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Dynamic control of vascular permeability is central to homeo-
stasis maintenance. Although under normal conditions, 
most vascular beds do not allow free movement of solute 

and cells, this can rapidly change in response to both physiological 
and pathological stimuli1–3. VEGF is one of the most potent induc-
ers of permeability. VEGF levels increase dramatically in settings of 
acute ischemic injury or chronic inflammation due to the presence 
of inflammatory cells capable of producing the growth factor, with 
a strong contribution of inflammation-induced edema attributable 
to VEGF activity4–7. VEGF exerts its permeability-inducing effects 
by binding to its principal signaling receptor, VEGFR2, leading 
to phosphorylation of tyrosine Y951 (human equivalent of mouse 
Y949) and activation of the Src cascade8–11. The latter event pro-
motes disassembly of adherens and tight junctions with the resul-
tant increase in vascular leakiness12–16.

VEGF belongs to a family of heparin-binding growth factors, 
and its interactions with VEGFR2 are governed by the presence 
of heparan sulfate (HS) chains carrying proteoglycans on the cell 
surface17,18. One of these proteoglycans, the transmembrane protein 
Sdc2 has been recently shown to carry HS chains that preferentially 
bind VEGFA165 (ref. 19). To gain understanding of the role of Sdc2 in 
VEGF biology, we undertook a study of its function in regulation of 
vascular permeability.

We first examined the effect of Sdc2 knockout on VEGF signaling 
responses in primary mouse endothelial cells (ECs). As expected, 
there was a mild reduction in phosphorylation of the VEGFR2 
Y1175 kinase site (Y1173 in mouse) that was previously traced to a 
reduction in VEGFA165-VEGFR2 binding in the absence of Sdc2 HS 
chains19 (Fig. 1a,b). Because HS chains facilitate VEGFR2 occupa-
tion by VEGFA165, we expected other VEGFR2 phosphosites to be 
equally affected in Sdc2 null (Sdc2−/−) ECs. However, although there 
was a comparable decline in VEGFR2 Y1059 (Y1057 in mouse) 
phosphorylation (~25% decrease for Y1059 and Y1175 at 5 min 
post-VEGFA165 stimulation) (Fig. 1a,c), there was a larger reduc-
tion of Y951 (~40% decrease at 5 min post-VEGFA165 stimulation) 
(Fig. 1a,d) suggesting that Sdc2 may regulate VEGFR2 activation  

in phosphotyrosine-specific manner. To test whether Sdc2 core 
protein could be play a role in such mechanism, we measured 
VEGFR2 activation following treatment with non-HS-binding 
VEGFA121

20. In contrast to VEGFA165 stimulation, there was no 
statistically significant reduction in either Y1059 or Y1175 phos-
phorylation (Fig. 1f–h). However, there was a 40% reduction in 
Y951 phosphorylation (Fig. 1f,i) that was similar in magnitude to 
that seen with VEGFA165. Src activation is the major downstream 
event following VEGFR2 Y951 phosphorylation9. Accordingly, we 
found that VEGFA-induced Src activation was impaired in Sdc2−/− 
ECs in response to both VEGFA165 and VEGFA121 (Fig. 1a,e and  
Fig. 1f,j). Sdc2 knockdown in human umbilical vein ECs (HUVECs) 
confirmed decreased Y951 phosphorylation and reduced Src acti-
vation following VEGFA165 and VEGFA121 stimulation (Extended  
Data Fig. 1a,b)

Phosphorylation of VEGFR2 Y951 site is known to activate the 
Tsad–Src–vascular endothelial (VE)-cadherin pathway, which con-
trols junctional stability and permeability21. To test whether Sdc2 
knockout affects the permeability response, we used the Miles assay22. 
Mice with a global Sdc2 deletion (Sdc2−/−), endothelial-specific dele-
tion of Sdc2 (obtained by crossing Cdh5CreRT2 line23 with Sdc2fl/fl, 
hereby referred to as Sdc2iECKO) or wild-type (WT) controls were 
injected intradermally with VEGFA165, VEGFA121 or histamine, and 
the extent of vascular permeability in the skin was measured by 
Evans blue dye extravasation. Both VEGFs induced a much smaller 
extent of dye extravasation in Sdc2−/− (Fig. 1k–n) and Sdc2iECKO mice 
(Extended Data Fig. 1c) compared to WT control mice. At the same 
time, Sdc2 knockout had no effect on the vascular permeability 
response to histamine (Fig. 1o,p). We also assessed baseline vascu-
lar integrity of Sdc2−/− mice by measuring Evans blue extravasation 
in various organs in the absence of VEGF stimulation. In all cases, 
basal permeability in these mice was comparable to WT controls 
(Extended Data Fig. 1d).

To investigate the molecular basis of reduced Y951 phosphoryla-
tion and a corresponding reduction in VEGF-induced permeability 
in Sdc2−/− and Sdc2iECKO mice, we studied expression of key members 
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of VEGF signaling cascade and its regulators, including membrane 
receptor phosphatases VEPTP (ref. 24) and DEP1 (refs. 25,26), and the 
intracellular ER-anchored PTP1B (ref. 27). Sdc2 knockout had no 
effect on total cellular levels of VEGF receptors (VEGFR1, VEGFR2 
and Neuropilin-1 (Nrp1)), the adhesion protein VE-cadherin and 
the three phosphatases (Fig. 2a). However, examination of the cell 
surface levels of these proteins demonstrated a significant increase 
in DEP1 levels in Sdc2−/− ECs (Fig. 2b,c). An increased DEP1 sur-
face level was confirmed in HUVECs following Sdc2 knockdown 
(Extended Data Fig. 1e,f).

To check whether this increase in cell surface DEP1 could 
account for a selective increase in VEGFR2 Y951 dephosphoryla-
tion, we transduced HUVECs with an adenovirus carrying the 
DEP1 expression construct. Overexpression of DEP1 reduced 
VEGFA165-induced Y951 but had minimal effect on Y1059 or Y1175 
sites phosphorylation (Fig. 2d–f).

To show that this effect is DEP1 specific, we performed a knock-
down of the three phosphatases known to affect VEGFR2 signal-
ing28 and measured their impact on the extent of VEGFA165-induced 
VEGFR2 phosphorylation. In agreement with published studies29, 

PTP1b knockdown preferentially increased Y1175 phosphory-
lation, leaving the Y951 site phosphorylation unchanged (Fig. 
2g,j), whereas VEPTP knockdown increased phosphorylation of 
all examined VEGFR2 sites (Fig. 2h,j). In contrast, DEP1 knock-
down preferentially increased Y951 phosphorylation, whereas 
phosphorylation levels of Y1059 and Y1175 were minimally  
affected (Fig. 2i,j).

DEP1 is a transmembrane phosphatase enriched at cell–cell con-
tacts in ECs and other cell types30,31, which interacts with various 
components of the adherens junction complex (e.g., VE-cadherin, 
p120-catenin and β-catenin)32. Indeed, we observed that DEP1 
was mostly localized at cell junctions of confluent ECs (Extended 
Data Fig. 2a). Both Sdc2 and DEP1 are expressed at the cell surface 
(Extended Data Fig. 2b) and can engage in a direct interaction33, 
whereas Sdc2 HS chains mediate formation of a ternary complex 
with VEGFA165 and VEGFR2 following VEGFA165 stimulation in 
ECs. Therefore, we hypothesized that DEP1 surface level are linked 
to endocytosis of the VEGFA165–VEGFR2–Sdc2 ternary complex as 
it gets internalized in tandem with Sdc2. The absence of Sdc2 would 
reduce DEP1 cell entry, thereby increasing its plasma membrane 
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Fig. 1 | Sdc2 deletion leads to reduced VEGFA-induced Y951 phosphorylation and permeability in vivo. a–e, Western blot analysis and quantification of 
VEGFR2 phosphorylation (pVEGFR2) and Src activation (pSrcY416) in WT versus Sdc2−/− mouse ECs after 5–15 minutes (min) of stimulation with VEGFA165 
(50 ng ml−1) versus PBS (phosphate-buffered saline) vehicle (n = 4–8). MV, molecular weight. f–j, western blot analysis and quantification of VEGFR2 
phosphorylation and Src activation (pSrcY416) in WT versus Sdc2−/− mouse ECs 5–15 min of stimulation with VEGFA121 (50 ng ml−1 (n = 4–5). k,l, VEGFA165- 
induced Evans blue dye leakage in the back skin (Miles assay) of WT versus Sdc2−/− mice (scale bars, 500 µm) (n = 4–5). m,n, VEGFA121-induced Evans 
blue dye leakage in the back skin of WT versus Sdc2−/− mice (scale bars, 500 µm) (n = 6–7). o,p, Histamine-induced Evans blue dye leakage in the back 
skin of WT versus Sdc2−/− mice (scale bars, 500 µm) (n = 3–5). Data are presented as mean values ± s.e.m. (standard error of the mean), and each dot 
represents a biological independent experiment (n). Statistical analysis was performed by two-way analysis of variance (ANOVA) with Sidak’s multiple 
comparison test (b–e,g–j) or one-way ANOVA with Sidak’s multiple comparison test (l,n,p) (NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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levels and decreasing VEGFR2 Y951 site phosphorylation, thereby 
reducing permeability.

