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Purrose. The purpose of this study was to investigate the role of endothelial-
mesenchymal transition (EndoMT) in pathological retinal angiogenesis and identify key
molecular mediators in retina angiogenesis.

MerHoDs. RNA sequencing (RNA-seq) was performed on retinal tissue from an oxygen-
induced retinopathy (OIR) mouse model to analyze gene expression patterns. The
Gene Set Enrichment Analysis was used to examine the correlation between epithelial-
mesenchymal transition (EMT) and angiogenesis gene sets. Fibronectin (FN1) expression
was evaluated in endothelial cells, and its function was assessed through siRNA-mediated
knockdown in both in vitro angiogenesis assays and the OIR model.

Resurts. EndoMT occurred early in retinal angiogenesis development, with significant
correlation between EMT and angiogenesis gene sets. FNI was identified as the most
significantly upregulated EMT-related gene in endothelial cells. The siRNA-mediated
inhibition of fibronectin effectively prevented VEGF-induced angiogenesis in vitro and
reduced pathological angiogenesis in the OIR model.

Concrusions. EndoMT is a crucial early event in pathological retinal angiogenesis, with
fibronectin serving as a key mediator. Targeting fibronectin may provide a novel thera-
peutic strategy that could synergize with anti-VEGF treatments to more effectively treat
pathological angiogenesis in diabetic retinopathy (DR) and retinopathy of prematurity
(ROP), particularly in cases of poor response to anti-VEGF therapy alone.

Keywords: endothelial dysfunction, angiogenesis, fibrosis, VEGF signaling, endothelial-
mesenchymal transition (EndoMT)

he eye provides a sound model system to investigate the

molecular signals in angiogenesis. The study of ocular
angiogenesis has enormous clinical significance because,
in developed countries, retinal neovascularization resulting
from diabetic retinopathy (DR) is the most common cause of
new blindness in young patients, and choroidal neovascular-
ization (CNV) resulting from age-related macular degenera-
tion (AMD) is the most common cause of severe vision loss
in elderly patients. A detailed investigation uncovers that the
progression of neovascularization followed by retinal fibro-
sis is the primary pathology of DR and retinopathy of prema-
turity (ROP).!~® Despite advancements in anti-VEGF therapy
in treating proliferative diabetic retinopathy (PDR) and ROP
over the last decade, non-response patients with antiangio-
genic agents had increased, suggesting the involvement of
alternative angiogenic mechanisms that do not solely rely
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on VEGFA ligands.® Thus, understanding the deep molec-
ular mechanism of hypoxia-induced angiogenesis becomes
imperative.

Oxygen-induced retinopathy (OIR) mice exhibit severe
retinal microvascular malformations, and this model is the
most widely used animal model to study neovascular mech-
anisms.> So, we applied the RNA-sequence (RNA-seq) to
study the molecular mechanism of retina angiogenesis.
Notably, the data unveil a significant elevation of fibronectin
(FN1), including other epithelial-mesenchymal transition
(EMT) markers in OIR, and FN1 was the highest expres-
sion in the endothelial cells. This means that endothe-
lial cells partially lose endothelial identity and acquire
mesenchymal characteristics, or it might facilitate angiogen-
esis through a VEGFA-independent pathway. The outgrowth
of fibrovascular epiretinal membranes at the vitreoretinal
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interface in PDR or ROP might derive from ischemia-induced
pathologic growth of new blood vessels accompanied by
the expansion of the extracellular matrix (ECM). Thus,
there must be a relation between fibrotic disorders and
neovascularization.

