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Abstract

Retinal pathological angiogenesis (PA) is a common hallmark in proliferative
retinopathies, including age-related macular degeneration (AMD), proliferative
diabetic retinopathy (PDR), and retinopathy of prematurity (ROP). The mecha-
nisms underlying PA is complex and incompletely understood. In this study, we
investigated the role of extracellular matrix (ECM) protein biglycan (BGN) in PA
using an oxygen-induced retinopathy (OIR) mouse model, along with hypoxia
(1% 0O,) conditions for incubating pericytes and endothelial cells in vitro. We
found a significant upregulation of Bgn in the retinas of OIR mice. Intravitreal
injection of Bgn-specific small interfering RNA (siRNA) in OIR mice at postnatal
day 12 (P12) effectively curbed retinal PA at P17. Using cultured cells, we found
that BGN expression in pericytes was highly sensitive to hypoxic stimulation com-
pared to endothelial cells. We further showed that BGN stimulated retinal PA via
the upregulation of C-X-C motif chemokine ligand 12 (CXCL12). Inhibition of
the CXCL12-CXCR4 axis effectively diminished PA in OIR mouse. In conclusion,
our study demonstrated the stimulatory role of BGN in retinal PA, identified the

Abbreviations: AMD, age-related macular degeneration; ANGPTLS, angiopoietin-like proteins; BGN, biglycan; CM, culture media; CXCL12, C-X-C
motif chemokine ligand 12; DAMP, danger-associated molecular pattern; DAPI, 4’,6-diamidino-2-phenylindole; DEGs, differentially expressed gene;
E18, embryonic day 18; ECM, Extracellular matrix; GEO, Gene Expression Omnibus; GO, Gene Ontology; H&E, Hematoxylin and eosin; HRMEC,
human retinal microvascular endothelialcell; HRMVPC, human retinal microvascular pericyte cell; hrs, hours; NV, neovascular; OIR, oxygen-
induced retinopathy; P12, postnatal day 12; PA, pathological angiogenesis; PCs, Pericytes; PDR, proliferative diabetic retinopathy; ROP, retinopathy
of prematurity; ROS, reactive oxygen species; siRNA, small interfering RNA; SLRP, small leucine-rich repeat proteoglycan; TLR, toll-like receptors;
VEGF, vascular endothelial growth factor; VO, vessel obliteration.
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1 | INTRODUCTION

Pathological angiogenesis (PA) is one of the common
pathological changes underlying proliferative retinopa-
thies, encompassing the wet form of age-related macular
degeneration (AMD), proliferative diabetic retinopathy
(PDR), and retinopathy of prematurity (ROP).'” In these
conditions, the structural integrity and retinal perfusion
function of the pathological blood vessels are compro-
mised, rendering it vulnerable to vitreous hemorrhage
and macular edema, and ultimately, culminates in visual
impairment, or even complete vision loss.*”® While intra-
ocular injection of anti-vascular endothelial growth factor
(VEGF) agents is effective in controlling leaky vascula-
ture, its long-term effect on vascular regression is far from
ideal.”'° Hence, there is a pressing need for more effective
therapies to control the occurrence of pathological intra-
ocular angiogenesis.

Extracellular matrix (ECM) plays important role in
modulating tissue homeostasis. Previously, we have shown
that various ECM proteins affected the growth and func-
tion of the retinal blood vessel.'** Biglycan (BGN) is a
member of small leucine-rich repeat proteoglycan (SLRP)
family, and is found in the ECM of various tissues, includ-
ing retina.">'® In human eyes, it is presented in all layers
of the neural retina tissue, as well as in Bruch's mem-
brane, choroid, sclera, and choroidal vessels.” Studies
in mice showed that BGN can be detected in the retina
and optic nerve by embryonic day 18 (E18) and showed
intense staining in synapse-rich layers by postnatal day
42 (P42)."® BGN is a danger-associated molecular pattern
(DAMP) protein which binds to toll-like receptors (TLR)
and induces proinflammatory responses.'**! BGN is syn-
thesized by many cell types, including endothelial cells,
smooth muscle cells, fibroblasts, and macrophages.22
In situations of tissue injury or stress, BGN is either pro-
teolytically cleaved or newly synthesized into its soluble
form.'>**** Soluble BGN is involved in many physiolog-
ical and pathological conditions, including bone forma-
tion, cancer development, hepatic fibrosis, and adaptive
remodeling after myocardial infarction.>*° A growing
body of evidence, both in neoplastic and non-neoplastic
contexts, suggests that BGN plays a role in angiogenesis
by regulating the expression of VEGF, endostatin, and

link between BGN and CXCL12 expression, and further highlighted the role of
pericytes in retinal PA.

biglycan (BGN), CXCL12, oxygen-induced retinopathy (OIR), pericyte, retinal pathological

angiopoietin-like proteins (ANGPTLs).'**'* However,
studies investigating the role of BGN on retinal neovas-
cularization are limited. Recent findings have indicated
increased BGN cleavage products in the vitreous of prolif-
erative diabetic retinopathy (PDR) patients,*® highlighting
its potential involvement in retinal PA.