To test this possibility, we first evaluated whether Sdc2 and 
Dep1 internalize with a time course similar to VEGFR2. VEGFA165 
stimulation in HUVECs led to a prompt internalization of all three 
proteins with a similar kinetics, as shown by decreasing cell surface 
levels (Fig. 3a,b). Furthermore, structural illumination microscopy 
(SIM) analysis showed that VEGFA165 stimulation led to a higher 
colocalization of Sdc2 (Fig. 3c) and DEP1 (Fig. 3d) with VEGFR2 
in Rab5+ endosomes, indicating that Sdc2 and DEP1 internaliza-
tion follows a clathrin-mediated endocytic process like VEGFR2  
(ref. 29,34). SIM images also revealed copresence of Sdc2/DEP1 in Rab5+ 
and VEGFR2+ endosomal structures (Extended Data Fig. 2c–f),  
suggesting a molecular link among Sdc2, DEP1 and VEGFR2.

To assess whether Sdc2 is required for DEP1 internalization, we 
isolated primary ECs from WT and Sdc2−/− mice and measured 
DEP1 internalization after VEGFA165 stimulation. We observed that 
DEP1, but not VEGFR2, internalization was greatly impaired in the 
absence of Sdc2 (Fig. 3e–h). We then used immunofluorescence to 
examine DEP1 and VEGFR2 internalization in response to VEGF 
stimulation in WT and Sdc2−/− primary ECs transduced with com-
parable levels of surface HA-tagged DEP1. The loss of Sdc2 led to a 
decrease of internalized DEP1 that colocalized in VEGFR2+ endo-
cytic complexes (Fig. 3i,j).

We also examined whether DEP1 undergoes constitutive endo-
cytosis in the absence of added VEGFA165 and whether it is depen-
dent on Sdc2. HUVECs kept in the VEGFA-free media displayed 
a degree of constitutive DEP1 internalization, which was reduced 
after Sdc2 knockdown (Extended Data Fig. 2g,h). Moreover, confo-
cal images of HUVECs showed the presence of DEP1–Sdc2 com-
plexes in Rab5+ endosomal compartments in the absence of VEGFA 
stimulation (Extended Data Fig. 2i).

Overall, these results suggest that a Sdc2–DEP1 interaction 
is necessary for DEP1 internalization. To formally prove this  

hypothesis, we generated a polyclonal antibody against DEP1- 
binding domain of Sdc233 mouse sequence (Extended Data Fig. 3a) 
in an attempt to disrupt Sdc2–DEP1 association. Validation of this 
anti-Sdc2 polyclonal antibody (Sdc2 pAb) confirmed specific bind-
ing to Sdc2, but not Syndecan-4 (Sdc4) (Extended Data Fig. 3b). 
Furthermore, HUVECs transduced with mouse Sdc2 (V5-tag) and 
human DEP1 (HA-tag) constructs followed by treatment with the 
Sdc2 pAb showed a marked reduction in Sdc2–DEP1 association 
(Fig. 3k).

We then tested the ability of the Sdc2 pAb to block VEGFA165- 
induced DEP1 internalization in mouse brain ECs (bEnd.3 cells). 
Preincubation of bEnd.3 cells with Sdc2 pAb (1 hr) prevented 
VEGFA165-induced DEP1 internalization compared to IgG treat-
ment (Fig. 3l,m,o). In agreement with decreased Y951-Src acti-
vation, internalization of VE-cadherin was also reduced upon 
treatment with Sdc2 pAb (Fig. 3l,m). However, VEGFR2 internal-
ization was not affected by treatment with Sdc2 pAb (Fig. 3l–n). In 
line with these findings, Sdc2 pAb preferentially led to decreased 
phosphorylation of VEGFR2 Y951 versus Y1175 (Fig. 3p,q). Finally, 
to evaluate the functional consequence of the Sdc2 pAb treatment, 
we studied the effect of this pAb treatment on bEnd.3 cells in vitro. 
In agreement with a strong decrease in Y951 activation, cells treated 
with the Sdc2 pAb showed inhibition of VEGFA-induced decline 
in trans-endothelial electrical resistance (Fig. 3r), a measure of 
endothelial barrier integrity that normally correlates with changes 
in vascular permeability in vivo35. In contrast, VEGFA165-induced 
proliferation and migration were not affected by Sdc2 pAb treat-
ment (Extended Data Fig. 3c–e)

VEGFA-induced permeability plays a pathogenic role in a num-
ber of disease processes36,37. In particular, a rapid rise in VEGFA165 
levels following a stroke is thought to destabilize the blood–brain 
barrier, leading to a peri-infarct edema (vasogenic edema) and 
unregulated entrance into the brain parenchyma of blood-borne 
substances that further increase the damage, leading to a substantial 
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increase in the final infarct size38–40. Because Sdc2−/− mice display 
a reduced permeability in response to VEGFA, we set out to test 
whether this translates into reduced stroke size in these mice. To 
this end, we induced an acute stroke in Sdc2−/− and WT mice with 
a permanent ligation of the distal middle cerebral artery (MCA) 
via craniectomy41. Morphometric evaluation of the infarct size 24 h 
after ligation using TTC (2,3,5-triphenyltetrazolium chloride) live 
staining demonstrated a significant 35% reduction in the stroke size 
(Fig. 4a,b). To assess whether reduced infarct size is due Sdc2 dele-
tion in ECs, we repeated the same stroke model in Sdc2iECKO mice 
(Extended Data Fig. 3f,g). Here, we observed a reduction in infarct 
size similar to that observed in global Sdc2−/− mice, suggesting that 
reduced endothelial permeability is the main driver of the neuro-
protective effect of Sdc2 deletion.

Finally, we set out to evaluate the therapeutic potential of pre-
venting VEGF-induced edema formation by blocking the Sdc2–
DEP1 interaction with our validated antibody described above 
(Sdc2 pAb). First, we checked the effectiveness of the Sdc2 pAb in 
modulating skin permeability. An i.v. injection of the blocking Sdc2 
pAb antibody abolished VEGFA-induced permeability in the mouse 
skin mice compared to IgG controls (Fig. 4c,d) However, Sdc2 pAb 
did not affect the skin permeability response to histamine (Fig. 4e,f) 
or inhibit VEGFA165-induced angiogenesis in a cornea pocket assay 
(Fig. 4g,h).

We then tested whether the Sdc2 blocking antibody could confer 
neuroprotection in the same mouse stroke model as used in Sdc2 
null mice. Indeed, i.v. injection either before (Fig. 4i,j) or after MCA 
ligation (Fig. 4k,l) resulted in significant reduction in the infarct size 

0

2.5

5.0

7.5

10.0

12.5

15.0

In
fa

rc
t v

ol
um

e
(%

 o
f c

on
tr

ol
at

er
al

 h
em

is
ph

er
e 

vo
lu

m
e)

In
fa

rc
t v

ol
um

e
(%

 o
f c

on
tr

ol
at

er
al

 h
em

is
ph

er
e 

vo
lu

m
e)

In
fa

rc
t v

ol
um

e
(%

 o
f c

on
tr

ol
at

er
al

 h
em

is
ph

er
e 

vo
lu

m
e)

V
as

cu
la

riz
ed

 a
re

a 
(m

m
2 )

E
va

ns
 b

lu
e 

sk
in

 le
ak

ag
e

(f
ol

d 
ch

an
ge

 fr
om

 P
B

S
 +

 Ig
G

)

E
va

ns
 b

lu
e 

sk
in

 le
ak

ag
e

(f
ol

d 
ch

an
ge

 fr
om

 P
B

S
 +

 Ig
G

)

***

0

0.5

1.0

1.5

2.0

2.5

3.0 Sdc2 pAb

PBS

VEGFA 16
5

PBS

VEGFA 16
5

PBS

VEGFA 16
5

PBS

VEGFA 16
5

IgG

*****

0

1

2

3

4

5 Sdc2 pAbIgG

NS

**

0

0.1

0.2

0.3

0.4

0.5 IgG Sdc2 pAb

*** NS

PBS VEGFA165

S
dc

2 
pA

b
R

ab
bi

t I
gG

S
dc

2 
pA

b
R

ab
bi

t I
gG

Rabbit IgG

P
B

S
V

E
G

F
A

16
5

R
ab

bi
t I

gG

V
as

og
en

ic
 e

de
m

a
(D

W
I n

or
m

al
iz

ed
 to

 le
si

on
 s

iz
e)