Fibronectin (FNI1) is a ubiquitous extracellular glyco-
protein soluble in body fluids and insoluble in the ECM.
It plays a significant role in many critical physiological
processes, such as embryogenesis, wound healing, hemosta-
sis, and thrombosis,® and includes an essential determinant
of angiogenic activity through interaction with VEGF.” More-
over, it has been documented that endothelial-mesenchymal
transition (EndoMT) facilitates angiogenesis through a
fibronectin-rich matrix and promotes endothelial cell acti-
vation during monocyte recruitment.® Cell culture studies
show that an fibronectin matrix promotes nuclear factor-« B
(NF-«B) signaling and proinflammatory gene expression.’
Despite the well-described role of fibronectin in endothe-
lial activation and hemodynamic activation fibronectin
expression,'® the mechanisms regulating the FN1 increase
in hypoxia-induced retina angiogenesis remain largely
unknown. During angiogenesis, the fibronectin that accu-
mulates in the subendothelial matrix could transduce signal-
ing by o581 integrins on endothelial through PI3K/AKT and
MAPK pathway, which promotes proliferation and migra-
tion.!! Analysis of mRNA isolated from the retina in OIR
shows that 581 integrins and NF-«B activation (data not
shown in the figures). We previously demonstrated that vitre-
ous factors could increase fibronectin and promote endothe-
lial cell proliferation,'> but no other factors that activate
fibronectin are known. In this study, we provide the role
of fibronectin in angiogenesis and explore a potential drug
to prevent its activity in the retina angiogenesis model. In
conclusion, our results introduce a novel understanding of
the concurrent occurrence of EndoMT alongside angiogene-
sis, highlighting the role of FNT in pathological retinal angio-
genesis.

MATERIALS AND METHODS
Primary Reagents and Cell Culture

Antibodies against Fibronectin, Vimentin, p-Akt, Akt, p-
Erk, Erk, p-VEGFR2, and VEGFR2 were purchased from
Cell Signaling Technology (Danvers, MA, USA). Antibodies
against f-actin were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Secondary horseradish peroxi-
dase (HRP) antibodies-conjugated goat anti-rabbit IgG and
anti-mouse IgG were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Enhanced chemiluminescent
substrate for detection of HRP was obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Primary human reti-
nal microvascular endothelial cells (HRECs) were purchased
from Cell Systems (Kirkland, WA, USA) and cultured and
grown at 37°C with 5% CO, with endothelial growth medium
(EGM)-2 kit (Lonza, Walkersville, MD, USA).

Preparation of RNA-Seq Samples and Data
Analysis

TRIzol was used to extract total retinal RNA from retinal
tissues, and cDNA libraries were sequenced by Novogene
Co., Ltd. (Beijing, China) using an Illumina platform. Tran-
scripts per million (TPM) normalized all RNA-seq data in our
study.
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Gene Set Enrichment Analysis, Gene Set Variation
Analysis, and Differentially Expressed Genes
Analysis

To explore the enriched differences of EMT and angio-
genesis pathways and the inter-relationships between the
healthy control and OIR groups, gene set enrichment anal-
ysis (GSEA) and gene set variation analysis (GSVA) were
performed to calculate the gene signature scores using GSEA
software'? (version 4.3.2) and R package “GSVA”'* in our
RNA-seq data and other three data sets from the GEO
database (GSE194176, GSE123945, and GSE158799).1-17
The gmt files of the gene set used for the analysis
were downloaded from the Molecular Signatures Database
(MSigDB; https://www.gsea-msigdb.org/gsea/msigdb/) and
are provided as Supplementary Table S1 in the addi-
tional information. Statistical significance was determined by
normalized enrichment score (NES) > 1.0, P value < 0.05,
and false discovery rate (FDR) < 0.25. Differential expres-
sion analysis on the three RNA-seq datasets was carried
out using the “limma” R package; those genes that met
|log log2(fold change) | > 1 and adjusted P values < 0.05
were considered differentially expressed genes (DEGs). The
results of GSVA were visualized as a heatmap using the R
package “heatmap.” The DEGs, GSEA, and Pearson corre-
lation results among GSVA scores were visualized using
Sangerbox software.