Pericytes (PCs) have emerged as promising targets for
anti-angiogenic therapy.*** Located within the capillary
basement membrane, pericytes closely interact with endo-
thelial cells and play a crucial role in regulating blood flow,
immune responses, and microvessel physiology through
factors like VEGF, PDGFB, Notch, and TGF-p.**! They
are vulnerable to injury from hypoxia, oxidative stress,
and inflammation, leading to disrupted communication
with endothelial cells and microvascular dysfunction
under these stresses.*** Most studies on pericyte biology
focus on compromised recruitment or development, there
are several research on the specific pathophysiological
changes in pericytes and their effects on retinal patholog-
ical angiogenesis, particularly regarding their paracrine
interactions with endothelial cells.**® Thus, further in-
vestigation is needed to clarify the mechanisms of pericyte
function in this context to develop effective preventive
strategies.

In this study, we employed the oxygen-induced retinop-
athy (OIR) mouse model to investigate the role of BGN on
retinal PA. Silencing the expression of Bgn via Bgn-specific
small interfering RNA (siRNA) could effectively curb the
pathological neovascularization in OIR mice. Our findings
also suggest that BGN expression in pericytes is sensitive
to hypoxic conditions in vitro. Furthermore, we showed
that the pro-angiogenic effect of BGN was largely medi-
ated by increased production of C-X-C motif chemokine
ligand 12 (CXCL12).

2 | METHODS

2.1 | Animals and treatments

All experiments in this study were conducted following
the guidelines of the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and approved by the
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Institutional Animal Care and Use Committee of Xinhua
Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine. Time-pregnant female C57BL/6 mice
were purchased from the Shanghai Laboratory Animal
Center, Chinese Academy of Sciences (Shanghai, China).
All mice had unrestricted access to food and water. To
induce PA in the OIR model, the P7 C57BL/6J puppies
were exposed to 75% oxygen for 5days, accompanied by
lactating mother mice. Subsequently, the mice were re-
turned to room air (RA) environment (from the age of P12
to P17). Age-matched littermate control mice were main-
tained in RA environment throughout the entire period.
The mother mice of the OIR group and control group were
alternated every 12h (hrs).

Unless otherwise specified, all treatment interven-
tion were performed on P12 mice, right after they were
transferred out of the hyperoxic chamber. The pupils were
dilated with 0.5% tropicamide. One microliter of Bgn-
specific siRNAs (1nmol/pL), LIT927 (250ng/pL), IT1t
(500ng/pL) or PBS was injected into the vitreous cavity
using a 2.5-pL Hamilton syringe with a 32-gauge needle
(Hamilton, NV, USA). All mice were sacrificed by CO, eu-
thanasia at P17. Eyes were immediately enucleated and
processed accordingly as needed.

2.2 | Immunohistochemistry

Retinal whole mount and immunofluorescent stain-
ing of the cells and frozen section were carried out as
previously described.'** QuickBlock blocking buffer
(Beyotime, China) was used for 30 min at room tem-
perature. The following primary antibodies: isolectin B4
conjugated with Alexa Fluor 488 (1:200; Invitrogen an-
tibodies), rabbit anti-BGN (Proteintech, #16409-1-AP,
1:100), rabbit anti-CXCL12 (Boster, #BA1389, 1:200),
rabbit anti-hypoxia inducible factor 1, alpha subu-
nit (HIF-1a) (Abcam, #AB179483, 1:100), and mouse
anti-chondroitin sulfate proteoglycan 4 (NG2) (Merck,
#MAB5384, 1:200) were used and incubated overnight at
4°C. Alexa Fluor-488- or 568-conjugated secondary anti-
bodies purchased from ThermoFisher were used. Finally,
the slides were sealed with an antifade reagent containing
4’ ,6-diamidino-2-phenylindole (DAPI) (ThermoFisher,
#S36938).

Stained retinal tissues were imaged using either fluores-
cent microscopy (Olympus BX51) or confocal microscopy
(Leica TCS SP8). Hematoxylin and eosin (H&E) stained
retinal sections were imaged using light microscopy. To
determine the neovascular (NV) and vessel obliteration
(VO) areas of the retina, the polygon lasso tool and magic
wand of Adobe Photoshop 2022 (San Jose, CA, USA) were
used. The avascular region and neovascularization were
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quantitatively determined as the percentage of pixels in
relation to the entire retina.

2.3 | Cell culture and treatment

The human retinal microvascular pericyte cell (HRMVPC)
and human retinal microvascular endothelial cell
(HRMEC) were purchased from Anwei-sci Cell Center
(Shanghai, China, #H0773, #H0774). HRMVPCs were
cultured in high-glucose DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
HRMECs were cultured in endothelial medium supple-
mented with 10% FBS and 1% penicillin/streptomycin. All
cell culture reagents were purchased from ThermoFisher
unless otherwise specified. The cells were maintained at
37°C in a humidified incubator with 5% CO,. To establish
an in vitro hypoxia model, the cells were cultured in a hu-
midified incubator with 1% O, for 24 or 48 h as specified.

For proliferation analysis, a 5-ethynyl-2’-deoxyuridine
(EdU) labeling kit was purchased from Beyotime
(Shanghai, China, C0078s) and used according to the
manufacturer’s instruction.

