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Abstract

Objective—Vascular endothelial growth factor (VEGFA) and its receptor VEGFR2 drive
angiogenesis in a number of pathologies, including diabetic retinopathy, wet age-related macular
degeneration and cancer. Studies suggest roles for heparan sulfate proteoglycans (HSPG) in this
process although the nature of this involvement remains elusive. Here, we set to establish the role
of the HSPG Syndecan-4 (SDC4) in pathological angiogenesis.

Approach and Results—We report that angiogenesis is impaired in mice null for SDC4 in
models of neovascular eye disease and tumor development. Our work demonstrates that SDC4 is
the only syndecan whose gene expression is upregulated during pathological angiogenesis and is
selectively enriched on immature vessels in retinas from diabetic retinopathy patients. Combining
/n vivo and tissue culture models, we identified SDC4 as a downstream mediator of functional
angiogenic responses to VEGFA. We found that SDC4 resides at endothelial cell (EC) junctions,
interacts with VE-Cadherin and is required for its internalization in response to VEGFA. Finally,
we show that pathological angiogenic responses are inhibited in a model of wet age-related
macular degeneration by targeting SDC4.
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Conclusions—We show that SDC4 is a downstream mediator of VEGFA-induced VE-Cadherin
internalization during pathological angiogenesis and a potential target for anti-angiogenic

therapies.
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eGFP Enhanced Green Fluorescent Protein
Erk Mitogen-activated Protein Kinase
FBS Fetal Bovine Serum
HS Heparan Sulfate
HSPG Heparan Sulfate Proteogylcan
HUVECs Human Umbilical Vein Endothelial Cells
Lectin GS-11 Lectin GS-1I from Griffonia simplicifolia
NF-xB Nuclear Factor Kappa-light-chain-enhancer of activated B
cells
OIR Oxygen Induced Retinopathy
rtPCR Reverse Transcriptase Polymerase Chain Reaction
SDC Syndecan
TPA Phorbol Ester
VE-Cadherin Vascular Endothelial Cadherin
VEGFA Vascular Endothelial Growth Factor A
VEGFR2 Vascular Endothelial Growth Factor Receptor 2
WT Wild-Type

Introduction

Angiogenesis is a critical developmental process and an essential component of
physiological tissue regeneration 1. In the pathogenesis of neovascular eye diseases, cancer
and inflammatory disorders, new blood vessel formation is a key feature and significant
efforts have been made to control this process for therapeutic benefit 26 The pro-angiogenic
cytokine vascular endothelial growth factor A (VEGFA) and its receptor VEGFR2 regulate
angiogenesis in these pathologies; promoting endothelial cell (EC) survival, proliferation
and migration 7. The movement of ECs during new vessel growth depends on the
remodeling of EC junctions and VEGFA has a crucial role in regulating the junctional
concentration of vascular endothelial cadherin (VE-Cadherin) 8-12. The presence of a
heparin binding domain on the most biologically active isoform of VEGFA, VEGFA164/165
is suggestive of a role for heparan sulfate proteoglycans (HSPGs) in angiogenesis,
particularly in facilitating the engagement of ligand with receptor 13 14. For this reason

the four-member syndecan family of HSPGs have been proposed to have roles in this
process 1°. Syndecans consist of a short cytoplasmic domain, a single-pass transmembrane
domain and a larger extracellular core protein which is substituted with predominantly HS
chains. Numerous interactions with these sugars and bioactive molecules such as growth
factors and extracellular matrix molecules have been reported 1619, Recent studies have
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shown syndecan-2 (SDC2) forms a tri-molecular complex with VEGFA5 and VEGFR2
leading to enhanced signaling. In contrast, syndecan-4 (SDC4), the family member most
closely related to SDC2, has no impact on VEGFA signaling. This difference was linked

to enhanced 6-O-sulfation on SDC2 HS chains which is determined by unique sequence
motifs contained in the extracellular core protein of SDC2 20 Several studies have identified
a pro-angiogenic role for SDC4 in response to stimuli such as FGF2 and Prostaglandin E,
and adult Sdc4-/- mice exhibit defects in the development of fetal vessels in the placental
labyrinth and in angiogenesis during granulation tissue formation after wounding 21-25. All
of which, is suggestive of a functional requirement for SDC4 in new blood vessel formation.

Here, we set out to elucidate the function of SDC4 in VEGFA-driven pathological
angiogenesis using a variety of disease models. We found that Sdc4-/- animals are protected
in both murine models of neovascular eye disease and skin tumor models. SDC4 gene
expression, unlike that of other family members, increases during pathological angiogenesis
but not during developmental angiogenesis in mice, and is selectively expressed on
immature blood vessels in retinas of diabetic retinopathy patients. Functional assays, such as
VEGFA-induced ex vivo sprouting and cell migration demonstrate a strong requirement for
SDC4, although VEGFR2 signaling in response to VEGFA is normal in Sdc4-/- null ECs.
We show that SDC4 acts downstream of VEGFA/VEGFR2, and is required for efficient
VE-Cadherin trafficking away from EC junctions in response to VEGFA. Finally, we
demonstrate that targeting SDC4/VE Cadherin interaction in a pre-clinical model of Wet
Age-Related Macular Degeneration leads to inhibition of pathological angiogenesis. These
findings identify SDC4 as an important regulator of VE-Cadherin trafficking in VEGFA-
driven junctional reorganization, an essential component of pathological angiogenesis, and
as such has the potential to be targeted for therapeutic benefit.

Materials and Methods

Please see the Major Resources Table and additional Materials and Methods in the
Supplemental Material

Experimental animals—Sdc4-/- mice (on a C57BL/6J background)22 were obtained
from the Centre for Animal Resources and Development (CARD, Kunamoto University,
Japan) with the kind permission of Professor Tetsuhito Kojima (Nagoya University, Japan).
All adult mice were used at an age between 5-8 weeks at an average weight of 25 g. Unless
stated male mice were used since sex differences in the responses measured are negligible.
As appropriate, age-matched control mice were littermates or C57BL/6J wild-type mice
purchased from Charles River. Unless stated male animals were used in these studies, since
the differences between males and females in the models used is negligible. Animals were
housed and treated in Accordance with UK Home Office Regulations and all experiments
were approved by the UK Home Office according to the Animals Scientific Procedures Act
1986 (ASPA) and by the National Animal Ethics Committee of Finland.