S
dc

2 
pA

b

PBS

Rab
bit

 Ig
G

Sdc
2 

pA
b

–0.1

0

0.1

0.2

0.3

0.4

0.5

**

IgG Sdc2 pAb
0

2.5

5.0

7.5

10.0

12.5

15.0 **

Prevention

IgG Sdc2 pAb
0

2.5

5.0

7.5

10.0

12.5

15.0 *

Therapy

IgG

a b c d e f

g h i j k l

m n

P P

P P

WT Sdc2–/–

WT SDC2–/–

Histamine

PBS

Hist
am

ine
PBS

Hist
am

ine

Sdc2 pAbIgG Sdc2 pAb

Sdc2 pAb

Fig. 4 | Sdc2 deletion or treatment with an antibody that blocks the Sdc2–DEP1 interaction confers neuroprotection in a mouse focal stroke model. 
a,b, TTC staining (24 h stroke) and quantification of stroke infarct in WT versus Sdc2−/− mice (n = 8–9). c,d, VEGFA165-induced Evans blue dye leakage in 
the back skin of mice treated with rabbit IgG or Sdc2 pAb (intravenous (i.v.) injection of the antibody was performed 1.5 h before VEGFA165 stimulation) 
(n = 3–6). e,f, Histamine-induced Evans blue leakage in the back skin of mice treated with rabbit IgG or Sdc2 pAb (i.v. injection of the antibody was done 
1.5 h before VEGFA165 stimulation) (n = 4). g,h, Cornea pocket angiogenesis assay in mice treated with rabbit IgG or Sdc2 pAb (scale bars, 100 µm). The 
position of VEGFA165 pellet (P) is labeled in each cornea image. i–l, TTC staining at 24 h and quantification of stroke size in mice treated with rabbit IgG or 
Sdc2 pAb before (prevention, i,j) (n = 6) or 1 hr after (therapy, k,l) (n = 10) stroke induction. m,n, MRI compartmentalization analysis (Methods) allowed 
separation of the ischemic stroke core (white), penumbra (light green) and edema (dark green) and quantification of vasogenic edema normalized to 
total stroke size (n = 6–7). Data are presented as mean values ± s.e.m. In all figure panels, each dot represents a biological independent experiment 
(n). Statistical analysis was performed by unpaired two-tailed Student’s t-test (b,j,l,n) or one-way ANOVA with Sidak’s multiple comparison test (d,f,h) 
(*P < 0.05; **P < 0.01; ***P < 0.001). DWI, diffusion-weighted imaging.

Nature Cardiovascular Research | VOL 1 | May 2022 | 518–528 | www.nature.com/natcardiovascres522

http://www.nature.com/natcardiovascres


ArticlesNatuRE CaRDIoVaSculaR RESEaRcH

after 24hrs. Finally, we found that treatment of Sdc2 null mice with 
Sdc2 pAb did not alter stroke size (Extended Data Fig. 3h,i), indicat-
ing antibody specificity towards Sdc2 function.

To further confirm that the neuroprotective effect was due to Sdc2 
pAb’s ability to inhibit vasogenic edema, we used multimodal mag-
netic resonance imaging (MRI) to quantify the volume of the edema 
in IgG- and Sdc2 pAb-treated mice. To this end, we performed a 
transient occlusion of the MCA (45-min occlusion followed by 
reperfusion) and then injected either the Sdc2 pAb or a control IgG 
30 min after reperfusion. Brain MRI scanning was then performed 
24 h later. Compartmentalization analysis of MRI images (Extended 
Data Fig. 4 and Methods show mathematical details) allowed us to 

define affected areas as the ischemic stroke core (white), penum-
bra (light green) and extracellular vasogenic edema (dark green)  
(Fig. 4m). Quantification of these parameters revealed that mice 
receiving Sdc2 pAb developed markedly less vasogenic edema com-
pared to IgG-treated mice, indicating that Sdc2 pAb treatment has 
an anti-edematous effect in ischemic stroke (Fig. 4n)

Discussion
These results describe a pathway selectively regulating VEGF- 
induced vascular permeability. The key control point is 
Sdc2-dependent endocytosis of DEP1 (Fig. 5). The two proteins 
normally exist in a heteromeric complex on the EC surface, with 
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Sdc2 internalization triggering DEP1 endocytosis and thereby 
reducing its ability to dephosphorylate the VEGFR2 Y951 site at 
the cell surface. In the absence of Sdc2, DEP1’s inability to internal-
ize leads to an increased stochiometric ratio of DEP1/VEGFR2 at 
the cell surface, selective dephosphorylation of the VEGFR2 Y951 
site and reduction in permeability response. The surprising speci-
ficity of DEP1 for Y951 may be due to the amino acid sequence 
flanking the site that closely resembles the DEP1 consensus binding  
site (Fig. 5b).

Interestingly, we observed a more selective defect of Y951 phos-
phorylation with VEGFA121 stimulation compared to VEGFA165, 
likely because VEGFA165, but not VEGFA121, requires Sdc2 HS 
chains to efficiently occupy VEGFR2 (ref. 19). Consequently, 
VEGFA165-induced, but not VEGFA121-induced, VEGFR2 phos-
phorylation in Sdc2 null ECs is somewhat reduced globally (~25%) 
in other phosphotyrosine sites. At the same time, VEGFA121- induced 
VEGFR2 phosphorylation, which is HS independent, is reduced 
only on the Y951 site, further demonstrating a direct causal rela-
tionship between plasma membrane levels of DEP1 and VEGFR2 
Y951 phosphorylation. In agreement with such explanation, we 
found that increasing DEP1 surface level through overexpression 
led to a selective decrease in VEGFR2 Y951 phosphorylation in 
response to VEGFA165 stimulation (Fig. 2d).

In addition, VEGFR2 Y951 phosphorylation in Sdc2 null ECs 
appears to decrease even below baseline following stimulation 
with VEGFA. Baseline VEGFR2 phosphorylation can be the con-
sequence of ligand-independent activation mechanisms such the 
effect of fluid shear stress42 and direct Src activity toward VEGFR2 
tyrosine sites43. Thus, one possible explanation for a Y951 decrease 
below baseline after VEGFA stimulation is that once VEGFR2 
starts to internalize, it is displaced from transactivation mecha-
nisms. Another possibility is simply that once VEGFR2 gets inside 
the cells, it is exposed to intracellular phosphatases28 that further 
decrease Y951 phosphorylation below baseline.

Mechanistically, Sdc2 forms a heteromeric complex with DEP1, 
likely due to a direct binding of the latter to Sdc2 (ref. 33). VEGFA165 
binding to Sdc2 HS chains brings Sdc2, along with its DEP1 part-
ner, into the VEGFA165–VEGFR2 complex. VEGFA-triggered inter-
nalization of VEGFR2 pulls Sdc2 and its DEP1 partner along. In 
the absence of Sdc2, DEP1 is not internalized with the VEGFA–
VEGFR2 complex, resulting its accumulation on the plasma mem-
brane and increased VEGFR2 Y951 dephosphorylation.

Sdc2, as all other Syndecans, can undergo shedding on the 
cell surface44, and its shed extracellular domain can interact with 
DEP1 (ref. 33). In this study, we have not specifically investigated 
whether Sdc2 shedding is involved in regulation of permeability, 
and we cannot exclude a possibility that this process may also play 
a role in modulation of DEP1 surface levels and VEGFR2 dephos-
phorylation. A recent study reported that Sdc4 can induce activa-
tion and internalization of VE-cadherin45. How Sdc4 does that 
and whether this modulation is involved in a specific regulation of 
VEGFA-induced permeability is not clear. Because Sdc2 and Sdc4 
can form an heterodimer46, it is also possible that Sdc4 can modulate 
Sdc2 distribution at the cell membrane.