Survival and Gene Correlation Analysis

The cancer survival analysis and gene correlation studies
were performed using the GEPIA web server (http://gepia.
cancer-pku.cn/), which integrates The Cancer Genome Atlas
(TCGA) and GTEx datasets. For survival analysis, the patients
were divided into high and low FN1 expression groups using
the median expression as the cutoff. For correlation analy-
sis, Pearson correlation coefficients were calculated between
FNT1 and selected genes involved in the VEGF/FGF pathways
using the TCGA-GBM dataset. The correlation plots were
generated using GEPIA2’s correlation analysis tool within
the website’s instructions.

We downloaded the standardized pan-cancer dataset
from the UCSC database (https://xenabrowser.net/): TCGA
Pan-Cancer (PANCAN, N = 10535, G = 60499). From
this dataset, we extracted the expression data of the
ENSG00000115414 (FN1) gene across all samples. Addition-
ally, we obtained high-quality TCGA survival data from a
previously published Cell paper.'® From this survival dataset,
we removed samples with follow-up times shorter than
30 days.

We performed a log2 (x + 0.001) transformation on each
expression value. Furthermore, we excluded cancer types
with fewer than 10 samples. This resulted in a final dataset
comprising 39 cancer types. The final dataset contains both
expression data and corresponding overall survival informa-
tion for all included samples.

siRNA Transfection

The non-target siRNA (NT siRNA) and FNI-siRNA were
commercially obtained from APExBio company (Shanghai,
China). The siRNAs were transfected into cells following
the manufacturer’s Lipofectamine 2000 protocol (Invitro-
gen). Quantitative PCR (qPCR) and Western blotting detected
the silencing efficiency at 24 hours after transfection.
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Cell Proliferation Assay

Using a cell counter, HRECs at a density of 2 x 10% cells in
24-well plates were estimated after 24 hours of contin-
uous treatment with EGM-2 or VEGFA (50 ng/mL). At
least three independent experiments were performed as
described previously.

CCK-8 Assay

The proliferation of human umbilical vein endothelial cells
(HUVECs) was examined using a CCK-8 kit according to the
manufacturer’s instructions. HUVECs were seeded into 96-
well plates at the density of 2 x 103 cells per well with
100 pL of complete culture medium and cultured for 24
hours before reagents treatment. In the end, 10 pL of CCK-8
solution was added to each well and incubated for 1 hour.
The absorbance at 450 nm was detected using a microplate
reader.

Scratch-Wound Migration Assay

Migration was assessed with the scratch-wound assay'® with
minor modifications. One scratch was generated per well
and imaged on a Zeiss microscope every 6 hours for 48
hours. Images were analyzed by measuring the number of
pixels in the wound area using Adobe Photoshop and Image]J
software.?®

Immunofluorescence

Embedded frozen eyes from the OIR model were prepared
as described previously. Mouse eyes on slides or cultured
HRECs were fixed in 3.7% formaldehyde/PBS for 10 minutes.
Subsequently, the sections or cells were preincubated with
5% normal goat serum in 0.3% Triton X-100/PBS for 20
minutes and incubated with primary antibodies against
FN1(1:100 dilution) (Cat. ab2413; Abcam, Cambridge, MA,
USA), CD31 (cat:3528S; CST, Danvers, MA, USA) for 1 hour
or a normal rabbit IgG. After 3 washes with PBS, the tissues
and sections were incubated with fluorescently labeled
secondary antibody DyLight 488 or 594 (Cat. DI-1549; Vector
Laboratories, Burlingame, CA, USA; 1:500 dilution in block-
ing buffer) for 30 minutes. Following three washes with PBS,
the slides were mounted with a mounting medium contain-
ing DAPI (solar cat: s2110) and photographed under a fluo-
rescence microscope (Zeiss, ApoTome).

Statistical Analysis

Results are presented as mean + SD. The Student’s #-test
was performed for comparisons between two groups, and
1-way ANOVA (Kruskal-Wallis test) was used for compar-
isons between multiple groups. A P value < 0.05 was consid-
ered significant.