Developmental angiogenesis mouse model—Neonatal WT, Sdc4+/-and Sdc4-/-

littermates (both male and female) were euthanized at P6 and retinal flat mounts were
prepared for lectin GS-I1 staining. Briefly, retinas were washed extensively in PBS, blocked
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in 3% BSA followed by overnight staining with lectin GS-11-Alexa594 and an anti-aSMA-
alexa488 antibody (1:150, Sigma, in-house conjugated) in 0.5% triton in PBS. Retinas were
imaged using confocal microscopy (Carl Zeiss LSM 700) with 10x objective. The rate of
developmental angiogenesis at P6 was determined by measuring the diameter of vasculature
via the optic nerve to the tips of the blood vessels. Two measurements per retina were taken
and an average was calculated.

Oxygen-induced retinopathy (OIR) mouse model—Neonatal mice (both male and
female) at P7 were exposed to 75% oxygen for 5 days with their nursing mothers. At P12,
they were returned to normoxia. Animals were euthanized at P12 to determine the area of
vaso-obliteration or at P17 to determine the rate of retinal revascularization and pre-retinal
neovascularization 26: 27 As postnatal weight gain has been shown to affect outcome in the
OIR model 28, only weight matched (+1 g) pups were used in each experiment. Analysis

of retinal vasculature was done as previously described 2°. Briefly, eyes were enucleated,
fixed with 4% PFA for one hour and retinas dissected. Flat mount retinas were blocked

in 10% normal goat serum and 10% fetal bovine serum for 2 hours, incubated overnight
with isolectin GS-1B4 (1:100). Briefly, retinas were imaged using confocal microscopy (Carl
Zeiss LSM 700) with 10x objective. Pre-retinal neovascular tufts were readily distinguished
from the superficial vascular plexus by focusing just above the inner limiting membrane.
Areas of vascular obliteration and pathological neovascularization (neovascular tufts) were
quantified using Adobe Photoshop CS3.

Laser-induced choroidal neovascularization (CNV) mouse model—WT and
Sdc4-/- 6 week old male mice were anesthetized by intraperitoneal injection of 0.15 ml

of a mix of Domitor and Ketamine and pupils dilated with topical administration of 1

% Tropicamide and 2.5 % Phenylephrine. Three burns per eye were be made by laser
photocoagulation (680 nm; 100 um spot diameter; 100 ms duration; 210 mW). Only burns
that produced a bubble, indicating the rupture of the Bruch’s membrane, were counted

in the study. At day 7 after the laser injury, fundus fluorescein angiography (FFA) was
performed to measure the area of CNV lesion. The area of lesion was then quantified using
Imaris Software (Bitplane) and expressed as number of pixels. Additionally, at the end

of the experiment (day 7) mice were culled, choroid-RPE tissue dissected, flat-mounted
and stained with lectin GS-I1. Confocal images were then acquired using a PASCAL laser-
scanning confocal microscope (Carl Zeiss) followed by volumetric analysis with Imaris
software (Bitplane).

B16F1 melanoma tumor model—B16F1 mouse melanoma cells were obtained from
HPA Laboratories (UK) and 5x107 cells/ml in 100 pl of PBS were injected sub-cutaneously
into the left flank of 6 week old male WT and Sdc4-/- mice (n=12 per group). Mice were
left for 7 or 14 days prior to sacrifice by cervical dislocation. A longitudinal incision was
made from the chest to the genital area, skin was peeled and pinned down and tumors were
revealed. Photographs were taken with a digital camera and tumors excised using scalpel
and tweezers. Samples were then weighed on a precision balance and diameter measured
using a ruler. Samples were then snap frozen in liquid nitrogen and stored at -80 °C.
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Skin tumor induction—Sdc4-/-and C57BL/6 WT male mice were treated with

DMBA and TPA to induce skin tumors according to the established protocol3%-32, In

brief, the backs of 8 week old mice were shaved and 24 h later 50 pg DMBA (7,12-
Dimethylbenz[a]anthracene) (Sigma, Dorset, UK) in 200 pl acetone was applied topically on
the shaved area of the dorsal skin. After a week, the back skin of the mice was treated twice
a week with 5 ug TPA (12-O-tetradecanoylphorbol-13-acetate) (Sigma) in 200 pl acetone
for 21 weeks. Tumors (1 mm in diameter or larger) were counted twice a week. The fur
excluding tumors was carefully shaved every two weeks.

VE-Cadherin internalization assay—Cells were serum starved for 3 hours prior to
incubation for 1 hour at 4 °C in the presence of an anti-VE-Cadherin antibody (clone

BV13, eBioscience) conjugated in-house to Alexa555. Unbound antibody was washed away
using serum free medium. 30 ng/ml of VEGFA was added to cells for 5 min at 37 °C

to allow internalization of VE-Cadherin and bound antibody. For analysis of internalized
VE-Cadherin, cell surface bound antibody was removed using an acid wash (glycine 25 mM,
3% BSA in PBS, pH 2.7). Cells were washed 3X with ice cold PBS and fixed with 4 % PFA,
0.25 % glutaraldehyde prior to analysis by confocal microscopy.

Proximity ligation assay—Proximity ligation assay or PLA is a technique that allows
the identification /n situ of spots in which 2 proteins are in close proximity (less than 40
um). The PLA experiments were performed as per manufacturer’s instructions (Duolink,
Sigma Aldrich). Cells were treated as indicated in the results section. Following treatments,
medium was taken off, cells were washed in PBS at RT, fixed in 4 % PFA for 15 min at RT.
After a 5 min wash in PBS, PFA was quenched by incubating cells with 0.1 M NH4CL for
10 min at RT.

Evans blue permeability assay—6-8 week old male mice were anesthetized by i.m.
injection of 1 ml/kg ketamine (40 mg) and xylazine (2 mg) in saline solution. The back skin
was shaved using an electric razor. Mice then received Evans Blue dye (0.5 % in PBS, 5

ul per g bodyweight) i.v. through the tail vein. Afterwards, 50 ul of PBS containing either
100 ng of VEGFA or 100 pg of Bradykinin or PBS alone were injected s.c. in the mouse
dorsal skin. After 90 min animals were sacrificed by cervical dislocation. Dorsal skin was
removed and injected sites were cut out as circular patches using a metal puncher (~8 mm in
diameter). Samples were then incubated in 250ul of formamide at 56 °C for 24 h to extract
Evans Blue dye from the tissues. The amount of accumulated Evans Blue dye was quantified
by spectroscopy at 620 nm using a Spectra MR spectrometer (Dynex technologies Ltd., West
Sussex, UK). Results are presented as the optical density at 620 nm (OD620) per mg tissue
and per mouse.