Importantly, the Sdc2–DEP1 interaction can be exploited for 
therapeutic purposes; an antibody blocking this protein–protein 
interaction leads to an increase in cell surface DEP1 levels and a 
decreased permeability response to VEGFA. In functional terms, 
this was effective as the Sdc2 knockout, resulting in a important 
reduction in stroke size. The Sdc2 polyclonal antibody we employed 
(Sdc2 pAb) disrupts the Sdc2–DEP1 interaction by targeting the 
DEP1-binding motif on the Sdc2 core protein. This does not affect 
VEGFA165 binding to Sdc2 HS chains, which are required for full 
VEGFR2 activation and angiogenesis. As a result, the only impaired 
VEGFR2 signaling pathway is VEGFR2–Y951-dependent phos-
phorylation activation of Src signaling and vascular permeability3,10, 

with minimal interference with other VEGFA biological effects. In 
agreement with these findings, a selective inactivation of a Y951-Src 
pathway in a mouse genetic model (VEGFR2 Y951F mutation) 
results in live mice without angiogenenic defects but with a specific 
impairment of VEGFA-induced vascular permeability21.

No changes in basal permeability were seen in Sdc2 null mice in 
this study, implying that the DEP1–VEGFR2 interaction does not 
regulate this process. On the other hand, conditions that lead with 
increased endothelial Sdc2 expression such as inflammation and 
hypoxia47–49 may also increase basal permeability, as Sdc2 HS chains 
can sensitize VEGFR2 activation19. Thus, increasing the level of 
Sdc2 HS chains might ultimately lead to enough VEGFR2 activation 
to alter vascular permeability even under physiological VEGFA165 
concentrations.

Finally, DEP1 has been shown to modulate endothelial barrier 
function by dephosphorylation of various proteins of adherens 
and tight junctions (e.g., VE-cadherin, p120 catenin, γ-catenin 
β-catenin, occludin)32. Thus, we cannot exclude that a direct effect 
of higher surface DEP1 on junction proteins may contribute to the 
observed permeability phenotype in Sdc2 null mice due to one of 
these interactions. Additionally, if the absence of Sdc2 results in 
changes in junctional phosphorylation, then it is possible that other 
biological process such as leukocyte transmigration and shear stress 
sensing may also be affected in Sdc2 null mice.

In summary, Sdc2 is a regulator of a VEGF-dependent vascular 
permeability response that acts by controlling cell surface DEP1 lev-
els, thereby enabling a selective regulation of a specific VEGF sig-
naling pathway. This unique feature of Sdc2-dependent regulation 
of permeability makes it an appealing therapeutic target for treat-
ment of conditions such as stroke39,40, where suppression of perme-
ability needs to be coupled with preservation of the vasculature and 
VEGFA neuroprotective and neurogenic effects36,50,51.

Methods
List of antibodies and growth factors. The following is a list of antibodies with 
applications and dilutions: pVEGFR2 Y1175 (WB 1:1,000, Cell Signaling, 2478), 
pVEGFR2 Y1059 (for HUVECs, western blot (WB) 1:1,000, Cell Signaling 
Technology, 3817), pVEGFR2 Y1059 (for mouse ECs, WB 1:1,000, EMD Millipore, 
ABS553), pVEGFR2 Y951 (WB 1:1,000, Cell Signaling Technology, 4991), 
VEGFR2 total (WB 1:1,000, Cell Signaling Technology, 2479), VE-cadherin (for 
HUVECs, WB 1:200, Santa Cruz Biotechnology, sc-9989 (F-8)), VE-cadherin (for 
mouse ECs, WB 1:500, BD Pharmingen, 555289), mouse Sdc2 (WB 1:200, R&D 
Systems, AF6585 - polyclonal raised against mouse Sdc2 extracellular domain), 
human Sdc2 (WB 1:200, R&D Systems, AF2965, polyclonal raised against human 
extracellular domain), mouse PTP1b (WB 1:200, Santa Cruz Biotechnology, 
sc-1718-R (N19-R)), human PTP1b (WB 1:500, BD Pharmingen, 610139), 
VEPTP (VE-PTP-C pAb69 and VE-PTP 1-8 pAb70 were gifts from D. Vestweber, 
Max Plank Institute for Molecular Biomedicine), DEP1 (WB 1:200, Santa Cruz 
Biotechnology, sc-21761 (143-41)), NRP1 (WB 1:1,000, Cell Signaling Technology, 
3725,), HA-tag (WB 1:1,000, Cell Signaling Technology, 3724), rabbit anti-Rab5 
(Cell Signaling Technology, 3547, immunohistochemistry (IHC) 1:200), goat 
anti-VEGFR2 (R&D Systems, AF357, IHC 1:100), mouse anti-HA.11 (Covance, 
MMS-101P, IHC 1:200), rabbit anti-HA (Cell Signaling Technology, 3724, IHC 
1:200), rabbit anti-VE-cadherin (Cell Signaling Technology, 2500, IHC 1:200), goat 
anti-mouse VE-cadherin (R&D Systems, AF1002, IHC 1:100) and rat anti-mouse 
Flk1 (BD Pharmingen, 555307, IHC 1:100).

Growth factors used were VEGFA165 (R&D Systems, 293-VE-010) and 
VEGFA121 (R&D Systems, 4644-VS-010).

Animal studies. All mouse experimental protocols have been approved by the 
Institutional Animal Care & Use Committee at Yale University. The authors have 
complied with all relevant animal testing and research ethical regulations. All 
transgenic mice used in this study have been previously described19, including Sdc2 
knockout-first transgenic mice (Sdc2tm1a(KOMP)Wtsi), Sdc2 null mice (Sdc2−/−), 
Sdc2 conditional transgenic mice (Sdc2fl/fl) and Sdc2 endothelial-specific knockout 
(sdc2icdh5). All animals were back-crossed at least ten generations to a C57Black6/J 
strain. For this study, male mice (mus musculus) between the ages of 9–15 weeks 
were used .

Detection of Syndecan expression by western blotting. For Sdc2 detection in 
mouse ECs and HUVECs, heparinase pretreatment is required to unveil epitopes 
on core protein and remove nonspecific sugar epitopes. Briefly, confluent ECs on 
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6-cm tissue culture dishes were rinsed twice with DPBS. Cells were then incubated 
with 1.5 ml serum-free media (Thermo Fisher Scientific, Opti-MEMr) containing 
2 U Heparinase I-III (Sigma-Aldrich, H2519 and H8891) and 1 U Heparinase II 
(Sigma-Aldrich, H6512). After 2.5-h digestion at 37 °C under gentle agitation, 
cells were washed three times with ice-cold PBS and lysed in 250 μl RIPA buffer. 
Samples were then analyzed by western blot. Specific Sdc2 core protein bands can 
be observed at ~37 kDa and ~48 kDa. Additional specific band smears, due to Sdc2 
glycosylation isoforms (50–250 kDa), can sometimes be observed if heparinase 
digestion of HS chains is incomplete.

For HA-tag syndecans, heparinase pretreatment is not required. HA 
detection revealed naked core proteins in a dimeric form and additional 
higher-molecular-weight smear bands due to glycosylation isoforms.

Cell culture and mouse EC isolation. HUVECs were obtained from the Yale VBT 
tissue culture core laboratory at passage 1 and maintained in complete EGM-2 MV 
medium (Lonza). HUVECs were used for experiments between postnatal days 2 
and 6. Primary mouse ECs were isolated as previously described52. Briefly, four 
hearts or lungs were harvested, finely minced with scissors and digested (37 °C 
for 45 min under gentle agitation) with 25 ml 1.5 mg ml−1 Collagenase/Dispase 
solution for heart (Sigma-Aldrich, 10269638001) or 2 mg ml−1 collagenase type 
I (Sigma-Aldrich, C0130). The crude preparation was triturated passing it ten 
times through a cannula needle, filtered on a 70-µM sterile cell strainer, and spun 
at 400 g for 10 min. Pellet was resuspended in 2 ml 0.1% BSA and 50 µl magnetic 
Dynabeads (Thermo Fisher Scientific, 11035) precoated overnight with anti-mouse 
CD31 (BD Pharmingen, 553370) added for EC positive selection. Selection was 
carried out for 25 min at room temperature under slow rotation. The bead-bound 
cells were recovered with a magnetic separator and washed five times with 
DMEM containing 10% FBS. Cells were finally resuspended in 10 ml complete 
DMEM medium (20% FBS with endothelial growth factor supplement (ECGS) 
and antibiotics) and seeded onto gelatin-precoated 10-cm plates. The bEnd.3 cell 
line was purchased from ATCC (CRL-2299) and maintained in DMEM with 10% 
FBS and streptomycin/penicillin. The bEnd.3 cell line was purchased from ATCC 
(CRL-2299), whereas 293 A cells were purchased from Invitrogen (R70507).

Cloning and adenovirus production. Adenoviruses expressing various syndecan 
sequences were generated as previously reported52. Briefly, presynthesized 
blunt-end sequences corresponding to Sdc2 or DEP1 constructs (IDT) were 
subcloned into a pENTR/D-TOPO (Invitrogen) vector, and then transferred via 
LR recombination into a pAD/CMV/V5-DEST adenoviral vector (Invitrogen). 
Adenoviruses were generated by transfection of this plasmid into HEK293 A 
(Invitrogen) after PACI linearization.

