of injected zebrafish embryos, each batch containing 30 embryos). Statistical
analysis was performed using an unpaired t-test: ****p < 0.0001. ¢ Western blot
analysis of OPN3 and VEGFR?2 protein expression in kdrl:mCherry zebrafish
embryos after OPN3 knockdown using MO, and after co-injection of OPN3 MO
with OPN3 mRNA. B-tubulin was used as a loading control for normalization in the
WB analysis. Relative protein levels were quantified using Image] (n = 9 batches of
injected zebrafish embryos, each batch containing 30 embryos). Statistical analysis
was performed using an unpaired t-test: **p < 0.01, ***p < 0.001, ****p < 0.0001.
d Inject kdrl:mCherry transgenic zebrafish embryos with Control MO, OPN3 MO,
or OPN3 MO and OPN3 mRNA, and image the treated embryos from each group at

48 hpf using a confocal microscope. The fluorescence of kdrl is absent and dis-
continuous in many places (*). e Use Image] to analyze the fluorescence intensity in
the images from each group (n = 15, each individual data point represents the trunk
or brain region of a single zebrafish embryo). Statistical analysis was performed using
an unpaired t-test: ****p < 0.0001. The scale bar represents 100 um. f Inject
flil:EGFP transgenic zebrafish embryos with Control MO, OPN3 MO, or OPN3 MO
and SC79, and image the treated embryos from each group at 48 hpf using a confocal
microscope. DLAVs and ISVs were absent and discontinuous in many places (**).
g Use Image] to analyze the normalized vessel length and the number of junctions in
the images from each group (n = 15, each individual data point represents the trunk
or brain region of a single zebrafish embryo). Statistical analysis was performed using
an unpaired t-test: ****p < 0.0001. The scale bar represents 100 um. h Western blot
analysis of p-AKT protein expression in flil: EGFP zebrafish embryos after OPN3
knockdown using MO, and after co-injection of OPN3 MO with SC79. 3-tubulin was
used as a loading control for normalization in the WB analysis. i Relative protein
levels were quantified using ImageJ (n = 9 batches of injected zebrafish embryos,
each batch containing 30 embryos). Statistical analysis was performed using an
unpaired t-test: ***p < 0.001, ****p < 0.0001. Data are presented as mean + SEM.

Zebrafish and Morpholinos

Adult zebrafish Tg(fliI:EGFP) and Tg(kdrl:mCherry) lines were obtained
from the China Zebrafish Resource Center and maintained at 28 °C under a
14 h light/10 h dark cycle. At the 1-cell stage, embryos were microinjected
with 8ng of morpholino oligonucleotides (Gene Tools, USA). The
sequences of the morpholinos were as follows:

OPN3 morpholino: AAGACATGGACTTACCATTTTAACT; Mis-
match control morpholino: CCTCTTACCTCAGTTACAATTTATA. For
rescue experiments, the T7-OPN3-mCherry plasmids were linearized using
Eco1471 (Thermo Fisher Scientific, USA), and capped mRNAs were syn-
thesized using the mMESSAGE mMACHINE™ T7 Ultra Transcription Kit
(Ambion, USA) according to the manufacturer’s instructions. The syn-
thesized OPN3 mRNA was diluted to a final concentration of 100 ng/uL,
and 1 nL of the mRNA solution was microinjected into the embryos at the
1-cell stage. For imaging, embryos were carefully mounted in 1.0% low-
melting-point agarose to minimize movement during observation. Fluor-
escent signals were observed using an Olympus FV1000-MPE confocal
microscope to monitor the effects of morpholino injection and mRNA
rescue on vascular development. We have complied with all relevant ethical
regulations for animal use. All experimental procedures were approved by
the Institutional Animal Care and Use Committee of Guizhou Medical
University (Approval #: #2403615) and were carried out in compliance with
the ethical guidelines set forth by the China Academy of Food and Drug
Inspection and Quarantine.