Statistical analysis—Data are presented as mean + s.e.m. and sample sizes are reported
in each figure legend. Each experiment on animals was performed on at least two
independent litters of a given genotype. Data were plotted and analyzed for statistical
significance using Prism 6 (Graphpad software Inc.). Welch’s t-test was used when two
independent groups were compared. Parametric statistical tests (two-tailed t-test and one- or
two-way ANOVA) were used to compare the averages of two or more groups. Normality and
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variance were not tested to determine whether the applied parametric tests were appropriate.
Bonferroni post-hoc test was used when we were interested in a set number of planned
comparisons (i.e. Control vs Mutant(s)). Tukey post-hoc test was used when wanting to
make unplanned pairwise comparisons (i.e. time-points). Spearman’s rank correlation test
was conducted to test correlation between multiple variables. P-values less than 0.05 were
considered statistically significant.

SDC4 is dispensable for vascular development but essential for pathological angiogenesis

As with other syndecan family members, adult Sac4-/- animals show no abnormalities and
are phenotypically comparable to wild-type (WT) littermates which is suggestive of normal
development. In accordance with this hypothesis and in keeping with a recent study 20,

we observed no major differences in postnatal retinal vascular development between WT,
Sdc4+/-and Sdc4-/- P6 neonates (Fig. 1 A and B). This was also reflected by the absence
of any differences in the number of arteries and veins between the genotypes (Fig. S1 A).
Analysis of parameters such as vessel size (Fig. S1 B and C), density (Fig. S1 D), and
pericyte coverage (Fig. S1 E) in additional adult vascular beds (skin, muscle and connective
tissue, Fig. S1 F) confirmed that Sdc4-/- animals developed a normal vascular network
indicating that angiogenesis during development was not affected in Sac4-/- mice.

We next examined whether angiogenic responses in disease models were affected by genetic
deletion of SDC4. Oxygen-induced retinopathy (OIR) is a hypoxia-driven angiogenesis
model that recapitulates features of diabetic retinopathy and retinopathy of prematurity33.
OIR was performed on 7-day old WT and Sdc4-/- pups by exposing them to hyperoxia

(75 % O, for 5 days) leading to the abolition of the retinal vasculature, before being
returned to normoxia which stimulates a neovascular response. Exposure to oxygen led

to a comparable loss in retinal vasculature in both Sdc4-/-and WT control littermates

(Fig. S2 A and B); however, upon return to normoxic conditions it was evident that the
formation of neovascular tufts (a hallmark of pathological angiogenesis) was significantly
reduced (~ 40% decrease) in the retinas of Sdc4-/-mice compared to WT mice (Fig. 1

C and D). In contrast, the physiological neovascular response associated with hypoxia in
Sdc4-/- animals was only slightly increased as determined by smaller avascular areas in
these animals 5 days post-hyperoxia compared to wr littermates (Fig. S2 C and D). We

next investigated whether neovascularization was also attenuated in Sac4-/- mice in the
laser-induced choroidal neovascularization (CNV) model which mimics neovascular (‘wet’)
age-related macular degeneration 34, Laser photocoagulation was performed on the eyes of
6-week old WT and Sdc4-/- littermates to stimulate a neovascular response in the choroid.
Areas of CNV measured 7 days after injury by fluorescein angiography were found to be
significantly smaller in the eyes of Sdc4-/- mice compared to WT mice (Fig. 1 E and F).
CNV lesions were predominantly composed of ECs on the basis of lectin GS-I1 staining
and we confirmed the reduction in lesion volume (~80% decrease) in Sac4-/- mice using 3D
confocal reconstruction (Fig. 1 G and H). Together, this data highlights the requirement for
SDC4 in promoting vessel growth in two models of neovascular eye disease.
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Angiogenic defects are not restricted to ocular disease models in Sdc4-/- mice

We next set out to establish whether the angiogenic defects observed in Sdc4-/- mice
were restricted to ocular neovascularization or would extend to angiogenic-driven tumor
development models. In the first instance, we injected B16F1 melanoma cells (which
express SDC4, Fig. S3 A) into the flank of WT and Sdc4-/- mice. Animals were
sacrificed after 2 weeks and both tumor volume and tumor weight were significantly
reduced in the Sdc4-/- mice compared to WT controls (Fig. 2 A and B, Fig. S3 B).
Critically, immunofluorescence staining of tumor sections for EC specific markers CD31
and Podycalyxin revealed vascular structures, with in many cases, a well-defined lumen
(white arrows in Fig. 2 C and D, Fig. S3 C and D), whereas in tumors from Sdc4-/- mice,
ECs failed to organize into tubules and were more sparsely distributed (Fig. 2 C and D,
Fig. S3 C and D). We next tested whether this was also the case in a model of epidermal
papilloma formation induced by two stage treatment with DMBA and TPA, the progression
of which, is angiogenesis-dependent 39 35, At the end point of 19-weeks, WT animals had
on average 2.4 times more tumors than Sac4-/- mice and the incidence of large tumors
was 6-fold higher (Fig. 2 E and F). In the DMBA/TPA model, tumor angiogenesis takes
place first by increased blood vessel density and later, during papilloma formation, by
increased blood vessel diameter. Histochemical staining for the EC marker CD31 revealed
smaller blood vessel lumens in tumors formed in Sdc4-/- mice compared to WT (Fig. 2 G
and Fig. S3 E). Together this data provides compelling evidence that the role of SDC4 in
pathological angiogenesis is not restricted to neovascular eye disease, but also extends to
tumor development.

SDC4 is upregulated during pathological angiogenesis

To understand further the role of SDC4 in pathological angiogenesis, we next compared
syndecan gene expression in both the context of developmental and pathological
angiogenesis in the murine retina. During the early stages of murine postnatal development,
angiogenesis occurs in the eye leading to the formation of a superficial retinal vascular
plexus and in C57BL/6 mice this occurs during the first 8 days after birth. Quantitative
rtPCR was performed on retinal mRNA from day PO, 4, and 7 neonates to measure the
expression of SDC1, -2, -3 and -4 during development. SDC1 and -3 showed downregulated
expression over time, whereas SDC2 and -4 remained unchanged (Fig. 3 A). Next, we
examined the transcript profile of syndecans in a murine model of retinal pathological
neovascularization. When pups were subjected to OIR, we detected a marked increase in
SDC4 gene expression in retinas at P17, the time point at which neovascularization peaks,
whereas the expression of the other 3 syndecans remained stable (Fig. 3 B). Interestingly,
this was also the case in both the laser CNV model and in B16F1 melanomas. SDC4

gene expression was upregulated in retinas 7 days post laser injury as compared to control
retinas (Fig. S4 A). This was also the case when SDC4 gene expression was analyzed in
B16F1 melanomas (7 days post injection), when compared to B16F1 cells in culture (Fig.
S4 B). These increases in gene expression were not a characteristic of the other SDC family
members, the exception being SDC3 in the B16F1 melanoma model, which according to
previous studies, could be immune cell derived3®.
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To investigate whether SDC4 was upregulated in a human disease setting, we analyzed its
expression in the retinal neovascular membranes that develop in human diabetic retinopathy
patients. Neovascular membranes were collected from type | diabetes patients suffering
from retinopathy, who had either already developed or had threatening tractional retinal
detachment due to fibro-vascular proliferation. These tissue samples represented the end
stage of the disease, but still contained regions with active pathological angiogenesis.
Histological analysis of adjacent tissue sections revealed SDC4 expression predominantly
associated with blood vessels (CD31* areas). Moreover, immunostaining for VEGFR2