Growth factor stimulation and western blot analysis. HUVECs or mouse 
ECs were seeded onto 6-cm plates in a complete medium. Confluent cells were 
serum-starved in Opti-MEM media (Thermo Fisher Scientific, 31985070) for 6–8 
h and then stimulated with the indicated agent. Cells were rapidly washed twice 
with ice-cold PBS and lysed with 200 µl RIPA lysis buffer containing protease/ 
phosphatase inhibitor cocktail. Total lysates were cleared with a 16,000 g spin, 
and protein concentration was determined using the BCA method. Samples were 
added with reducing loading buffer, boiled for 5 min and loaded on 4–15% gels for 
SDS-PAGE separation. Proteins were then transferred to polyvinylidene difluoride 
Immobilon-P membranes (Millipore), blocked for 1 h in 5% fat-dry milk TBS-T 
(0.05% Tween) followed by 4 °C overnight incubation the primary antibody. 
Protein bands were visualized using horseradish peroxidase-conjugated secondary 
antibodies associated with enhanced chemiluminescence (Immobilon Western, 
Millipore). Signal from chemiluminescence reaction was recorded in a digital 
acquisition system (G-Box by Syngene) equipped with a charge-coupled device 
camera. Linear range is automatically calculated by the software and is displayed 
as a histogram with each acquired image. Images without band saturation were 
used for densitometric quantification. Total intensity of each band was determined 
with ImageJ software53. Molecular weights on western blot images are reported in 
kilodaltons.

Gene silencing in HUVECs. HUVECs were seeded onto 6-well plates and 
transfected at 80% confluency with 2.5 ml Opti-MEM (Thermo Fisher Scientific) 
with indicated siRNA plus 2.5 µl Lipofectamine RNA iMAX (Thermo Fisher 
Scientific) for 6–8 h. Transfection mix was replaced with full media (EGM-2 MV) 
for 48 h, then cell starved in 2% FBS for 6–8 h before growth factor stimulation. 
The following siRNAs were used for knockdown experiments in HUVECs: Sdc2 
(Origene, SR321721 – C, 40 nM), VEPTP (Sigma-Aldrich SASI_Hs02_00324728, 
60 nM), PTP1B Sigma-Aldrich SAS1_Hs01_00230699, 60 nM) and DEP1 (Qiagen, 
SI0265877 HS_PTPRJ_6, 60 nM).

Analysis of cell surface protein level by biotinylation. For evaluation of 
total surface protein level, confluent HUVECs or mouse ECs (10-cm dish) 
were transferred to an ice bed, washed three times with cold DPBS and then 
treated with 5 ml of a solution cell-impermeable biotinylation reagent (EZ-Link 
Sulfo-NHS-LC-Biotin, Thermo Fisher Scientific, 21335, 0.25 mg ml−1 in PBS with 
calcium/magnesium) for 1 h at 4 °C under gentle agitation. Cells were then placed 
back on ice, washed three times with 50 mM Tris in DPBS (pH = 7.4) and lysed 

with 1.6 ml RIPA buffer. Samples were spun at 16,000 g for 10 min, and 1.3 ml 
cleared lysate (~600 µg) was used for pull-down with neutravidin agarose beads 
(Thermo Fisher Scientific, 29202, 50 µl per sample) for 2 h at 4 °C under rotation. 
Beads were then washed four times with 1.5 ml RIPA lysis buffer, resuspended in 
90 µl 2× sample buffer and boiled for 7 min.

For surface internalization experiments, cells were transduced with indicated 
adenovirus (m.o.i. ~2) for 16 h, serum-starved in Opti-MEM for 8 h, stimulated 
with VEGFA165 (100 ng ml−1) for the indicated times followed by surface 
biotinylation and neutravidin pull-down as described above.

Coimmunoprecipitation. Confluent HUVECs (10-cm dish) were transduced 
for 24 h in complete media (EGM-2 MV) with an adenovirus expressing mouse 
Sdc2 (V5-tag, m.o.i. ~6). Cells were split 1:3, allowed to grow for 3 more days 
and then transduced again with DEP1 (HA-tag, MOI~2) for 24 h. Before 
immunoprecipitation, cells were incubated for 1.5 h with rabbit IgG (5 µg ml−1) 
or Sdc2 pAb (5 µg ml−1) and then washed twice with ice-cold PBS, lysed in 1.6 ml 
in 1% Triton lysis buffer and spun at 16,000 g for 10 min; 600 µg (~1.3 ml) cleared 
lysate was then immunoprecipitated with 50 µl per sample of preabsorbed anti-V5 
magnetic beads (Chromotek, v5tma; beads were preabsorbed with 1.6 ml of 
HUVEC cell lysate for 1 h at 4 °C) for 1 h at 4 °C under gentle rotation. Magnetic 
beads were washed three times with 1.5 ml Triton lysis buffer, resuspended in 80 µl 
1× sample buffer and boiled for 5 min.

Immunocytochemistry. Because we were unable to obtain an effective antibody 
against DEP1 and Syndecan-2 (SDC2) for immunocytochemistry, we infected 
HUVECs for 48 h with adenovirus expressing N-terminal HA-tagged human DEP1 
to visualize DEP1 cellular localization, and N-terminal HA-tagged or SNAP-tagged 
human SDC2 to visualize Sdc2. After the indicated treatment cells were processed 
for immunocytochemistry. Briefly, cells were first washed with PBS, fixed in 4% 
PFA for 10 min, and permeabilized by incubation in 2% PFA, 0.1% Triton-X, 0.1% 
NP-40 for an additional 10 min. Blocking was performed by incubation in 3% BSA 
(in PBS) for 1 h at room temperature. Cells were then incubated overnight at 4 °C 
in 1% BSA (in PBS) containing appropriate primary antibodies. The following 
primary antibodies were used: rabbit anti-Rab5 (Cell Signaling Technology, 3547 
1:200); goat anti-VEGFR2 (R&D Systems, AF357, 1:100); mouse anti-HA.11 
(Covance, MMS-101P, 1:200); rabbit anti-HA (Cell Signaling Technology, 3724, 
1:200); rabbit anti-VE-cadherin (Cell Signaling Technology, 2500, 1:200); goat 
anti-mouse VE-cadherin (R&D Systems, AF1002, 1:100); rat anti-mouse Flk1 (BD 
Pharmingen, 555307, 1:100). On the following day, cells were washed with PBS 
and incubated in 1% BSA (in PBS) containing appropriate Alexa Flour-conjugated 
secondary antibodies used at a dilution of 1:400 for 1 h at room temperature. Cell 
nuclei were counterstained with DAPI (Thermo Fisher Scientific, 62248, 1:1,000) 
for 5 min at room temperature. After washing in PBS, cells were mounted with 
glass coverslips using Prolong Gold antifade mountant (Thermo Fisher Scientific, 
P36930). Imaging was performed using Leica SP8 confocal with ×63 objective 
(Leica) or SIM microscopy as described in detail below. Colocalization analysis 
and quantification was obtained with Velocity 3D Image Analysis Software 
(PerkinElmer).

Assessment of internalized SDC2–DEP1 complex and SDC2–VEGFR2 and 
DEP1–VEGFR2 complex in Rab5 early endosomes. HUVECs were plated 
on gelatin-coated 20-mm glass-bottom plates (Cellvis, D29–20–1.5-N). After 
transfection with the indicated adenovirus, cells were starved overnight in 
Opti-MEM and then placed on ice for 15 min to stop constitutive receptor 
internalization. For DEP1–SDC2 complex labeling, cells were incubated with  
0.4 μM SNAP-Surface Alexa Fluor 488 substrate (New England Biolabs, S9129S) 
and a mouse anti-HA.11 (Covance, MMS-101P, 1:200) diluted in starvation 
media for 30 min on ice, and then cells were washed with cold PBS. For DEP1 or 
SDC2 and VEGFR2–Rab5 complex labeling, cells were incubated with a mouse 
anti-HA.11 (Covance, MMS-101P, 1:200) and an antibody against the extracellular 
domain of VEGFR2 (R&D, AF357, 1:100) diluted in starvation media for 20 min 
on ice, and then they were washed with cold PBS. Cells were then stimulated with 
prewarmed media containing 50 ng ml−1 VEGFA165 at 37 °C for 20 min to induce 
antibody-bound proteins internalization. After stimulation, residual antibody on 
the cell surface was removed by washing cells with cold acidic PBS (pH 2.5), and 
cells were then processed for immunocytochemistry.