REsuLts
The Character of RNA-Seq in OIR

The murine model of OIR (Fig. 1a) has been used exten-
sively to study retina angiogenesis in ROP and PDR. In
this study, we utilize RNA-seq techniques to delve into the
alterations in transcription and pinpoint a target associated
with hypoxia-triggered retinal angiogenesis (see Fig. 1a).
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Our experimental group consists of OIR retinas collected
at post-natal day 17 (p17) age, whereas control specimens
comprise age-matched mice raised in normal oxygen condi-
tions. Expectedly, a total of 938 differentially regulated genes
(DRGs) emerge from the comparison of OIR retinas to p17
retinas, with 830 exhibiting upregulation and 108 display-
ing downregulation emerge from the comparison of OIR
retinas to p1l7 retinas, with 830 showing upregulation and
108 displaying downregulation (Fig. 1b). To validate our
model, we used a heatmap to visualize an angiogenesis-
related gene set, confirming the efficacy of our angiogenesis
model (Fig. 1¢), The ridgeline plot showcases noteworthy
distinctions in the distribution of genes like vtn, vegfa, and
app between the two groups (Fig. 1d). Furthermore, examin-
ing EMT-related gene sets using a heatmap reveals substan-
tial dissimilarity between OIR and control retinas (Supple-
mentary Fig. S1a). The ridgeline plot is used to graphically
represent the distribution of numeric variables tied to EMT
genes, uncovering notable variations in genes such as vim,
sparc, fnl, col4a2, and col4al (Supplementary Fig. S1b).

Furthermore, enrichment and pathway analyses were
performed using Gene Ontology (GO), Kyoto Encyclope-
dia of Genes and Genomes (KEGG), and Reactome path-
ways, respectively. The data show that GO enriched the
DEGs in angiogenesis and extracellular matrix activity, and
the 10 most significant terms in biological processes (BPs),
molecular functions (MFs), and cellular components (CCs)
are shown in Figure le. Moreover, exploring signaling
pathways associated with differential gene enrichment was
executed through KEGG and Reactome analyses. These anal-
yses revealed that the most pronounced enrichment of DEGs
occurred within PI3K/Akt-related pathways (Fig. 1f) and
signaling pathways related to the organization of the extra-
cellular matrix (Supplementary Fig. S2).

EMT Is Upregulated and Correlated With
Angiogenesis

Retinal hypoxia is the stimulus for anomalous vessel prolifer-
ation and heightened microvascular permeability in condi-
tions marked by ischemic retinopathies. During our inves-
tigations, we also observed an elevation in EMT during
this progression, a finding supported by our sequence data
and supplementary information from the GEO datasets. As
shown in Figures 2a to 2c, GSEA revealed that gene sets
associated with EMT and angiogenesis was significantly
enriched in the OIR model group compared with the control
group (see Fig. 2a). Specifically, nine distinct gene sets
including HALLMARK EMT (NES = 1.4763, FDR = 0.0480),
GOBP angiogenesis (NES = 1.4562, FDR = 0.0480), HALL-
MARK angiogenesis (NES = 1.3597, FDR = 0.1769), and six
other of those related to angiogenesis in our RNA-seq data
(see Fig. 2a).