(a marker of pathological immature blood vessels) and CD31 revealed that SDC4
expression strongly correlated with CD31*/VEGFR2M9" blood vessels, whereas only
moderate expression was detected in CD31*/VEGFR2!%W areas (Fig. 3 C and D, Fig.

S4 C). We conclude from this that, at least in the context of neovascular eye disease,
SDC4 expression positively correlates with newly formed, immature blood vessels during
pathological angiogenesis in both murine models and in human neovascular disease.

Angiogenic responses to VEGFA require SDC4

As the principal driver of angiogenesis in the models described above is VEGFA, we
therefore wanted to explore whether responsiveness to VEGFA was a factor in the
phenotypes we observed in Sdc4-/-animals. WT and Sac4-/- mice were injected with
Matrigel containing VEGFA which triggered an angiogenic response in WT mice as
evidenced by plug hemoglobin content. In contrast, an angiogenic response was notably
reduced in VEGFA-containing plugs from Sdc4-/- mice (Fig. 4 A and B). We next adopted
a more reductive approach in which tissue explants from both choroid membranes and
aortas from Sdc4-/-, Sdc4+/-and WT littermates were embedded in a collagen | matrix

and exposed to VEGFA. In both cases, significantly more angiogenic sprouts emerged from
WT, compared to Sdc4-/- explants (Fig. 4 C to E). Interestingly, explants from heterozygous
(Sdc4+/-) mice exhibited an intermediate phenotype indicating that the angiogenic response
to VEGFA associated with SDC4 is subject to gene dosage effects. WT levels of angiogenic
sprouting was restored in Sdc4-/- null aortic rings transduced with lentiviruses to re-express
full length SDC4 (Fig. 4 F), confirming the requirement of SDC4 for this response.

Of importance, angiogenic responses to an alternative pro-angiogenic factor FGF2 were
comparable between WT and Sdc4-/-animals, in both the Matrigel plug and the aortic ring
assays (Fig. S5 A to C).

On the basis of these results, we hypothesized that endothelial SDC4 could be involved in
the specific regulation of VEGFA-dependent EC responses. To this end, we analyzed EC
migration by light microscopy and observed that while primary Sdc4-/-lung ECs were able
to migrate in a growth factor-rich environment (FBS), albeit slightly less than WT ECs, their
migratory response to VEGFA stimulation was negligible (Fig. S4 D and E). We further
demonstrated that EC migration in response to VEGFA could be restored in Sdc4-/-ECs
upon re-expression of full length SDC4 (Fig. 4 G) and, interestingly, also by a mutant form
of SDC4 lacking the glycosaminoglycan chains (SDC4HA-AGAG), suggesting that GAG
chains were not required for this function. These data suggest that the pro-angiogenic role of
SDC4 in pathological neovascularization is linked to defective EC responses to VEGFA.
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SDC4 resides at EC junctions and is redistributed in response to VEGFA

Previous studies have indicated that SDC4 does not impact on VEGFR2/VEGFA signaling
20, To confirm this, we looked at VEGFR2 phosphorylation in response to VEGFA in
primary lung ECs from WT and Sdc4-/- mice and observed no differences (Fig. 5 A). This
was also true of the downstream signaling kinase Erk1/2 which was also phosphorylated to
the same extent in WT and Sdc4-/- ECs in response to VEGFA (Fig. 5 A). We also measured
cell surface expression of VEGFR2 in WT and Sdc4-/- cells and found this to be the same
(Fig. S5 F).

In order to understand the role of SDC4 in ECs during angiogenesis, we examined its
localization in HUVECs. We expressed an eGFP tagged form of SDC4 in ECs (eGFP
inserted between 132 and D33 of murine SDC4 cDNA, Fig. 5 B), and observed a pool of
SDC4-eGFP localized to EC junctions (Fig. 5 B, white arrows). Interestingly, stimulation of
these transfected HUVECs with VEGFA led to a substantial redistribution of SDC4-eGFP
(Fig. 5 B, Supplemental movies 1 and 2) which was not the case in unstimulated cells.

To explore this further we used fluorescence recovery after photo-bleaching (FRAP) to
measure the kinetics of diffusion of SDC4-eGFP with and without VEGFA stimulation.

We performed photo-bleaching of SDC4-eGFP at EC-EC contacts and observed the rate

of recovery of fluorescence both under basal and VEGFA-stimulated conditions. Recovery
of SDC4-eGFP fluorescence was significantly enhanced by the addition of VEGFA (Fig.

5 C to E), suggesting that the addition of VEGFA alters the functional status of SDCA4.
Previous studies have shown that phosphorylation of SDC4 at Y180 by Src kinase is essential
for regulating the trafficking of integrins in fibroblasts3’. To this end, we asked whether
phosphorylation of this residue was important for the VEGFA stimulated response observed
above with Sdc4-eGFP. We generated a mutant form of Sdc4-eGFP in which Y180 of

SDC4 was mutated to an Alanine to make it nonphosphorylatable (SDC4(YY180-A)-eGFP).
Interestingly, recovery of SDC4(Y180-A)-eGFP fluorescence was as rapid as SDC4-eGFP
treated with VEGFA, regardless of whether they were treated with VEGFA or not (Fig. 5 C
to E). Enhanced fluorescence recovery rates are often associated with molecules dissociating
from a complex, so these results suggest that VEGFA stimulates the disassociation of SDC4
from a molecular complex at EC junctions and that this association requires SDC4 to be
phosphorylated at Y180, Taken together, these data indicate that not only is a pool of SDC4
resident at EC junctions, but its function is driven by VEGFA signaling.