For evaluation of constitutive endocytosis of DEP1 and DEP1–SDC2 
complexes, HUVECs were first silenced for Sdc2 for 48 h. Cells were then seeded 
in gelatin-coated 20-mm glass-bottom plates and infected with DEP1-HA or 
DEP1-HA and SDC2-SNAP adenovirus for 48 h. After transfection, cells were 
kept overnight in Opti-MEM and then labeled with the indicated antibody at 
room temperature for 20 min. Cells were then placed in incubator at 37 °C. At the 
indicated time point (0 min, 15 min, 30 min and 1 h), cells were washed twice with 
cold acidic PBS (pH 2.5), and cells were then processed for immunocytochemistry.

Assessment of internalized DEP1 and VEGFR2 in mouse ECs. Mouse primary 
cells were isolated from lung or heart of WT or Sdc2−/− mice. Cells were plated on 
fibronectin-coated 35-mm glass-bottom dishes and infected for 48 h with 10 μl 
media from 293 A infected with adenovirus expressing human DEP1-HA-tagged 
protein. After overnight starvation, cells were incubated with anti-HA-tag rabbit 

Nature Cardiovascular Research | VOL 1 | May 2022 | 518–528 | www.nature.com/natcardiovascres 525

https://www.ncbi.nlm.nih.gov/nuccore/R70507
https://www.uniprot.org/uniprot/P36930
http://www.nature.com/natcardiovascres


Articles NatuRE CaRDIoVaSculaR RESEaRcH

antibody (Cell Signaling Technology, 3724, 1:100) and with an antibody against 
the extracellular domain of mouse VEGFR2 (Flk1) (BD Pharmingen, 555307, 
1:100) diluted in starvation media for 15 min on ice and then washed with cold 
PBS. Cells were then stimulated with prewarmed media containing 50 ng ml−1 
VEGFA165 at 37 °C for 20 min, to induce antibody-bound DEP1 and VEGFR2 
internalization and trafficking. Cells were then processed for differential labeling 
of cell surface and internalized proteins as described in Carrodus et al.,201454. 
Briefly, cells were washed twice with PBS and fixed with 4% PFA for 10 min. After 
an additional wash with PBS, cells were blocked in 5%BSA (in PBS) for 30 min at 
room temperature. To label superficial DEP1-HA expression, un-permeabilized 
cells were incubated for 1 hour at room temperature in 1% BSA (in PBS) containing 
anti-rabbit IgG Alexa Fluor 568 (Thermo Fisher Scientific, A10042, 1:400) 
secondary antibody. After PBS wash, cells were incubated overnight at room 
temperature with an unlabeled secondary antibody raised against the species in 
which the primary antibody was raised. AffiniPure Fab fragment goat anti-rat IgG 
(H + L) (Jackson ImmunoResearch, 112.005.003, 0.13 mg ml−1) was used to block 
superficial anti-VEGFR2 primary antibody, whereas AffiniPure Fab fragment goat 
anti-rabbit IgG (H + L) (Jackson ImmunoResearch, 111.005.144, 0.13 mg ml−1) 
was used to block any superficial anti-HA primary antibody that was not fully 
bound by the labeled secondary antibody. The day after, cells were washed in PBS 
twice and postfixed in 4% PFA for 5 min at room temperature. Cells were then 
permeabilized and blocked with 5% BSA (in PBS) containing 0.1% Triton-X-100 at 
room temperature for 30 min. To label internalized proteins, cells were incubated 
for 1 hour at room temperature in 1% BSA (in PBS) containing the following 
secondary antibodies: an anti-Rat IgG Alexa Fluor-647 (Thermo Fisher Scientific, 
A-21472, 1:400) was used for internalized VEGFR2 labeling, and a second 
anti-rabbit fluorescently-conjugated secondary antibody tagged with a different 
fluorophore was used to label internalized DEP1-HA protein, in this  
case anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher Scientific, A-21206, 1:400). 
Cell nuclei were counterstained with DAPI (Thermo Fisher Scientific, 62248, 
1:1,000) for 5 min at room temperature. After washing in PBS, cells were mounted 
with glass coverslips using Prolong Gold antifade mountant (Thermo Fisher 
Scientific, P36930). Imaging was performed using Leica SP8 confocal with X63 
objective (Leica).

SIM. SIM images were acquired on the OMX version 3 system (Applied Precision) 
using a U-PLANAPO ×60/1.42 PSF, oil immersion objective lens (Olympus) and 
CoolSNAP HQ2 charge-coupled device cameras with a pixel size of 0.080 mm 
(Photometrics). Samples were illuminated with 488-, 561- and 642-nm solid-state 
lasers (Coherent and MPB Communications) and acquired as described before29. 
Raw images were processed, reconstructed and aligned to reveal structures 
with resolutions of 100–125 nm using Softworx software (Applied Precision). 
Colocalization analysis and quantification was obtained with Velocity 3D Image 
Analysis Software (PerkinElmer).

Vesicles colocalization measurements. To measure protein colocalization inside 
Rab5+ endosomes, we combined an object-based quantification method with a 
pixel-based method using Volocity software (PerkinElmer). We first segmented the 
images into objects and preprocessed the images to correct background noise and 
illumination. Only objects with standard deviation (SD) = 2.5 as lower threshold 
limit and minimum object size equal to 0.1 μm2 were selected. Objects were then 
filtered by two interactions of dilation and excluded by size; objects with a size 
smaller than 0.25 μm3 were excluded. Next, we measured the colocalization inside 
all the objects of the image by comparing the pixel intensities of the different 
channels and determining the correlation between them using the Pearson’s 
correlation coefficient, either manually setting the threshold to 1,500 arbitrary units 
(AU) or following automated threshold calculation based on Costes et al., 2004. 
For line profile measurements, we drew a line across the selected object to show 
an overlay displaying the intensities of each channel along that line, illustrating the 
distance between DEP1, Sdc2 and Rab5 or DEP1, Sdc2 and VEGFR2 inside the 
selected endosome.

bEnd.3 cell in vitro permeability, proliferation and migration. Permeability and 
proliferation assays were performed with the xCELLigence RTCA System (Agilent), 
which allows measurement of electrical resistance of the culture plates surface 
over time. For the permeability assay, 30,000 bEnd.3 cells well were seeded onto 
the E-Plate 16 (Agilent, 5469830001) in DMEM containing 5% FBS. After ~ 60 h, 
rabbit IgG (5 µg ml−1) or Sdc2 pAb (5 µg ml−1) was added to plate wells, followed 
by VEGFA165 stimulation (100 ng ml−1). Permeability curves showed changes 
in electrical resistance (cell index) following VEGFA165-induced EC monolayer 
permeability (cell index was measured every 15 min). For the proliferation assay, 
5,000 bEnd.3 cells were seeded in E16 plates in DMEM containing 5% FBS in the 
presence of either rabbit IgG (5 µg ml−1) or Sdc2 pAb (5 µg ml−1) and VEGFA165 
(100 ng ml−1). Proliferation curves show ~50 h of monitoring (cell index is 
measured every 15 min).

EC migration was assessed using an in vitro wound-healing assay as previously 
reported52. Briefly, cells were seeded on Ibidi-culture inserts (Ibidi, 80209) to 
create a wound between two adjacent EC monolayers. At confluency, inserts were 
removed, and cells were allowed to migrate. Pictures of wound width were taken 
before and after stimulation (8 h), and wound closure (percentage) was calculated.

Antibody generation and direct enzyme-linked immunosorbent assay. A custom 
Sdc2 polyclonal antibody was generated by immunization of rabbits with a peptide 
corresponding to DEP1-binding motif of mouse Sdc2 (AA 124–141) and purified 
via affinity chromatography (GenScript).

For direct enzyme-linked immunosorbent assays, 96-well plates (Thermo 
Fisher Scientific, 15041) were coated overnight with increasing amounts of 
recombinant mouse Sdc2 (R&D Systems, 6585-SD-050) or mouse Sdc4 (R&D 
Systems, 6267-SD-050). Plates were incubated with Sdc2 pAb (5 µg ml−1) for 1 h at 
room temperature followed by secondary anti-rabbit horseradish peroxidase for 1 h 
and chemiluminescence detection.

Assessment of vascular permeability in vivo. For assessment of stimuli-induced 
permeability we used Miles assay (skin permeability). Briefly, anesthetized mice 
were injected i.v. with 50 µl 2% Evans blue saline solution (sterile). After 10 min, 
vascular permeability was induced with intradermal injections of a 50-µl bolus 
of VEGFA165 (200 ng) or histamine (Sigma-Aldrich, H7250, 100 µM) on one side 
of shaved back skin. The opposite side was injected with PBS (control). After 
30 min (VEGFA165) or 15 min (histamine), mice were euthanized, and skin around 
injection sites was excised and placed in tubes with 1 ml formamide for extraction 
of Evans blue (55 °C for 3 days). Extracted Evans blue was quantified with a 
spectrophotometer reader at 620 nm absorbance.