Moreover, eight gene signatures include HALLMARK EMT
(NES = 1.7505, FDR = 0.0530), GOBP sprouting angiogen-
esis (NES = 1.4056, FDR = 0.1254), and six other angio-
genesis associated in the GSE194176 dataset (see Fig. 2b),
and seven gene sets that include HALLMARK EMT (NES =
1.6135, FDR = 0.0093), GOBP positive regulation of sprout-
ing angiogenesis (NES = 1.4144, FDR = 0.1088), and five
other associated with angiogenesis in the GSE123945 dataset
(see Fig. 2¢). Subsequently, we performed GSVA to quantify
EMT and angiogenesis scores for each sample in our dataset
and GSE123945 (the complete results of the GSVA scores are
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Ficure 1. Experiment design and high-throughput sequencing of the retina from oxygen-induced retinopathy. (a) Schematic diagram
of the OIR model. (b) The volcano plots showed 938 differential gene expressions (DGEs) between the P17 OIR model and the control
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q < 0.05). () Enrichment of DRGs in the KEGG database (P < 0.05, q < 0.05).
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GOBP-sprouting angiogenesis (R = 0.96, P = 0.0029). (h) Scatter plots between EMT and GOBP-angiogenesis (R = 0.91, P = 0.011). (i)
Scatter plots between HALLMARK epithelial-mesenchymal transition scores and hallmark angiogenesis in GSE123945 (R = 0.91, P = 0.0015).
(§) Scatter plots between EMT and GOBP-sprouting angiogenesis in GSE123945 (R = 0.86, P = 0.0058). (k) Scatter plots between EMT and
GOBP-angiogenesis in GSE123945 (R = 0.94, P = 0.00058). (1) Single-cell sequence data form GSE174400, expression of FN1 in different

cell types from the OIR mouse model.

available in Supplementary Table S1), the resulting heatmap
was displayed in Figure 2e, it was clear that there were
significant differences between the control and OIR model
groups in mice at P17 in both datasets. In Figures 2f to 2h,
the Spearman correlation between the GSVA EMT and GSVA
angiogenesis score is presented as a scatter plot. HALLMARK
EMT scores are consistently positively correlated with three
angiogenesis signature scores in our data (see Figs. 2f-h)
and GSE123945 databases (Figs. 2i-k), including HALLMARK
angiogenesis, GOBP sprouting angiogenesis, and GOBP
angiogenesis.

More importantly, endothelial cells (ECs) undergo a
comprehensive transformation known as an EndoMT, result-
ing in the development of an endothelial-derived mesenchy-
mal phenotype within the context of OIR, as demonstrated
in Figure 21 of the GSE174400 dataset).

FN1 Is One of the Most Significantly Increased
Genes in OIR

Fibronectin is a glycoprotein with wide-ranging distribution
within diverse cell structures, including the smooth muscle
cell layer and vascular cell membrane. Its fundamental role
is facilitating interactions between cells and the extracellu-
lar matrix, participating in crucial cellular processes such
as adhesion, migration, growth, and differentiation. During
the OIR sequence, we found that FN1 was one of the most
significantly upregulated genes during the angiogenesis
phase of retinal development (see Fig. 1a). This heightened
FN1 expression was further validated via qPCR performed
on OIR retinas, contrasting them against normal pl7 reti-
nas (Supplementary Fig. S3). A single-cell sequence from
GSE150703 of the OIR model shows that FNI was highly
expressed in endothelial cells and pericytes (Fig. 3a). To
examine the precise localization of fibronectin, our attention
focused on its expression within the OIR retina, particularly
within endothelial cells. Through the application of immuno-
histochemical and immunofluorescence methodologies, we
discerned an elevated presence of fibronectin within the
vascularized OIR retina (Fig. 3b); this formal presence was
particularly pronounced in pathological vessels (Fig. 3¢) and
tip cell (Fig. 3d). In contrast, fibronectin expression was
notably absent in the vessels of the normal retina at P18
(see Fig. 30).

FN1 Is a Biomarker Interacting With Tumor
Vessels’ VEGF and FGF Pathways

Glioblastomas are aggressive astrocytic brain tumors char-
acterized by microvascular proliferation and an abnor-
mal vasculature.?! Fibronectin has been demonstrated to
promote cell proliferation and migration in gastric cancer
cell lines and predict a poor prognosis in glioblastoma.??:%3
Fibronectin can also predict poor prognosis and short
survival in choroidal melanoma (Fig. 4a) and glioblas-
toma (Figs. 4b, 4c¢) in the TCGA dataset by using the
GEPIA website.?* The RNA expression rate of FN1 in cancer