For the determination of intracellular reactive oxygen
species (ROS) level, HRMVPCs were plated on the pre-
coated coverslip in 12-well plates and treated as needed.
Serum-free fresh medium containing 2 pM dihydroethid-
ium (DHE) (Beyotime, Shanghai, China) were used to
incubate the cells for 30 mins in the dark. The coverslips
were then imaged under fluorescent microscope (Olympus
BX51) with 532nm excitation laser and a 580nm long-
pass detection filter. The intensity of the fluorescence of
the entire section was quantified using ImageJ and used
for comparison between groups.

For migration analysis, 4 x 10"'5 HRMECs or HRMVPCs
were seeded in 6-well plates. They were then treated ac-
cordingly as needed. A uniform scratch was created by
scraping with the tip of a 1 mL pipette. The cells were then
cultured for 36 (HRMVPCs) or 48h (HRMECs). Images of
the gap were taken immediately after scratching and be-
fore the termination of the experiment. The migration rate
was determined by quantifying the area repopulated with
cells within the original gap.

For endothelial cell tube formation analysis, 100 puL/
well of Matrigel (Corning, Shanghai, China, #354230)
was plated into 48-well plate and incubated for 1hour
at 37°C. HRMECs between passages 3 and 5 were plated
on Matrigel at a density of 5x 1074 cells per well. Images
were captured 6h after incubation to evaluate the forma-
tion of tubular structures.

For CXCL12 reintroduction experiments, recombinant
human CXCL12 protein (MedChemExoress, Shanghai,
China, #HY-P700642, 200 ng/mL) was applied.
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FIGURE 1 BGN isupregulated during pathological angiogenesis. (A) Schematic diagram of the mouse OIR model. Pups were exposed
to 75% oxygen from P7 to P12 and returned to normoxia from P12 to P17, while control mice remained in normoxic environment throughout
the entire period. Retinal neovascularization peaked at P17 in OIR mouse. (B) Representative images of flat-mounted retinas stained with
IB4 (green) showing blood vessels in control and OIR mice at P17. Vaso-obliteration (VO) and neovascular (NV) areas in OIR mice are
delineated in white and yellow respectively. (C) Representative images of H&E staining of control and OIR retinal sections at P17. Red
arrows indicate the retinal neovascularization which projects to the vitreous cavity. Scale bar: 100 pm. (D) Heatmap of 258 DEGs between
control and OIR retinas at P17. The 16 genes which are also “hallmark of hypoxia” genes, including BGN in red rectangle, are labeled. (E)
The top 10 GO terms relate to biological process, cellular component, and molecular function enriched by 258 DEGs. Terms related to
neovascularization and ECM are labeled in red. (F) Venn diagram shows the 16 overlapped genes between 258 DEGs and 200 “hallmark of
hypoxia” genes listed in the Molecular Signatures Database (MSigDB). The gene symbols are given in figure D. (G) Bgn expression in Bulk
RNA-sequencing data between control and OIR retinas at P17. (H) Bgn expression in retinas from P17 control and OIR mice. The expression
in control retina is set as 1. The experiments were repeated using retinal samples taken from six different animals in the OIR group and
three different animals in the control group. (I) Western blot analysis of retinal BGN expression in control and OIR mice at P17. The density
of the bands was quantified using ImageJ and p-actin was used as internal control. The experiments were repeated using four different
retinal total lysates in each group, and the quantification of the result was presented at right.

2.4 | RNA interference

For in vivo knockdown of BGN expression, we de-

signed specific small interfering RNA (siRNA)
targeting Bgn c¢DNA (GeneBank accession no.
NM_001411776.1), the primer sequences Wwere

5-GGCCAUCCAAUUUGGAAAUTT-3'(forward primer)
and 5-AUUUCCAAAUUGGAUGGCCTT-3’ (Shanghai,
GenePharma Co. Ltd., China). Control siRNA sequences
were as follows: 5-UUCUCCGAACGUGUCACGUTT-3’
(forward primer) and 5-ACGUGACACGUU CGGAG
AATT-3'. The siRNAs were modified at the 3’ end with
2-o-methylation to be protected from degradation. The
transfection efficiency was assessed by real-time PCR and
Western blotting.

For in vitro knockdown of BGN expression, we de-
signed siRNA targeting BGN cDNA (GeneBank acces-
sion no. NM_001711.6), the primer sequences were
5-CCAUCCAGUUUGGCAACUATT-3' (forward primer)
and 5-UAGUUGCCAAACUGGAUGGTT-3' (Shanghai,
GenePharmaCo.Ltd.,China).ControlsiRNAsequenceswere
as follows: 5-CCAUCCAGUUUGGCAACUATT-3’ (for-
ward primer) and 5’-UAGUUGCCAAACUGGAUGGTT-3".
Transfections were performed with siRNA or negative con-
trols using Lipofectamine 3000 from Invitrogen according
to the manufacturer's instructions.