For baseline vascular permeability, mice were injected with 50 µl 2% Evans blue 
saline solution (sterile) and allowed to circulate for 30 min. Mice were euthanized 
and gravity-perfused with PBS (30 ml), and then samples from organs were 
collected and weighted. Samples were then placed in tubes with 1 ml formamide to 
extract leaked Evans blue as described for the Miles assay.

Cornea pocket assay. Slow-releasing pellets containing VEGFA165 were surgically 
implanted into the mouse cornea55,56, and IgG or Sdc2 pAb was injected 
systemically after 1 h from pellet implantation. One week after pellet implantation, 
eyeballs were collected, and corneas were dissected and immunostained with 
anti-mouse CD31 antibody (R&D Systems, AF3628, 1:200 dilution) to quantify 
neovessel formation with ImageJ (NIH).

Stroke model (permanent occlusion model). All mouse experimental protocols 
have been approved by the Institutional Animal Care & Use Committee at Yale 
University. The authors have complied with all relevant animal testing and research 
ethical regulations.

Mice were anesthetized with ketamine/xylazine and kept on warm water 
recirculating heating pad during all procedure. Mouse eyes were protected from 
corneal damages during a surgery using an ophthalmic lubricating ointment. 
Buprenorphine was given 20 min before surgery to induce preemptive analgesia. An 
incision was made between the left eye and ear under an operating microscope, and 
the temporal muscle was cut and divided exposing the left lateral aspect of the skull. 
Local incision was infiltrated with a local anesthetic (bupivacaine). The MCA and 
branches were identified through the semitranslucent skull, and a small burr hole 
was made using a high-speed microdrill, leaving the dura intact. Saline was applied 
to the area throughout the procedure to prevent heat injury, keeping the area always 
hydrated. A permanent focal stroke model was induced by MCA occlusion using 
11-0 suture ligation. The incision was closed by two layers. After 24 h from stroke 
onset, mice were euthanized, brains were extracted ad quickly sectioned with a 
brain matrix (1 mm sections) and TTC live staining was performed. For mouse 
treatment, either rabbit IgG (100 µg per mouse) or Sdc2 pAb (100 µg per mouse) 
was injected i.v. 1 h before (prevention) or 1 h after stroke (therapy) surgery.

Stroke model (transient MCA occlusion model). The in vivo protocol was 
approved by the Institutional Animal Care & Use Committee of Yale University. All 
procedures were performed following these enforced guidelines and regulations 
and compliance with the Animal Research: Reporting of In vivo Experiments 
(ARRIVE) guidelines.

Preemptive buprenorphine was given 30 min before this surgical procedure. 
Anesthesia was induced with an intraperitoneal injection of ketamine (8.7 mg ml−1) 
and xylazine (2 mg ml−1). The body temperature was kept constant at 37.4 ± 1 °C 
using a water-circulating heating pad. All surgical manipulations were performed 
under aseptic conditions. Lidocaine (2%) was injected subcutaneously before 
the midline incision was made in the neck. Under a Zeiss dissecting microscope, 
submandibular glands were bluntly dissected to expose the right common carotid 
artery (CCA), the proximal external carotid artery (ECA) and the proximal 
segment of the internal carotid artery (ICA). The distal ECA was permanently 
ligated with 6-0 silk. The ICA and CCA were temporarily tightened with a 6-0 
silk. After an arteriotomy was performed at the proximal ECA, the 6-0 silicone 
rubber-coated monofilament was introduced into the ECA and advanced to 
occlude the MCA via the right ICA for 45 min. The filament was withdrawn for the 
MCA reperfusion. The neck incision was closed with 6-0 prolene. Once on sternal, 
the animal was returned to the home cage on a heating pad until fully conscious. 
Sham-operated animals underwent the surgical procedure with permanent ligation 
of the ECA and branches but without intravascular intervention with the filament. 
0.1 ml antibody or vehicle was given 30 min after reperfusion via direct injection 
into the right jugular vein. 0.3 ml of saline was injected intraperitoneally to prevent 
dehydration 2 h after ischemia/reperfusion injury.
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MRI scanning. Mice were anesthetized during the MRI with ~1% isoflurane. 
Breathing rate was measured by placement of a respiration pad under the torso, 
and temperature was monitored through a rectal fiber-optic probe thermometer.

MRI data were acquired on a 11.74 T horizontal-bore Bruker Avance 
system interfaced with Bruker ParaVision v6.0.1 software (Billerica) using ¹H 
volume coil (4 cm). Shimming was done using an ellipsoid region to bring the 
water linewidth to less than 30 Hz using B0 mapping with second-order shim. 
T2-weighted anatomical MRI was first performed using a spin-echo sequence 
in axial orientation (Field of View (FOV)): 19.2 × 19.2 mm3, 128 × 128 in-plane 
resolution) with TR (repetition time)/TE (echo time) = 2,500/25 ms with slice 
thickness of 1 mm. T2 mapping was based on multi-echo sequence with 10 echo 
times (10–100 ms) with TR = 4,000 ms) with the same FOV and in-plane resolution 
as T2-weighted anatomical MRI. The multiple echo times enabled voxel-wise 
calculations of T2 values. Voxel-wise T2 maps were calculated by fitting MRI voxel 
intensities versus the series of TE values to a monoexponential curve e − TE/T2. 
Diffusion weighted (spin-echo planar (SE-EPI)) imaging was performed with TR/
TE = 4,000/26.18 ms, FOV: 19.2 × 19.2 mm3, 128 × 128 in-plane resolution and 
slice thickness 1 mm to assess ischemically injured tissue and edema. We used three 
directions and six b values (0, 50, 100, 250, 500 and 1,000 s/mm2) with voxel-wise 
calculated quantitative apparent diffusion coefficient (ADC) maps.