compared with their control was seen in Supplementary
Figure S4, and prognostic effects of FNI on pan-cancer are
presented in a forest plot (Fig. 4d); the patients with high
expression of FN1 tended to have worse outcomes in 17
cancer types, and glioblastomas (GBM and LGG) and uveal
melanoma (UVM) rank the most significant worse outcome
compared with other cancers (see Fig. 4d, the list of cancer
abbreviations can be found in Supplementary Table S2).
Extensive angiogenesis and markedly abnormal vessels are
hallmarks of glioblastoma, characterized by hyperpermeabil-
ity, resulting in tissue hypoxia. To determine pathological
vascular, undergoing the EndoMT process; we examined the
expression pattern of EMT marker Fibronectin and a-SMA in
CD31-positive tumor vessels of human glioblastoma (grade
IV glioma). The data show colocalization of the EMT marker
in Figure 4e, indicating that the EndoMT occurs in tumor
vasculature.

To investigate the mechanisms through which FN1 regu-
lates vascular function, the potential interacting proteins
were analyzed using the Pearson correlation coefficient with
the GMB dataset. We also included the VEGF pathway-
related protein to determine its relation. It had identified
that fibronectin interacts with the o581 integrins, espe-
cially B1 integrins,® and regulates VEGFR2 internaliza-
tion” and FGFR1 phosphorylation.?® The results show that
ITGAS5 and ITGA1 were significantly correlated with FN71
(Figs. 4f, 4g), and the expression of VEGFR1, VEGFR2, and
FGFR1 also correlated with FN1 (Figs. 4h—j), but FGFR2,
FGFR3, and VEGFR3 are not (Supplementary Fig. S5). When
we investigated the VEGF pathway-related ligand, we found
that VEGFA and VEGFB have no relation with FNI except
VEGFB and VEGFD (Figs. 4k—n). This means that FN1 regu-
lates receptor activity and expression, affecting VEGFC and
VEGFD expression.

Block Fibronectin Prevents VEGF Stimulator of
Angiogenesis

To verify the role of FN1 in angiogenesis, we use small inter-
fering RNA (siRNA) on HUVEC. The efficiency of fibronectin
silencing using siRNA was assessed through qPCR and West-
ern blot analysis. Following siRNA transfection, a significant
reduction in FNI mRNA and protein levels was observed
compared with the control siRNA (Figs. 5a, 5b).

Silencing of fibronectin effectively mitigates the upregu-
lation of p-VEGFR2 induced by VEGFA, except p-Akt and p-
Erk (Fig. 5¢). Furthermore, the scratch assay was performed
to assess functional outcomes of migration. FNI siRNA-
treated cells demonstrated diminished migratory capacity
in response to VEGFA compared with the healthy control
groups in HUVEC (Figs. 5d, 5e), continued with diminished
fibronectin levels decreased VEGFA-induced cell prolifer-
ation with cell counting, a pivotal aspect of angiogenic
response (Fig. 5f).

The results suggest that blocking fibronectin using
siRNA impacts VEGFA-induced angiogenesis. These findings
support the hypothesis that fibronectin plays a crucial role in
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blot for protein expression analysis. HRECs exposed to high VEGFA (50 ng/mL) for 24 hours were subjected to fibronectin expression
analysis. (h) The intensity quantitation of protein expression was performed, (i) HRECs exposed to high D-glucose (50 mmol/L) for 24
hours were subjected to Western blot for protein expression analysis. The intensity quantitation of protein expression was performed in
(j). (k) HRECs exposed to VEGFA (50 ng/mL) combined with high D-glucose (50 mmol/L) for 24 hours were subjected to Western blot for
protein expression analysis. The intensity quantitation of protein expression was performed in (1). All Western blots had three independent

experiments (folds). **P = 0.01, **P = 0.001.

regulating angiogenic processes, and its silencing may be a
potential strategy for modulating pathological angiogenesis.