2.5 | Western blot and Enzyme-linked
immunosorbent assay (ELISA) analysis

For Western blot analysis, the retinal tissues and
cultured cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer supplemented with
Phenylmethanesulfonyl fluoride PMSF (Yeasen,
Shanghai, China, #20104ES08) and protease and phos-
phatase inhibitor mini tablets (Beyotime, Shanghai,

China). After centrifugation at 75000g for 10 min at
4°C, the supernatant was collected, and protein con-
centration was determined using a BCA assay kit
(Epizyme, China). Subsequently, equal amount of
each protein sample was loaded onto SDS-PAGE gels
and transferred to PVDF membranes (Immobilon-P;
Millipore, Schaffhausen). The following antibodies
were used: rabbit anti-BGN (Proteintech, #16409-1-
AP, 1:1000), rabbit anti-CXCL12 (Abcam, #AB155090,
1:1000), rabbit anti-HIF-la (Abcam, #AB179483,
1:1000), rabbit anti p-actin (Abclonal, #AC026, 1:2000),
and incubated overnight at 4°C. The correspond-
ing horseradish-conjugated secondary antibody was
used in conjunction of enhanced chemiluminescence
(ECL) reagent for the visualization of the proteins by
ChemiDoc imaging system (Bio-Rad). The intensity of
the bands was quantified and calculated. p-actin was
used as loading control.

BGN and CXCL12 concentrations in the cell culture
medium were measured using commercial ELISA Kkits
(Elabscience, China, #E-EL-H6091; Elabscience, China, #E-
EL-H0052c) according to the manufacturer's instruction.

2.6 | RNA isolation and real-time
PCR assays

Total RNA was extracted utilizing an RNA extraction kit
(B0004DP; EZBioscience). Subsequently, 1pg of each RNA
sample were used for cDNA synthesis using PrimeScript™
RT (Takara, Japan) following the manufacturer's instruc-
tions. Quantitative real-time PCR analysis was carried out
using TB Green® Premix Ex Taq™ II (Takara, Japan). The
gene expression levels relative to f-actin were calculated
using the 27**“" method. The primer sequences were as
follows: mouse Bgn, 5'-GACAACCGTATCCGCAAAGT-3’
(forward primer) and 5'-CAAAGGCTCCTGGTTCAAAG-3’
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(reverse primer); human BGN, 5-CAAGCTCCTCCAGGTG
GTCTA-3' (forward primer) and 5-TGAAGAGGCT
GATGCCGTTG-3' (reverse primer); mouse Actb, 5'-
CACTGTCGAGTCGCGTCC-3" (forward primer), and
5'-TCATCCATGGCGAACTGGTG-3" (reverse primer);
human ACTB, 5'-CATGTACGTTGCTATCCAGGC-3’ (for-
ward primer) and 5-CTCCTTAATGTCACGCACGAT-3’
(reverse primer).

2.7 | RNA sequencing and data analysis

The transcriptional profiles of the mouse retina and
human HRMVPC were generated using bulk RNA-
sequencing (OEbiotech and Novogene Corporation,
Inc), respectively. Intergroup differentially expressed
gene (DEGs) was screened by Limma package in R,
and |Fold changel >1.5 and adjusted p-value <.01 were
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FIGURE 2 BGN deficiency alleviates retinal pathological angiogenesis. (A) qPCR analysis of Bgn expression in the retina of P13 OIR
mice subjected to Bgn-specific siRNA treatment. One microliter of sSiRNA (control siRNA, non-specific scribble RNA; Bgn siRNA, Bgn-
specific targeting siRNA) was injected intravitreally on P12 and the retinal tissues were harvested 24 h later for RNA extraction and qPCR
analysis. The expression of Bgn in no transfection retinas was set as 1. The experiments were repeated using six different retinal samples in
each group and the average relative expression is presented. (B) Western blot analysis of BGN protein in P17 OIR retinas treated with control
siRNA and Bgn siRNA. The density of the bands was quantified using ImageJ and p-actin was used as internal control. The experiments
were repeated on five different retinal total lysates in each group. The average result is presented at the right. (C) Immunofluorescent
staining of IB4 on whole-mount P17 retinal samples pretreated with control siRNA or Bgn siRNA on day P12 as described above. The NV
area is marked in yellow, and the VO area is marked in white. The staining was performed on 10 retinas of Bgn siRNA group and five retinas
of control group and the average results is presented at the right. Scale bar: 500 um. (D) Vascular sprouting (distal sprouts and filopodia) of
the P17 retina of control, OIR, OIR treated with control siRNA, and OIR treated with Bgn siRNA. The whole mount retina was stained with
IB4 (green). The average length and number of filopodia are quantified (right). The staining was performed on four different retinal samples

from each group. Data are expressed as mean + SD (¢ test). ns, not significant. **p <.01; ***p <.001; ****p <.0001. Scale bar: 25 pm.

considered as threshold between OIR and control mice.
|Fold changel >0.5 and adjusted p-value <.05 were con-
sidered as threshold between HRMVPC groups. The
functional enrichment analysis was performed using
DAVID tool. Venn diagram analysis was used for the ex-
traction of overlapped genes.

Additionally, bulk RNA-sequencing data (GSE102485)
from the Gene Expression Omnibus (GEO) were ana-
lyzed. This dataset contained RNA sequencing results
obtained from 20 human neovascular proliferative mem-
branes of PDR patients and three control samples with-
out PDR. The DEGs were identified using the threshold
of |Fold changel >1.0 and adjusted p-value <.05.