Noninvasive quantitative cerebral blood flow was carried out to identify the 
perfusion deficit on 1-mm-thick slices throughout the MCA occlusion region 
using a form of pseudo-continuous arterial spin labeling, flow-alternating inversion 
recovery MRI. The sequence employs a spin-echo EPI imaging module (TR/
TE = 10,000/14 ms, FOV = 32 × 32 mm3, 85 × 85 matrix size, 1 mm slice thickness 
with 1 mm gap). Voxel-based analysis generated using codes written in MATLAB 
(MathWorks) allowed unbiased analysis of the spatial, volumetric and dynamic 
evaluation of different tissue compartments. Tissue was compartmentalized using 
in-house defined thresholds set for two parameters: (1) T2 and R2 (1/T2) signal 
change and ADC and (2) ADC and cerebral blood flow dataset for diffusion/
perfusion mismatch. Color-coded images were created enabling analysis of changes 
in voxel distribution across ischemic core, penumbra/edema and nonischemic 
tissue. Lesion and hemispheric volumes were determined on T2-weighted images. 
The hemispheres were traced manually on each slice. The position of the midline 
was determined with the use of the following neuroanatomic landmarks: falx 
cerebri, corpus pineale, fissura longitudinalis, infundibulum, aqueductus cerebri 
and third ventricle as described by Gerriets et al.57. Lesion volumes were determined 
from ADC maps by tracing of the hypointense lesions. The areas were then summed 
and multiplied by the slice thickness. Lesion volumes were calculated with and 
without edema correction and expressed as percentage of the hemispheric volume57.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the paper and 
associated files. Source data are provided with this paper.
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Extended Data Fig. 1 | a-b, western blot analysis of VEGFR2 phosphorylation (pVEGFR2) following stimulation with VEGFA165 (50 ng/ml) or VEGFA121 
(50 ng/ml) in Control (Ctr Si) vs. Sdc2-depleted (Sdc2 siRNA) HUVEC. c, VEGFA165 -induced Evans blue leakage in the back skin of WT vs Sdc2iECKO 
mice (n = 5–6) (representative blots of 3 independent experiments). d, evaluation of baseline permeability in various organs measured as Evans blue 
dye leakage in Wild type (WT) vs Sdc2-/- mice (n = 3–6). e, f western blot analysis of cell surface protein levels in Control (Ctr) vs. Sdc2-depleted (Sdc2 
siRNA) HUVEC (n = 3). Data are presented as mean values + /- SEM (standard error of the mean). In all figure panels, each dot represents a biological 
independent experiment (n). Statistical analysis was performed by one-way ANOVA with Sidak’s multiple comparison test (panels c, d), and by unpaired 
t-student test (panel f), (N.S. not significant, * P < 0.05, ** P < 0.01, *** P < 0.001).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | a, confocal image of confluent HUVEC cells in basal conditions showing human DEP1 carrying N-terminal HA-tag (DEP1-HA, red) 
expression at cell–cell junctions labeled with VE-cadherin (cyan), white arrows, lower panels. Scale bar: 25 μm. b, confocal image of HUVEC cells in basal 
conditions expressing both human DEP1 carrying N-terminal HA-tag (DEP1-HA, red) and human Sdc2 carrying N-terminal SNAP-tag (SDC2-SNAP, green) 
proteins. Lower panels show magnification of box in upper panels showing localization of both proteins at the plasma membrane and at the membrane 
protrusions. Scale bar: 25 μm. c, f, SIM imaging of SDC2/DEP1/Rab5 and SDC2/DEP1/VEGFR2 complexes in HUVECs expressing DEP1-HA and SDC2-
SNAP proteins and treated for 20 min with 50 ng/ml VEGFA165. Scale bar: 0.5 μm. d,f, line profile analysis illustrating the distance between DEP1, Sdc2 and 
Rab5 or DEP1, Sdc2 and VEGFR2 in the same compartment. Plots represent the fluorescent signal in SIM images as a function of position along the line 
profile in left panel (red dotted line). g, h confocal images of constitutive internalization of DEP1 after incubation for 0 min, 30 min and 60 min in absence 
of VEGFA in HUVECs control and HUVECs transfected with Sdc2 siRNA. Scale bar: 15 μm. i, confocal image of internalized SDC2–DEP1 complexes in 
Rab5+ endosomes (white arrows) following constitutive endocytosis in VEGFA-free media. Scale bar: 5 μm. All images are representative images of >3 
independent experiments (n). Data are presented as mean values + /- SEM (standard error of the mean). Statistical analysis was performed by two-way 
ANOVA with Sidak’s multiple comparison test (panels h), (N.S. not significant, * P < 0.05, ** P < 0.01, *** P < 0.001).
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Extended Data Fig. 3 | a, position and sequence of DEP1-binding motif in human Sdc2. b, direct ELISA comparing Sdc2 pAb (5 µg/ml) binding to mouse 
Sdc2 vs. mouse Sdc4. c, bEnd.3 cell proliferation in presence of rabbit IgG (5 µg/ml) or Sdc2 pAb (5 µg/ml) measured with xCELLigence system. d-e, ECs 
migration measured by in vitro wound-healing assay in bEnd.3 cells in presence of rabbit IgG (5 µg/ml) or Sdc2 pAb (5 µg/ml) (n = 3–4) f-g, TTC staining 
(at 24 h post stroke) and quantification of stroke infarct in WT vs Sdc2iECKO (n = 5–8). h-i, TTC staining (at 24 h post stroke) in Sdc2-/- mice with or without 
Sdc2 pAb treatment (administered 1 hour before stroke) (n = 4–9). Data are presented as mean values + /- SEM (standard error of the mean). In all 
figure panels, each dot represents a biological independent experiment (n). Statistical analysis was performed by one-way ANOVA with Sidak’s multiple 
comparison test (panels e, i), and by unpaired t-student test (panel g), (N.S. not significant, * P < 0.05, ** P < 0.01, *** P < 0.001).
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Extended Data Fig. 4 | MR imaging of IgG and Sdc2 pAb-treated mice: Representative T2 maps from mouse treated with IgG and Sdc2 pAb showing 
relatively well defined heterogeneous, hyperintense area within right MCA territory with measured T2 values in a range of 0.05–0.09 ms which were 
higher compared with contralateral normal tissue average 0.03 ms. On the ADC map, in the same region there is hypointense area with low ADC values, 
range from 0.4–0.8×10–3mm2/s, due to restricted diffusion. In normal appearing contralateral tissue measured ADC values were 0.9–1.1×10-3mm2/s. 
Compartmentalization analysis (see Material and Methods for details) shows different compartments of ischemic stroke; core (white), penumbra (light 
green) and edema (dark green).
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Münster, Germany), DEP1 (WB 1:200, Santa Cruz #sc-21761 (143-41)) NRP1 (WB 1:1000, Cell signaling #3725,), HA-tag (WB 1:1000,
Cell signaling #3724), rabbit anti-Rab5 (Cell Signaling, #3547, IHC 1:200); goat anti-VEGFR2 (R&D, #AF357, IHC 1:100); mouse anti-
HA.11 (Covance, #MMS-101P, IHC 1:200); rabbit anti-HA (Cell signaling, #3724, IHC 1:200); rabbit anti-VE-cadherin (Cell Signaling,
#2500, IHC 1:200); goat anti-mouse VE-cadherin (R&D Systems, #AF1002, IHC 1:100); rat anti-mouse Flk1 (BD, #555307, IHC 1:100).

Specificity of Sdc2 pAb was validated by direct ELISA assay (Extended data figure 3b) and functionally in vivo (Extended data figure
3h-i) . Commercial antibodies were validated by vendors for the application used in the manuscripts.

Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from Yale VBT tissue-culture core laboratory.

Mouse primary endothelial cells were isolated from freshly collected mouse heart or lung tissues

bEnd.3 cell line was purchased from ATCC (CRL-2299TM)

293A cell were purchased from Invitrogen (R70507)
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Commercial cell lines were not authenticated

Cells were not tested for mycoplasma

None

All mouse experimental protocols have been approved by the Institutional Animal Care & Use Committee (IACUC) at Yale University.
The authors have complied with all relevant animal testing and research ethical regulations. All transgenic mice used in this study has
been previously described20: Sdc2 Knockout-first transgenic mice (Sdc2tm1a(KOMP)Wtsi), Sdc2 null mice (Sdc2-/-), Sdc2 conditional
transgenic mice (Sdc2fl/fl), Sdc2 endothelial-specific knockout (sdc2icdh5). All animals were back-crossed at least 10 generation to a
C57Black6/J strain. For this study male mice (Species: mus musculus) were used between age 9-15 weeks old. Mice were housed
under 12hours light/12 hours dark cycle.

No wild animals were used in this study

No field collected samples were used in this study

All mouse experimental protocols have been approved by the Institutional Animal Care & Use Committee (IACUC) at Yale University.
The authors have complied with all relevant animal testing and research ethical regulations.

Rabbits were not used in this study. A policlonal antibody against Sdc2 (sdc2 pAb) was previously generated in rabbits by a external
commercial company (Genscript).

Multimodal Magnetic Resonance Imaging

anatomical MRI, diffusion weighted MRI (DWI), perfusion weighted MRI using arterial spin labeling-flow sensitive
alternating inversion recovery (FAIR)technique

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

structural, diffusion, perfusion

11.74T

T2 weighted anatomical MRI (Rapid Acquisition with Refocusing Echoes-RARE) sequence in axial orientation (FOV:
19.2×19.2 mm3, 128×128 in-plane resolution) with TR/TE=2500/25ms, slice thickness of 1 mm. T2 mapping was based
on multi echo RARE sequence with 10 echo times TE (10100 ms) with TR=4000 ms) with the same FOV and in plane
resolution as T2 weighted anatomical MRI. Diffusion weighted (spin echo planar (SE-EPI)) imaging with TR/
TE=4000/26.18 ms, FOV: 19.2×19.2 mm3, 128×128 in-plane resolution, slice thickness 1mm, 3 directions and 6 b values
(0, 50, 100, 250, 500, 1000 s/mm2). ASL FAIR sequence employs a spin echo EPI imaging module (TR/TE=10000/14ms,
FOV=32×32 mm3, 85×85 matrix size, 1mm slice thickness with 1mm gap).

whole brain was used as area of acquisition

3 directions and 6 b values (0, 50, 100, 250, 500, 1000 s/mm2), no cardiac gaiting

Matlab 2019b(MathWorks, Natick, MA, USA) for brain masking, Statistical Parametric Mapping (SPM12) for co-registration
and normalization, motion correction. Segmentation of ischemic lesion to core, penumbra and edema was performed in
Matlab. Tissue was compartmentalized using in house thresholds set for two parameters: (1) T2 signal change and CBF

data sets; and (2) ADC and CBF data sets for PI/ADC mismatch. Color-coded images were derived based on T2 signal change
and CBF values, or ADC and CBF values enabling analysis of changes in voxel distribution across ischemic core, penumbra, and
edema. hemispheric volumes were determined on T2-weighted images. The hemispheres were traced manually on each
slice. The position of the midline was determined with the use of the following neuroanatomic landmarks: falx cerebri, corpus
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