SDC4 is required for VEGFA-induced VE-Cadherin internalization and hyper-permeability

We further explored the enrichment of SDC4 at EC cell-cell contacts, this time in
untransfected cells. Here, consistent with our earlier observation in cells expressing Sdc4-
eGFP, we found a pool of SDC4 at EC junctions co-localizing with both VE-Cadherin and
VEGFR?2 (Fig. 6 A). We next performed Proximity Ligation Assays (PLA) on SDC4 and
VE-Cadherin and detected interactions between these two molecules under basal conditions
(Fig. 6 B). This interaction declined after 2 and 5 mins following VEGFA treatment and
recovered after 10 minutes (Fig. 6 C). We confirmed an interaction between SDC4 and
VE-Cadherin by performing immuno-precipitation experiments with HA-tagged forms of
SDC4 expressed in HUVECs. VE-Cadherin was detectable in anti-HA immuno-precipitates
from cells expressing SDC4HA or SDC4HA-AGAG, suggesting that SDC4 GAG chains are
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not required for this interaction. Interestingly, more VE-Cadherin was present in immuno-
precipitates from cells expressing SDC4HA-Y180-F a phosphomimetic, compared to the
nonphosphorylatable form SDC4HA-Y180-A (Fig. S6 A). Furthermore, less VE-Cadherin
was evident in immuno-precipitates from SDC4HA transduced cells following treatment
with VEGFA (Fig. S6 B). Collectively, this data suggests that phosphorylated SDC4
interacts with VE-Cadherin, and that treatment with VEGFA leads to dephosphorylation
of SDC4 and the disruption of this interaction.

This led us to postulate that SDC4 could play a role in the regulation of VEGFA-induced
VE-Cadherin internalization and tested this hypothesis in an antibody-feeding assay. We
found that primary Sdc4-/- ECs displayed reduced VE-Cadherin internalization following
exposure to VEGFA compared to WT ECs (Fig. 6 D and E). Additionally, cell surface
biotinylation experiments revealed that whilst in WT cells biotinylated cell surface VE-
Cadherin is reduced after VEGFA treatment, this was not the case with Sdc4-/- MLECs (Fig.
S6 C). In line with this observation, newly-formed blood vessels in retinas from Sdc4-/- OIR
mice had fewer intracellular VE-cadherin® vesicles compared to WT vasculature, whereas
VE-cadherin immunostaining was more discontinuous and VE-Cadherin®* vesicles were
more abundant (Fig. S7). Expression of SDC4HA, and SDC4HA-Y180-F all restored VE-
Cadherin internalization responses to VEGFA in Sdc4-/- MLECs, which was not the case

in SDC4HA-Y180-A transduced cells (Fig. S8). Since VEGFA-dependent endocytosis of
VE-Cadherin from the EC adherens junctions is a known to trigger of vascular permeability
in vivo 38, we next measured the leakage of albumin-bound Evans blue from the dermal
microvasculature in response to VEGFA and bradykinin (a known vasodilator) in WT

and Sdc4-/- animals. Results showed that vascular leakage in response to VEGFA was
significantly reduced in Sdc4-/- animals (Fig. 6 F and G). Together, our data identifies

a novel association between SDC4 and VE-Cadherin that is modulated by VEGFA. We
further reveal that SDC4 is required for VEGFA-induced VE-Cadherin internalization and
hyper-permeability.

Soluble SDC4 reduces VEGFA induced VE-Cadherin internalization in a pre-clinical model

of wet AMD

Lastly, we explored whether a soluble form of SDC4 (referred to as solS4, corresponding to
the complete ectodomain of SDC4) could interfere with its pro-angiogenic role, in particular
by disrupting the SDC4/VE-cadherin interaction. Using antibody-feeding approaches, we
found that addition of solS4 to a monolayer of WT ECs prevented VEGFA-driven VE-
Cadherin internalization (Fig. 7 A and B). Moreover, incubation of HUVECs with solS4

led to a reduction in PLA puncti between SDC4 and VE-Cadherin at EC junctions (Fig.

S9 A), indicating that it may be disrupting the SDC4/VE-Cadherin complex. In addition,
solS4 treatment also abolished VEGFA-driven EC migration. This is in contrast to ECs
pre-treated with soluble SDC2 (so0lS2), the syndecan most structurally similar to SDC4,
which maintained responsiveness to VEGFA (Fig. 7 C). As was the case with Sdc4-/-
primary ECs, no impact on VEGFA signaling was observed in ECs stimulated with VEGFA
in the presence or absence of solS4 (Fig. S9 B and C).We also observed reduced sprouting
when aortic explants where treated with solS4 (Fig. 7 D and E). We next assessed whether
solS4 could be therapeutically beneficial as an anti-angiogenic compound, by testing its
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efficacy in the laser-induced CNV model in comparison to Aflibercept (Eylea®, Regeneron),
one of the current standard therapies for neovascular AMD patients. We found that a single
injection of solS4 at day 0 post-laser injury reduced the angiogenic response at day 7 by
almost 50% compared to vehicle (PBS) control, achieving similar anti-angiogenic activity to
that of Aflibercept (Fig. 7 F and G). Altogether, these results indicate that delivery of solS4
decreases VE-Cadherin internalization, EC migration and reduces pathological angiogenesis
in a pre-clinical murine model of neovascular AMD.

Discussion

In this work we have performed detailed analysis of both post-natal and adult micro-
vasculature in Sdc4-/- animals and found that vascular development is not affected by
genetic deletion of SDC4. However, we showed in multiple murine disease models (diabetic
retinopathy, wet AMD, melanoma and epidermal carcinogenesis) that SDC4 is required

for robust pathological angiogenesis. This difference can be explained by SDC4 being
differentially expressed during these two chronologically-distinct processes. In fact, our
data reveals that SDC4 was the only syndecan member which was upregulated in models

of pathological angiogenesis and importantly, its expression correlated with immature,
pathological vessels formed in the retinas of diabetic retinopathy patients. The existence

of hypoxia- 39 and inflammation-related regulatory elements (i.e. NF-xB 40 within the Sac4
promoter region supports the concept that the expression and activity of this proteoglycan is
driven by responses to hypoxia and inflammation, concomitant with pathological scenarios
and important pro-angiogenic stimuli.