To mimic the retina microenvironment, we apply HRECs
for further study on stimulation of fibronectin expression
in DR conditions. Our findings have unveiled the eleva-
tion in fibronectin could not be induced by VEGF (50
ng/mL; Figs. 5g, 5h). In addition, we also found high
glucose (50 mmol/L; Figs. 5i, 5j), or the conditions of high
glucose and VEGFA are combined, a notably substantial
approximately fourfold amplification in fibronectin expres-
sion within HRECs is witnessed (Figs. 5k, 51). These results
prove that fibronectin is upregulated and is not regulated by
VEGFA.

Block FN1 Prevents Growth Factor-Induced
Proliferation and Migration

We had previously found the vitreous, which contains many
factors, had a significant role in stimulating endothelial
cell proliferation and migration during retina angiogene-
sis. Moreover, EGF and FGF might facilitate angiogenesis
through a VEGF-independent pathway. Thus, we downreg-
ulates FN1 by siRNA and see the role of FNI in different
stimulator-induced endothelial cell proliferation and migra-
tion. Our investigations yielded outcomes that unequivocally
showcased the efficacy of target FN1 in countering vitreous,
FGF, and EGF-induced cell proliferation with CCK8 assay
(Figs. 6a—c), migration by scratch assay (Figs. 6d, 6f, 6h),
and quantification shown in Figures 6e, 6g, and 6h.

Our observations showed that decreased fibronectin
expression can prevent hypoxia and vitreous-induced cell
response in retina angiogenesis. These findings underscore
the pivotal role of fibronectin in disrupting retinal angiogen-
esis, which does not depend on VEGF activation.

Block FN1 Alleviates Angiogenesis in OIR

To verify the influence of target FNI on angiogenesis within
an in vivo context, we opted to use a mouse model of OIR.
This model was selected because the preretinal tufts formed
in this model closely mimic the pathological neovasculariza-
tion characteristic of the human PDR.> We introduce siRNA
(initial vitreal concentration of 1 pL 50 uM) or its correspond-
ing vehicle (control siRNA, initial concentration of 0.1%) into
the vitreous of mice at P12. Subsequently, the mice were
reintroduced to room air conditions.

The group treated with FNI siRNA exhibited a strik-
ing reduction in preretinal tufts compared to the group
receiving the vehicle injection (Fig. 7a). Remarkably, the
administration of FN1 siRNA not only curtailed fibronectin
expression in vivo (Fig. 7b) but also exhibited a remark-
able mitigation of other EMT markers such as E-cadherin,
vimentin, and a-SMA (Fig. 7¢). We found that the cell signal-
ing of the EMT pathway represented by p-smad2/3 was also
decreased in the retinas of mice subjected to FNI siRNA
treatment (Fig. 7d). Quantification of these protein expres-
sions is shown in Figure 7e. Taken together, these findings

collectively point toward the effectiveness of downregulat-
ing FN1 in impeding the process of EMT. These effects syner-
gistically suppress pathological angiogenesis within a mouse
model of OIR.

DISCUSSION

DR poses a substantial global burden, resulting in consid-
erable visual impairment.? The poor response to anti-VEGF
treatment among patients with DR presents a therapeutic
challenge. Our study reports that an aberrant increase in
EMT signaling, especially EndoMT, starts with retina angio-
genesis. The emergence of fibrosis during the late stages
has an irreversible impact on neurons and vascular systems,
leaving clinicians perplexed about the time needed for effec-
tive fibrosis prevention strategies. Based on our findings, the
most significant GO enrichment of angiogenesis and extra-
cellular matrix activity shows the intricate interplay between
fibrosis and angiogenesis. We demonstrate that disruption of
FN1 by siRNA prevents VEGF-induced angiogenesis in vitro
and in an OIR model. Therefore, our study reveals the ther-
apeutics of early anti-fibrosis can inhibit neovascularization,
especially the potential for non- or poor responders to anti-
VEGF.