2.8 | Statistical analysis

To evaluate the normality of the data, the Shapiro-Wilk
test was employed. For normally distributed data, un-
paired Student's t-test was utilized to compare the means
between groups. Two-way analysis of variance (ANOVA)
was applied for experiments involving multiple groups.
Data were processed using GraphPad Prism 9.0 and are
expressed as mean+standard deviation (SD), with a
minimum of three independent experiments conducted.
The differences with p<.05 was considered statistically
significant.

3 | RESULTS
3.1 | BGNis upregulated during
pathological angiogenesis

The OIR model is a well-established system to study reti-
nal PA.’*! In this model, neonatal mice are exposed to
75% oxygen from P7 to P12, causing the regression of
immature retinal vessels.” This is followed by exposure
to RA from P12 and P17, which is characterized by PA

at the junction between avascular and vascularized ret-
ina.® Normally, the PA peaks at P17 (Figure 1A). The
distinct avascular and neovascular areas were seen with
IB4 staining of the retinal whole mount (Figure 1B), and
the pathological neovascularization protruding into the
vitreous cavity was evident in H&E staining of the retinal
sections (Figure 1C). We compared retinal gene expres-
sion profiles of OIR-treated and RA-raised mice at P17
and found 258 DEGs (Figure 1D). Gene ontology (GO)
analysis of the DEGs showed that many terms related to
neovascularization and ECM were significantly enriched
(Figure 1E). Given the critical role of hypoxia in the OIR
model, we compared our list of DEGs with 200 hall-
marks of hypoxia-responsive-genes from the Molecular
Signatures Database (MSigDB), and found 16 genes
in common (Figure 1F). Of particular interest, BGN, a
member of SLRP family ubiquitously exists in ECM, ex-
hibited a remarkable 3.43-fold increase in the OIR ret-
ina (Figure 1G). The increased expression of BGN was
also confirmed by real-time PCR analysis (Figure 1H),
Western blot analysis (Figure 1 I) and immunofluores-
cent staining of retinal sections (Figure S1) using a sep-
arate set of RA- and OIR-treated retinal RNA samples.
Together, these findings confirmed the upregulation of
BGN in the OIR retina.

3.2 | BGN deficiency alleviates retinal
pathological angiogenesis

To investigate the role of BGN in retinal PA, we reduced Bgn
expression in the mouse retina by intravitreal injection of
Bgn-specific targeting siRNA. When injected on P12, the Bgn
siRNA effectively reduced BGN expression in the retina at
both the mRNA and protein levels (Figure 2A,B). Bgn siRNA
treatment also effectively decreased the avascular and neovas-
cular areas in OIR mice when analyzed on P17 (Figure 2C),
while no significant change was observed in the RA-raised
control group at the same age (Figure S2). H&E staining
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demonstrated a significant reduction in neovascular protru- normal vascular sprouting in the OIR model. Interestingly,
sion into the vitreous cavity in Bgn siRNA-treated OIR mice = Bgn siRNA treatment reversed the inhibitory effect of normal
(Figure S3). The onset of PA coincides with the cessation of ~ retinal angiogenesis in OIR model (Figure 2D). Collectively,
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FIGURE 3 BGN expression in pericytes is highly sensitive to hypoxic conditions. (A) BGN expression in HRMECs and HRMVPCs
cultured under normoxic and hypoxic conditions (1% O, for 24h). BGN expression under normoxic condition was set as 1 for each cell type.
The experiments were repeated six times for each cell type under each condition and the average expression is presented. (B) BGN protein
level in the supernatant of HRMECs and HRMVPCs cultured under above groups. The experiment was repeated in three different samples
of each group. (C) Western blot analysis of BGN in HRMVPCs after hypoxia treatment for 24 h. Right panel shows the quantification
results of densitometric analysis. f-actin was used as loading control. The experiment was repeated in 6 different samples of each group.
(D) Immunofluorescent staining of BGN (green) in HRMVPCs after hypoxia treatment for 24 h. The nuclei were stained with DAPI (blue).
The experiment was repeated in four different samples of each group. The images were taken under the same exposure conditions and the
fluorescent signals of BGN were quantified using ImageJ (right). Scale bar, 50 pm. (E) Co-immunofluorescent staining of BGN (green) and
NG2 (red), a marker for pericytes, in P17 retinal cross sections of control and OIR mice. The area within the white rectangles is magnified
and presented at the bottom right, showing the co-localization of BGN and NG2 in the retina of OIR. Quantification of BGN fluorescence
signal colocalized with NG2. Data are expressed as mean + SD (¢ test). Scale bar: 50 pm. ns, not significant. **p <.01; ***p <.001; ****p <.0001.

these findings suggested that inhibition of BGN expression al-
leviated retinal PA and promoted normal revascularization.