In the /n vivo models described in this study, the primary driver of angiogenesis is VEGFA.
We therefore explored the responses of Sdc4-/- cells and tissues in VEGFA stimulated
angiogenesis assays (e.g. VEGFA-induced cell migration, tissue explant sprout formation)
and found them to be impaired. This suggests that the defects we observed are linked to

the angiogenic pathways driven by VEGFA. Importantly, normal angiogenic responses could
be restored when SDC4 was expressed in Sdc4-/- cells and tissues. Our initial hypothesis
was that SDC4 was acting as co-receptor between VEGFA and VEGFR2 through its HS
chains. Recent studies suggest that this is the case for SDC4, VEGFC and VEGFR3

during pathological lymphangiogenesis 4. However, we discounted this hypothesis since,
consistent with other studies, we observed no reduction in either phosphorylation of
VEGFR?2 or major signaling kinases downstream of this receptor (Erk1/2) in Sdc4-/-ECs
treated with VEGFA. These findings are in agreement with the observation that VEGFA
signaling requires SDC2, not SDC4, owing to differences in the levels of 6-O-sulphation on
the HS chains of these molecules 20,

An excess of SDC4 achieved either by genetic means or via exogenous addition within
proteo-liposomes leads to increased angiogenesis and improved therapeutic outcomes in
models of ischemic injury and myocardial infarction?3: 25 42 These findings support

the idea that upregulation of SDC4 expression is an important component in angiogenic
responses. Furthermore, silencing of SDC4 leads to an attenuation of angiogenic responses
in cell-based assays 43. Pro-angiogenic roles for SDC4 have been reported, particularly,

in augmenting FGF2 signaling 23: 2542, The relationship between HS and FGF2 is
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well established and it is likely that SDC4 HS, when in abundance in these models, is
responsible for enhanced FGF2 driven cellular responses. Both 2-O and 6-0 sulphated HS
can promote FGF2 signaling 44-47 whereas there is a distinct requirement for 6-O sulphation
on HS chains for promoting the VEGFR2/VEGFA interaction20. The more promiscuous HS
binding requirements of FGF2 mean there is likely to be redundancy in the system and other
HSPGs could be the source of the HS required to engage FGF2 in Sdc4-/- animals which
may explain the lack of developmental angiogenic defects in these mice. In common with
other studies we did not observe an effect on FGF2 induced angiogenesis in Sdc4-/- animals
20_ Collectively this suggests that, in the absence of SDC4, VEGFA/VEGR?2 signaling

is unperturbed and this led us to speculate that SDC4 may have a role in pathological
angiogenesis and is regulated by the VEGFA/VEGFR?2 axis.

We demonstrated that SDC4 localizes to EC cell-cell contacts and co-localizes with the
junctional protein VE-Cadherin. This is in keeping with recent proteomic studies in which
SDC4 was found to be associated with EC junctional proteins #8. EC adherens junctions

are a complex assemblage of both junctional and cytoskeletal proteins and many of the
molecules involved also constitute focal adhesion complexes, in which SDC4 is a known
component 49, Furthermore, numerous studies have identified roles for SDC4 in cytoskeletal
rearrangements and changes in the actin cytoskeleton in a variety of cell types, including
ECs 3. The disassembly of these structures is a critical early step in angiogenesis °° and

we showed that ECs null for SDC4 exhibited defective VE-Cadherin internalization away
from junctions in response to VEGFA stimulation. This was also reflected in defective
vascular permeability responses /in vivo. Our data revealed that under basal conditions SDC4
is in complex with VE-Cadherin, and this complex is disrupted rapidly following VEGFA
stimulation. The presence of SDC4 in this complex is clearly an important precursor for
efficient VE-Cadherin trafficking since when SDC4 is absent (e.g. in Sdc4-/-animals

or ECs) this process was inhibited substantially. The phosphorylation status of SDC4,
specifically on residue Y180, is also important in regulating this process. Mutant forms

of SDC4 in which this residue is mutated to Alanine did not complex effectively with VE-
Cadherin and failed to restore efficient VE-Cadherin trafficking in Sdc4-/- ECs. Conversely,
phosphomimetic mutants complexed with VE-Cadherin were capable of restoring VEGFA
driven VE-Cadherin internalization. We therefore speculate that in response to VEGFA,
SDC4 is dephosphorylated leading to a disruption of the SDC4/VE-Cadherin complex.
Phosphorylation of this residue by c-SRC is an important control point of integrin trafficking
37 and it is not inconceivable that this may also be linked to the findings reported here,

since 1 integrin activation state influences VVE-cadherin localization 51 52, Moreover, the
expression of SDC4 is required for the expression of junctional Cadherin-11 in fibroblasts
53 and in calcium signaling 4. These studies, in conjunction with our findings suggests that
SDC4 may be involved with other members of the Cadherin family in other cell types.

Our studies indicate that SDC4 is essential for efficient VE-Cadherin internalization in
response to VEGFA and we show that the delivery of soluble SDC4 inhibits this process.
This is in contrast other reported observations in which thrombin-cleaved fragments of

both SDC3 and SDC4 extracellular core protein promote EC junctional reorganization in
cultured ECs®®. Regulatory sequences within syndecan extracellular core proteins have been
identified in all 4 syndecan family members and they can impact on EC behaviour®®. The
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soluble form of SDC4 used in this study comprises the entire extracellular core protein.

A possible explanation for the disparity in these observations is that fragments of SDC4
ectodomain may have different properties to the full-length version. In addition, there may
also be possible synergism between SDC4 and SDC3 ectodomain fragments, the full length
of which can also modulate angiogenesis®’.

We also show that soluble SDC4 can reduce both VEGF-driven angiogenesis and hyper-
permeability /n vivo. Neovascularization and subsequent vascular leakage from angiogenic
blood vessels is an important and exacerbating factor in neovascular eye disease 58.
Furthermore, angiogenesis blocking strategies are in use for the treatment of a number

of tumors. The most common therapeutic options involve targeting VEGFA either using
antibodies or receptor-mimicking recombinant proteins. Although successful, these therapies
are not without limitations, particularly with regard to patient non-response in ophthalmic
indications and a significant side-effect profile when administered systemically in treating
cancer %9 60, We demonstrate that SDC4 acts downstream of the VEGFA/VEGFR2

axis and application of a solSDC4 while disrupting the SDC4/VE-cadherin interaction

has negligible impact on the phosphorylation status of key signaling kinases within

ECs. Potentially therefore at least in the instances where anti-angiogenic therapies are
administered systemically, fewer adverse effects might be observed in targeting SDC4/VE-
Cadherin, particularly as SDC4 seems only to be upregulated on ECs during pathological
scenarios. The rationale for targeting SDC4 for therapeutic benefit has been demonstrated
in other disease models. Antibodies against SDC4 have been shown to block SDC4
dimerization in response to IL-1R stimulation, and these have a positive impact in models
of inflammatory arthritis®®. Furthermore, use of recombinant proteins derived from SDC4
binding partners have also proven efficacious in disease models. The Ig1 and 2 repeats from
the protein tyrosine phosphatase receptor sigma (PTPRp) have also been shown to inhibit
signaling of this receptor resulting in improved outcomes in collagen-induced arthritis
models®2. Whether these reagents could be used to target pathological angiogenesis remains
unexplored, but strongly support the idea that SDC4 could be targeted for therapeutic benefit
in disease settings.