Zebrafish OPN3 knockout

Based on previous studies, we used the CRISPR/Cas9 system to knock out
the OPN3 gene®. The genomic DNA sequence of OPN3 was retrieved from
the NCBI database, focusing on the exonic regions to design specific sgRNA
sequences targeting the OPN3 gene. Following standard protocols, zebrafish
fertilized eggs were collected, and the sgRNA was synthesized to a final
concentration of approximately 200 ng/pL. The Cas9 protein was prepared
at a final concentration of 400 ng/pL. The sgRNA and Cas9 protein mixture
was then microinjected into the one-cell stage zebrafish embryos at a total
injection volume of 1 nL per embryo. After injection, the embryos were
incubated and allowed to develop until 24 hpf. At 24 hpf, five embryos from
each experimental group were randomly selected, and genomic DNA was
extracted from each embryo. The PCR products were then sequenced to
detect sgRNA activity. Based on the mutation peaks, the FO generation was
bred to sexual maturity and crossed with wild-type fish to obtain F1
embryos. The F1 embryos were raised to sexual maturity, and part of the tail
fin tissue was collected for PCR amplification and sequencing to confirm the
mutation genotype. F1 individuals with the same genotype for the allele
mutation (both males and females) were then mated to produce F2

generation offspring. Homozygous OPN3" zebrafish were identified in the
F2 generation and used for subsequent analysis. The CRISPR sequence was
designed as follows: CCTGCTGGTGTCCCTGACTGGGG

The PCR amplification and sequencing primers were designed as
follows:

OPN3-F1: 5-GAAGCTCTCTTGTGGATCCG-3

OPN3-R1: 5-AAACGCGTAAATATATGCGC-3

GADPH-F1: 5- CCAACTGCCTGGCTCCTT-3’

GADPH-R1: 5'- CCCATCAACGGTCTTCTGTG-3’

OPN3-seqF: 5-GAATCGGGTCACTCACTTT-3

Computer analysis of the vasculature and fluorescence intensity was
performed using Image] with the following plugins: Skeletonize (2D/3D)
and Analyze Skeleton for vasculature analysis, and Measure RGB for
fluorescence intensity, respectively.

Fluorescence intensity measurement and co-localization
analysis
To quantitatively analyze fluorescence intensity in zebrafish and HUVECs,
fluorescence microscopy images were processed using Image] and the
Measure RGB plugin. Regions of interest (ROIs) were selected, and mean
intensity values for red, green, and blue channels were measured. Back-
ground intensity from a non-fluorescent region was subtracted to correct for
nonspecific signals, and the average intensity was used for statistical analysis.
For co-localization analysis of two fluorescently labeled molecules in
HUVECs, fluorescence images were analyzed using Image] and the Coloc 2
plugin. The green and red channels were separated, ROIs were selected, and
Manders’ coefficients (tM1 and tM2) were used to quantify co-localization.
Background correction was applied, and co-localization percentages were
calculated. Intensity profiles were extracted using the “Plot Profile” function,
and numerical data were exported for further analysis.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism (version 10.4.1).
Data are presented as mean + SEM. An unpaired t-test was used to compare
groups, with significance levels set at *p < 0.05, **p < 0.01, ***p < 0.001,and
HHHRED < 0.0001, as specified in the figure legends. For all in vitro experi-
ments, at least 3 different donors were used for each experimental. For
in vivo experiments, at least 15 zebrafish embryos were analyzed for each
experimental group. The sample size for each experiment is indicated in the
figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

All data generated during our study are fully documented in the published
article and its Supplementary Information. The RNA-seq data generated in
this study have been deposited in the NCBI Sequence Read Archive (SRA)
under the accession number PRINA1234294. Source data for graphs are
provided in the Supplementary Data of this article. The gating strategy for all
FACS plots is presented in Supplementary Information (Fig. S10). All ori-
ginal Western blot images are available in Supplementary Information (Fig.
S11). All other data supporting the findings of this study are available from
the corresponding author upon reasonable request.
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