3.3 | BGN expression in pericytes is
highly sensitive to hypoxia conditions

Next, we compared BGN expression in cultured HRMEC
and HRMVPC, two types of cells which are most closely
associated with retinal angiogenesis.””** Increased ex-
pression of BGN was found in both cells in response to
hypoxia. However, a higher fold of increase was ob-
served in HRMVPCs compared to HRMECs in both RNA
(Figure 3A,P value <.0001 in HRMVPCs group) and
protein (Figure 3B,P value <.001 in HRMVPCs group)
levels, suggesting that BGN expression in pericytes was
more sensitive to hypoxia. The increased BGN expression
under hypoxic stimulation in HRMVPCs was also con-
firmed by Western blot analysis of cell lysates (Figure 3C)
and immunofluorescent staining (Figure 3D) of treated
HRMVPCs. We also examined the expression of BGN in
pericytes of the RA-raised control and OIR retina at P17.
Immunofluorescence staining of NG2 revealed the de-
velopment of intermediate layer capillary plexus in the
control retina at P17, with pericytes arranged almost equi-
distantly. In contrast, the pericytes was disordered in the
OIR retina. Co-localization of BGN and NG2 was found in
OIR retinal surface at the proliferative area (Figure 3E).
Hence our findings suggested robust BGN upregulation
in retinal pericytes in response to hypoxia during PA.

3.4 | The effect of BGN on pericyte
activity

We proceeded to investigate the impact of BGN on pericytes
by reducing its expression using BGN-specific targeting
siRNA. BGN siRNA treatment successfully reduced BGN
RNA and protein expression in pericytes (Figure 4A-C).
EdU labeling revealed reduced HRMVPC cell proliferation

(Figure 4D). Reduced intracellular ROS concentration was
found in pericytes treated with BGN siRNA, compared to
those treated with control siRNA (Figure 4E). Furthermore,
scratching analysis showed compromised wound heal-
ing capability of the BGN siRNA-treated HRMVPCs
(Figure 4F).

The main function of pericytes is to communicate
with and regulate endothelial cell activity,”®” we ana-
lyzed the effect of BGN knockdown in HRMVPCs on en-
dothelial cells, using culture media (CM) collected from
BGN siRNA- or control siRNA-treated HRMVPCs under
hypoxic conditions (1% oxygen). We found decreased mi-
gration of the HRMEC cultured with CM obtained from
BGN siRNA-treated pericytes, compared to cells cultured
with CM obtained from control siRNA-treated pericytes
under the same condition (Figure 4G). Tube formation
was also decreased in the HRMEC cultured with CM
obtained from BGN siRNA-treated pericytes compared
to cells cultured with CM obtained from control siRNA-
treated pericytes (Figure 4H). Collectively, these findings
underscored the critical role of BGN on pericyte survival,
proliferation and function as the supporter of endothelial
cells.

3.5 | BGN stimulates pathological
angiogenesis via the upregulation of CXCL12

To understand how pericyte-derived BGN participated in
the PA, we conducted a comparative analysis of the gene
expression profiles between HRMVPCs treated with BGN-
specific siRNA and those treated with control siRNA under
hypoxic conditions. Eighty-eight DEGs were identified
(Figure 5A). The majority of the DEGs were associated with
“cellular response to hypoxia,” “angiogenesis,” “positive reg-
ulation of vascular endothelial growth factor production,”
and “extracellular exosome” (Figure 5B). As expected, sig-
nificant decrease in BGN and HIF-1a expression were found
in BGN siRNA-treated pericytes (Figure 5A). We also found
CXCL12 as one of the most significantly downregulated
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FIGURE 4 The effect of BGN on pericyte activity. (A-C) The effectiveness of BGN-specific siRNA in reducing BGN expression in
HRMVPCs. Real-time PCR analysis (A), Western blot analysis (B), ELISA analysis of secreted BGN protein in cell culture medium (C) of
HRMVPCs in indicated groups cultured in hypoxic conditions. For qPCR analysis, total RNA was extracted 24 h after transfection and the
expression in no transfection group was set as 1. For Western blot and ELISA analysis, the samples were prepared 48 h after transfection.
The average results of densitometric analysis is presented (below) using f-actin as loading control. Each assay was repeated 3-5 times using
samples from different animals in each group. (D) EdU staining (red) in HRMVPCs of control, hypoxia, hypoxia plus control siRNA, and
hypoxia plus BGN siRNA group shows the effect of BGN deficiency on HRMVPC cell proliferation. The nuclei were stained with DAPI
(blue). The experiment was repeated in three different samples of each group and the ratio of positive cell number were quantified using
Image]. Scale bar, 50 pm. (E) DHE staining (red) of HRMVPCs in the above-mentioned groups demonstrates the effect of BGN deficiency
on HRMVPCs intracellular ROS level. The nuclei were stained with DAPI (blue). The experiment was repeated in 3 different samples of
each group and the average fluorescent signals were quantified using ImageJ and photos taken under the same exposure conditions. Scale
bar, 50 pm. (F and G). The effect of BGN deficiency on HRMVPCs (F) and HRMECs (G) migration capacity under hypoxia were analyzed
by scratching assay. Cells were wounded with a 1 mL pipette tip and images of HRMVPCs were taken immediately after scratching and
36 h post-scratch while those of HRMECs were taken immediately after scratching and 48 h post-scratch. The experiments were repeated

in 3-5 different samples of each group and two fields were calculated per sample. The wound closure ratio was quantified using the ImageJ
software (right). For HRMEC migration analysis, the HRMECs were cultured with conditioned medium (CM) collected from HRMVPCs
transfected BGN siRNA or control siRNA. Scale bar: 500 pm. (H) The effect of pericyte BGN deficiency on HRMECs tube formation capacity
using Matrigel assay. HRMECs were cultured under hypoxia condition for 6h in CM obtained from HRMVPCs as described above. The
experiment was repeated in three different samples of each group and two fields were calculated per sample. The cumulative tube length

and branch points were quantified using the ImageJ (right). The tube length and branch points in control siRNA-CM group was set as 1.
Scale bar: 500 um. Data are expressed as mean + SD (¢ test). ns, not significant. *p <.05; **p <.01; ***p <.001; ****p <.0001.