Taken together, our study identifies SDC4 as an essential regulatory component in VEGFA-
induced VE-cadherin internalization from EC junctions during pathological angiogenesis.
We believe these results provide significant further insight into the molecular events
controlling neovascularization and hyper-permeability responses in diseases. The formation
of abnormal blood vessels is a feature of cancer, neovascular eye diseases and chronic
inflammatory conditions, which implies that SDC4 blocking strategies may have the
potential to be applied in these contexts to either improve or offer a more selective
alternative to existing therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Syndecan-4 null mice are protected in models of neovascular eye diseases and
skin tumor models due to defective angiogenesis.

. Syndecan-4 expression is upregulated during pathological angiogenesis in
mice and is selectively enriched in immature blood vessels in the retinas of
diabetic retinopathy patients.

. A pool of Syndecan-4 resides at endothelial cell junctions, and has no role in

VEGFA/VEGFR?2 signaling, but rather, is downstream of this interaction.

. Syndecan-4 null animals and cells show inefficient VEGFA-induced VE-
Cadherin internalization and this is reflected /n vivo by aberrant vascular
permeability responses to VEGFA.
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Figure 1. Pathological angiogenesis in murine models of neovascular eye disease requires SDCA4.
Developmental retinal angiogenesis in Sdc4-/- mice proceeds at the same rate as WT.

A, Micrographs comparing retinal micro-vessel formation between Sdc4-/-and WT p6
neonates (Scale bar, 1 mm). B, Retinas were stained with isolectin GS-1B4, and the distance
between the optical nerve and the angiogenic front (arrows) was measured and the extent

of retinal angiogenesis between WT, Sdc4+/- and Sdc4-/- p6 neonates compared (n=10-15
animals/genotype). C, Neovascular tuft formation in response to OIR is reduced in Sdc4-/-
pl7 neonates. Representative micrographs of retinas stained with isolectin GS-1B4 (scale bar
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=500um). D, Quantification of neovascular tufts (~40 eyes/group). E, Micrographs showing
Sdc4-/- animals exhibit less angiogenesis in the laser induced CNV model as evident

from reduced lesion area (n=6-8 animals/group, Scale bar = 2.4 mm). F, Densitometry
measurements of CNV lesions comparing responses between WT and Sdc4-/-animals. G,
Staining of CNV lesions with lectin GS-I1 followed by 3D confocal reconstruction. H, CNV
lesion volume was calculated using Imaris Bitplane software on the basis of lectin GS-11
staining. n=5-6 animals for each group. Centre line, median. Plus sign, mean. Error bars
indicate min and max values. *P < 0.05; **P < 0.01; ***P<0.001.
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Figure 2. Tumor angiogenesis is impaired in Sdc4-/- animals.
A, Micrographs of B16F1 melanomas from WT and Sdc4-/- animals showing reduced tumor

volume as quantified in B, (n=5-6 mice/group). C, Tumor vessels (arrowheads) appear in
WT sections but are not obvious in B16F1 melanomas from Sdc4-/- mice (Ki-67, blue;
CD31 red, scale bar, 100 um), D, quantification of tumor vessel coverage (n=5/group, 3
images/animal). E, Papilloma formation is reduced in Sdc4-/- mice in the DBMA/TPA
model. Micrographs of animals (left) and sections of skin (right, H&E stained) from WT
and Sdc4-/- animals at week 19 (scale bar, 2 mm). F, Reduced size of papillomas at end of
the experiment (n=7 mice/group). G, Tumor sections from WT and Sdc4-/- animals were
immuno-stained for the EC marker CD31and vessel width was measured. *P < 0.05; ***P <
0.001.
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Figure 3. SDC4 expression is upregulated during pathological angiogenesis.

A, Syndecan gene expression profile during early stages of murine retinal angiogenesis.
Eyes were enucleated on postnatal day 0, 4 and 7, mRNA extracted and quantified by
gPCR. B, Syndecan gene expression in neonates subjected to OIR (P12 vaso-obliteration
phase, P17 angiogenic phase) and in untreated controls. Centre line, median. Plus sign,
mean. N=4-6 animals for each group. Error bars indicate min and max values. *P < 0.05;
**P < 0.01. (C, and D,) Consecutive sections of human proliferative diabetic retinopathy
membrane stained for CD31 marker of blood vessels), VEGFR2 (marker of new immature
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vessels), and SDC4. Regions of high VEGFR2 expression on ECs have correspondingly
high levels of Sdc4 expression C, and this is not the case on sections where there is low
VEGFR?2 expression D,. Scale bar, 200 um. Images are representative of n=6 patients.
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Figure 4. Functional angiogenic responses to VEGFA are impaired in Sdc4-/- explants and ECs.
A, Matrigel supplemented with PBS or VEGFA (50 ng) was injected subcutaneously in

the flank of WT or Sdc4-/- mice. Images are representative of plugs extracted 7 days post-
injection. Scale bar, 1 cm. B, Plug vascularity was expressed as the amount of haemoglobin
released from the plugs per ml of Matrigel and normalized for the plug weight. n=5-6 animal
for each group (2 plugs per animal). C, Fragments (1 mm?) of choroid were dissected from
adult WT, Sdc4+/-and Sdc4-/- littermates and cultured as explants in VEGFA-containing
medium. Explants were stained with lectin GS-I1 (red) and anti-aSMA (green) after 7 days
in culture and imaged using a Zeiss LSM 800 confocal laser scanning microscope with a 10x
objective. Arrows show angiogenic sprouts. Scale bar, 100 pM. D, Sprouting was quantified
by manually counting the number of sprouts per explant. n=5-6 animal for each group, 10
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explants per animal. E, Quantification of sprout formation from aortic ring explants (n=5-6
animal for each group, 15-20 rings per animal). F, Sdc4-/- aortic rings were lentivirally
transduced to express either eGFP (EV) or SDC4 (SDC4), n=3 animals per group, 5-6
explants per animal. G, Sdc4-/- MLECs were lentivirally transduced to express either SDC4
or SDC4AGAG, and the migration of these cells compared to WT and Sdc4-/-in scratch
wound migration assays. Cells were serum starved prior to the addition of VEGFA (10
ng/ml) and images at 0 hours and 9 hours are shown. Scale bar, 200 um. Migrated area was
calculated by subtracting the final scratch area from the initial scratch area using ImageJ.
n=3-4, *p<0.05, **p<0.01, ****p<0.0001.
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Figure 5. SDC4 acts down stream of VEGFA/VEGFR?2 signaling.
A, Western blots of either WT or Sdc4-/- MLEC lysates harvested at different time points