Angiogenesis and fibrosis are thought to be interdepen-
dent processes that often occur in parallel, with endothe-
lial cell migration as a requisite for angiogenesis and fibro-
sis frequently gaining prominence in the initial stages of
the disease.?” Even a preclinical study of the PDR provides
evidence that fibrosis can lead to a tractional retinal detach-
ment and neurodegeneration, which cause severe vision loss
in the end-stage of the disease?®=*; we found EMT was
started parallel with retina angiogenesis. Within our study,
we observed a pronounced enrichment in angiogenesis and
the extracellular matrix. Importantly, alterations in the EMT-
related gene set, closely tied to angiogenesis, strongly indi-
cate that these two interdependent processes take place in
the early stages and can facilitate each other in hypoxia-
induced retina angiogenesis.

Further reinforcement for the association between angio-
genesis and fibrosis emerges from investigations conducted
on liver fibrosis and certain cancer types. Experiments
involving animal models have demonstrated that anti-
angiogenic therapy can reduce fibrosis.?’**! Moreover, our
RNA-seq data corroborates the TGF-$ signal’s involvement,
a pivotal EMT pathway, which closely intertwines with
angiogenesis. This pathway is implicated in pathological
processes tied to angiogenesis, and the emergence of poten-
tial therapeutics targeting the TGF-8 pathway offers promise
in curtailing diseases characterized by excessive angiogene-
sis.3? Nevertheless, better comprehending the intricate rela-
tionship between fibrosis and angiogenesis remains crucial.
This is because not all angiogenic targets hold therapeutic
value, necessitating a refinement of therapeutic approaches
toward anti-fibrosis targets that are more likely to yield bene-
ficial outcomes. Given this complexity, targeting EMT might
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offer a combined therapeutic approach to curbing angiogen-
esis and fibrosis in PDR or ROP.

Among these EMT genes, we found that FNI1I was
the most significant gene increase in the OIR group,
which is confirmed in other sequence data in GEO
(see Fig. 2a). Subsequent exploration of localization shows
that fibronectin is predominantly expressed in the vascular
context (see Figs. 3c—-d). This observation finds reinforce-
ment in a study examining endothelial cells extracted from
fibrovascular membranes of the PDR.>* Furthermore, inde-
pendent verification through single-cell sequencing reaf-
firmed the high expression of FNI within endothelial cells
originating from the OIR retina.>* Increasing FN1 expression
can be attributed to the sensitivity of these endothelial cells’
exposure to hypoxic conditions. Signaling pathways, such

as proliferation, angiogenesis, transformation, and apopto-
sis, were activated. In many in vivo and in vitro systems of
sprouting angiogenesis, FN1 is essential for tip cell migra-
tion 3530

Additionally, fibronectin can bind VEGF or VEGFR2, a
central regulator of angiogenesis, and directly influence it
signaling output.”-*”-3® Notably, fibronectin can also disturb
the FGF pathway*% In other endothelial disease model,
endothelial cells exhibit EndoMT, which has been verified
in pulmonary arterial hypertension* - and systemic scle-
rosis.* In addition, much evidence underscores hypoxia
as a trigger for EMT in various cancer types, such as
breast cancer, prostate cancer, and oral cancer.3"%-% Our
study verifies that during neovascularization and angiogen-
esis diseases, endothelial cells can undergo partial EndoMT
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when generating new vascular cells. Thus, understanding
the time of EndoMT in retinal angiogenic disorders needs
further investigation.

In summary, these results shed light on the intercon-
nectedness between EndoMT and angiogenesis, highlighting
how retinal hypoxia sets in motion neovascularization and
EndoMT concurrently. Our investigation pinpointed FN1 as
a possible biomarker and a mechanistic avenue implicated
in angiogenesis. Despite the compelling evidence from our
RNA-seq analysis demonstrating EMT involvement in OIR,
several aspects require further investigation. The precise
temporal dynamics of EMT during retinal angiogenesis, the
complete spectrum of regulatory pathways beyond FN1, and
validation in human retinal samples remain to be explored.
Understanding these aspects will be crucial for developing
targeted therapies for retinal neovascular diseases.
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