angiogenesis-related genes in pericytes after BGN siRNA
treatment (Figure 5A). The BGN siRNA-induced reduction
of CXCL12 and HIF-1a expression in hypoxic HRMVPCs
was also confirmed at protein levels by Western blot and
immunofluorescence analysis (Figure 5C-E). ELISA assays
further confirmed the decreased CXCL12 concentration in
the culture media (Figure 5F).

CXCL12 is one of the most potent chemokines in stim-
ulating endothelial cell migration, tube formation and
angiogenesis.”>** To test the causal relationship between
BGN and CXCL12 on endothelial cell activity, we added
recombinant CXCL12 protein to the medium of endothe-
lial cells cultured with CM obtained from control siRNA-
or BGN siRNA-treated pericytes, and analyzed wound
healing and tube formation responses. The reintroduc-
tion of CXCL12 largely reversed the reduction in tube
formation and the impaired wound healing in HRMECs
(Figure 5G,H). Collectively, these results suggested that
the proangiogenic effect of BGN was carried out via
CXCL12 in vitro.

3.6 | Anti-CXCL12 and anti-CXCR4
treatment ameliorated pathological
angiogenesis in vivo

Although Cxcl12 expression was not significantly
increased in P17 OIR retinas compared to RA-raised
control retinas (Figure S4), we found significantly
increased CXCL12 protein expression by Western
blot analysis (Figure 6A,B) and immunofluorescent

staining (Figure S5) in P17 OIR retinas compared
to controls. This is also consistent with higher
expression of Cxcr4 in P17 OIR retinas compared to
controls (Figure 1D), which is the most well-known
binding receptor to CXCL12.> Furthermore, BGN
siRNA treatment successfully decreased CXCLI2
expression (Figure 6A,B). This was also accompanied
by decreased expression of HIF-la (Figure 6A,B).
The results supported the regulatory role of BGN on
CXCLI12 in the retina of OIR. Next, we administered
LIT-927, a potent CXCL12 neutralizing agent,56 and
IT1t, a CXCR4 antagonist,”” into the vitreous cavity of
control (Figure S6) and OIR mice (Figure 6C) at P12,
separately. Both treatments effectively diminished
OIR-induced pathological neovascularization.

Finally, we analyzed the bulk RNA-sequencing data
obtained from 20 neovascular proliferative membranes of
patients with PDR and three controls (GSE102485) and
found the upregulation of both BGN and CXCL12 genes
in PDR group (Figure 6D). Collectively, the finding sup-
ported the regulatory role of BGN on CXCLI12 expression
during retinal pathological neovascularization.

4 | DISCUSSION

In this study, we showed that Bgn expression was
significantly increased in the retina of OIR mice. This is in
line with the reported increase in BGN cleavage products
found in the vitreous of PDR patients.* We showed that the
silencing of Bgn expression resulted in decreased retinal
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FIGURE 5 BGN stimulates pathological angiogenesis via the upregulation of CXCL12. (A) Volcano plot showing that the expression
level of CXCL12 is decreased in BGN siRNA- transfected HRMVPCs compared to those transfected with control siRNA in hypoxia for
24h. The cut-off criteria were: |[Fold changel >0.5 and adjusted p-value <.05 and marked by dotted lines. (B) The top 10 gene ontology
terms related to biological process, cellular component and molecular function enriched by 88 DEGs. Terms of interest are marked in
red. (C) Western blot analysis of BGN, CXCL12 and HIF-1a expression of HRMVPCs transfected with BGN siRNA as compared to those
transfected with control siRNA in hypoxia for 48 h. The experiments were repeated using four different samples in each group. (D and E).
Immunofluorescent staining of CXCL12 (D, red) and HIF-1a (E, red) in HRMVPCs of control, hypoxia, hypoxia plus control siRNA, and
hypoxia plus BGN siRNA group. The nuclei were stained with DAPI (blue). The experiments were repeated in three different samples of
each group and the fluorescent signals of were taken under the same exposure conditions and quantified using ImagelJ. Scale bar, 50 pm.
(F) CXCL12 protein level in the supernatant of HRMVPCs culture medium of the above-mentioned groups. The experiment was repeated
in three different samples of each group. (G) The effect of reintroduction of rhCXCL12 on migration capacity of HRMECs. HRMECs were
wounded with a 1 mL pipette tip and then cultured under hypoxia condition in CM collected from control siRNA- or BGN siRNA-treated
HRMVPCs with or without reintroduction of rhCXCL12 for 48 h. Photographs were taken immediately and 48 h later. The experiment was
repeated in six different samples of each group and two fields were calculated per sample. The wound closure ratio was quantified using
Image]J (right). Scale bar: 500 pm. (H) The effect of reintroduction of rhCXCL12 on tube formation capacity of HRMECS using Matrigel
assay. HRMECs were cultured with CM collected from control siRNA- or BGN siRNA-treated HRMVPCs in a hypoxic condition with

or without reintroduction of rhCXCL12 for 6 h. The experiment was repeated in 4 different samples of each group and two fields were

calculated per sample. The cumulative tube length and branch points were quantified using the ImageJ and the tube length and branch

points in control siRNA-CM group was set as 1 (right). Scale bar: 500 pm. Data are expressed as mean + SD (¢ test). ns, not significant.