after VEGFA stimulation. Levels of phoshpo-VEGR2 and Erk1/2 were assayed. B, The
complete coding sequence of eGFP was inserted into murine SDC4 between 132 and D33
and cloned into lentiviral expression vectors (diagram). Fluorescence confocal images of
transfected HUVECS showing SDC4-eGFP localizes to EC junctions, and this is altered by
VEGFA stimulation. Images correspond to the first and last of a 5 minute time lapse video
(see Supplemental Movies 1 and 2). Cells were stimulated as indicated. C, Confocal images
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of FRAP of HUVECs expressing SDC4-eGFP or SDC4 Y180-A-eGFP at the time points
indicated in the presence or absence of VEGFA stimulation. FRAP and image capture were
performed using a Zeiss LSM 800 confocal laser scanning microscope with a 63x objective.
D, Quantification of fluorescence recovery of Sdc4-eGFP and E, plots of the half-life of
recovery for each of the treatments. n=3, **p<0.01.
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Figure 6. SDC4 is required for efficient VE-Cadherin redistribution at EC junctions in response

to VEGFA.

A, Immunofluorescence staining for endogenous SDC4 (green) shows co-localization with
VE-Cadherin (red) and VEGFR2 (purple) at EC junctions. Scale bar, 20 pm. B, Confocal
micrographs of HUVECs showing proximity ligation puncti on the cell surface (red dots)
between SDC4 and VE-Cadherin (nuclei, blue; VE-Cadherin, green). An example of
junctional punctum (yellow arrow) and a non-junctional punctum (white arrow) is shown
on the right hand micrograph. Scale bar, 10 um. C, Quantification of SDC4/VE-Cadherin
PLA puncta on the cell surface over time after VEGFA stimulation (10ng/ml). D, MLECs
from WT and Sdc4-/- mice were washed with PBS and incubated with anti-VE-Cadherin

antibody at 4 °C for 1 hour. Unbound antibody was washed away and cells stimulated with
VEGFA (30 ng/ml) for 10 min at 37 °C to promote VE-Cadherin internalization. Cells were
then subjected to an acid wash to remove cell surface antibody. VE-Cadherin (red), DAPI
(blue). Scale bar, 20 um. E, Images of MLECs treated with VEGFA and acid-washed were
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analyzed on Imaris software and VE-cadherin+ vesicles were counted and divided by the
number of nuclei in the field of view. n=3. Images are representative of one experiment
where 9 images per condition were analyzed F, Evans blue was injected into the tail vein
of WT and Sdc4-/- mice, followed by subcutaneous injections of PBS, VEGFA (100 ng) or
Bradykinin (BK, 100 ug). Images show the local extravasation of the dye from underneath
the skin 90 minutes post-injection, white circles indicate the approximate injection area. G,
Skin punches corresponding to the injection sites were collected and Evans blue extracted
in formamide overnight. Permeability was quantified by measuring the optical density at
620 nm of the skin extracts and values were normalized on the basis of tissue weight.
n=6-8 animals per condition. Data are mean + s.e.m. *P < 0.05; **P < 0.01; ****P<0.0001.
Statistical comparisons were made between PBS and treatments within the same genotype
unless otherwise indicated.
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Figure 7. The extracellular core protein of SDC4 (solS4) inhibits VEGFA induced VE Cadherin
internalization in vitro and choroidal neovascularization in vivo.

A, Confocal images of VE-Cadherin antibody ‘washout’ experiments. WT MLECs were
washed with PBS and incubated with anti-VE-Cadherin antibody at 4 °C for 1 hour.
Unbound antibody was washed away and cells stimulated with VEGFA (30 ng/ml) for

10 min with or without SolS4 (3.5 nM) at 37 °C to promote VE-Cadherin internalization
followed by acid washing. VE-Cadherin (white). Scale bar, 20 um. B. Images of MLECs
treated with VEGFA and acid-washed were analyzed on Imaris software and VE-cadherin+
vesicles were counted and divided by the number of nuclei in the field of view. 9 images per
condition were analyzed. n=3 Scale bar, 20 um. C. HUVECs were scratched and incubated
in serum-free media with or without VEGFA (20 ng/ml) and with or without SolS4 or solS2
(3.5 nM) for 16 hours. Migrated area was calculated by subtracting the final scratch area to
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the initial scratch area using ImageJ. n=3. D, Micrographs of C57BL6 murine aortic rings
embedded in Collagen | and cultured as explants in VEGFA-containing medium with or
without solS4 (3.5 nM) for 7 days. E, Manual quantification of angiogenic sprouts. (n=4,
5-15 rings/condition). Scale bar, 10 um. F, Fundus fluorescein angiograms of WT animals at
day 7 post laser induced CNV. Intravitreal injection of 1 pl of either PBS, Aflibercept (10
ug) or solS4 (100 ng) were performed at day O directly after laser burns were applied. Scale
bar, 2.4 mm. G, The CNV lesion areas were quantified using ImageJ, each dot represents
the average of 3 lesions per eye. n=7-9 animals per condition. Data are means and error

bars indicate SEM in B, C and G and min and max values in E. *P < 0.05; **P < 0.01,
***P<0.001.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 13.



	Abstract
	Abstract
	Graphic Abstract
	Abbreviations
	Introduction
	Materials and Methods
	Please see the Major Resources Table and additional Materials and Methods in the Supplemental Material
	Experimental animals
	Developmental angiogenesis mouse model
	Oxygen-induced retinopathy (OIR) mouse model
	Laser-induced choroidal neovascularization (CNV) mouse model
	B16F1 melanoma tumor model
	Skin tumor induction
	VE-Cadherin internalization assay
	Proximity ligation assay
	Evans blue permeability assay
	Statistical analysis


	Results
	SDC4 is dispensable for vascular development but essential for pathological angiogenesis
	Angiogenic defects are not restricted to ocular disease models in Sdc4-/- mice
	SDC4 is upregulated during pathological angiogenesis
	Angiogenic responses to VEGFA require SDC4
	SDC4 resides at EC junctions and is redistributed in response to VEGFA
	SDC4 is required for VEGFA-induced VE-Cadherin internalization and hyper-permeability
	Soluble SDC4 reduces VEGFA induced VE-Cadherin internalization in a pre-clinical model of wet AMD

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