*p <.05; **p <.01; ***p <.001; ****p <.0001.

neovascularization and improved revascularization in OIR
mice, therefore extended the spectrum of BGN regulated
angiogenesis to retinal PA. We further identified pericytes
as a hypoxia-sensitive cellular source of BGN, and showed
that BGN specifically upregulated CXCL12 expression in
pericytes, which acted as a mediator of the pro-angiogenic
effect of BGN in OIR.

Studies on the proangiogenic role of BGN are mostly
focused on endothelial cells, which showed a cell autono-
mous stimulation of endothelial cell proliferation, migra-
tion and sprouting.******* Abnormal BGN expression is
intricately linked to vasculogenesis or angiogenesis under
injury-related conditions.”®' In this study, we demon-
strated that the expression of BGN in pericytes of the reti-
nal vessel was more sensitive to hypoxic stimulation than
endothelial cells, therefore suggested that pericytes are
another important cell source for BGN production during
hypoxia-induced retinal angiogenesis. The production of
BGN from retinal pericytes was first reported in bovine.®
As indirect support of the importance of pericyte-derived
BGN on PA, recent bulk and single-cell transcriptomic
studies of cancer tissue revealed high BGN expression in
cancer-associated fibroblast, a cell type which is similar to
pericytes in origin and function in promoting angiogene-
sis.7% Collectively, our results added to the repertoire of
mechanisms by which pericytes regulate retinal microvas-
cular remodeling.

Mechanistically, we showed that CXCL12 is one of
the main effector molecules for pericyte-derived BGN.
CXCL12 stimulates endothelial cell proliferation, branch-
ing and sprouting, VEGF secretion and endothelial pro-
genitor cell chemotaxis.”*®® Notably, we observed an

increase in CXCL12 protein expression, while CxclI2
levels did not show a corresponding rise in P17 OIR ret-
inas. This discrepancy suggests that the upregulation of
Cxcl12 expression may have occurred at an earlier stage
and returned to baseline by P17, whereas the elevated pro-
tein levels persisted. Given that CXCL12 binds to CXCR4,
which is highly expressed in endothelial cells, we further
investigated the implications of this interaction. Our find-
ings revealed an increased expression of Cxcr4 in the P17
OIR retina, and blocking the CXCL12/CXCR4 axis effec-
tively abolished the pro-angiogenic effects of BGN under
hypoxic conditions.

Evidence to support BGN regulated CXCLI2 expres-
sion in hypoxia-stimulated pericytes also came from the
down-regulation of HIF-1a after BGN siRNA treatment,
a known transcriptional factor for CXCL12. Hypoxia-
induced HIF-1a expression was significantly downregu-
lated by BGN siRNA treatment. BGN is known to bind to
TLR 2 and 4." It is conceivable that the BGN binding to
TLR 2/4 stimulated the expression of HIF-Ia through the
activation of NF-kB.*

Additionally, the 3D interactions between pericytes
and endothelial cells in the retinal vascular bed is essen-
tial for their functionality. The in vitro model used in this
study may not capture the complexity of in vivo condi-
tions. Future studies should employ 3D culture systems
or co-culture models to better mimic the physiological
environment and improve our understanding of pericyte-
endothelial cell interactions.

In conclusion, our study demonstrated that BGN at the
retinal surface is an important stimulator of PA, and it ex-
erts the pro-angiogenic function via the upregulation of
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FIGURE 6 Anti-CXCL12 and anti-CXCR4 treatment ameliorated pathologic angiogenesis in vivo. (A and B) Western blot analysis of
BGN, CXCL12 and HIF-1a expression in P17 retinas of control, OIR treated with control siRNA, and OIR treated with BGN siRNA. The
experiments were repeated on four different retinal total lysates in each group. The density of the bands was quantified using ImageJ and
B-actin as internal control (B). (C) Immunofluorescent staining of IB4 on whole-mount of P17 OIR mice intravitreally injected with PBS,
LIT-927 or IT1t at P12. The NV is marked in yellow, and the VO area is marked in white. The staining was performed on nine retinas of OIR
mice. Quantification data were presented at the right. Scale bar: 500 pm. (D) Volcano plot showing the upregulation of BGN and CXCL12 in
20 human neovascular proliferative membranes of PDR patients with PDR compared with three control samples without PDR based on bulk
RNA-sequencing data (GSE102485). The cut-off criteria were: |IFold changel >0.5 and adjusted p-value <.05 and marked by dotted lines.
Data are expressed as mean + SD (¢ test). ns, not significant. **p <.01; ***p <.001; ****p <.0001.

CXCL12. We also showed that at least part of the increased
BGN is originated from hypoxia-stimulated pericytes. Our
study thus provided potential targets to control the growth
of PA in retina.
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