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Vascular endothelial (VE)-cadherinin endothelial adherens junctionsis an
essential component of the vascular barrier, critical for tissue homeostasis
and implicated in diseases such as cancer and retinopathies. Inhibitors of
Src cytoplasmic tyrosine kinase have been applied to suppress VE-cadherin
tyrosine phosphorylation and prevent excessive leakage, edema and high
interstitial pressure. Here we show that the Src-related Yes tyrosine kinase,
rather than Src, is localized at endothelial cell (EC) junctions where it
becomes activated in a flow-dependent manner. EC-specific YesI deletion
suppresses VE-cadherin phosphorylation and arrests VE-cadherin at EC
junctions. This is accompanied by loss of EC collective migration and
exaggerated agonist-induced macromolecular leakage. Overexpression

of YesI causes ectopic VE-cadherin phosphorylation, while vascular
leakage is unaffected. In contrast, in EC-specific Src deficiency, VE-cadherin
internalization is maintained and leakage is suppressed. In conclusion,
Yes-mediated phosphorylation regulates constitutive VE-cadherin turnover,
thereby maintaining endothelial junction plasticity and vascular integrity.

Endothelial cell-cell adhesions form an integral part of the vascular
barrier, restricting the passage of molecules and cells across the ves-
sel wall'. The barrier in most organs is flexible, allowing remodeling
of the embryonic and postnatal vascular beds and exchange of small
molecules and fluid to maintain adult tissue homeostasis®. During
acute inflammation and in a range of chronic diseases, the barrier is
weakened, leading to extravasation of blood constituents, promoting
inflammation and progression of pathologies such as retinopathies

and cancer'”. The maintenance of junctions and barrier function
relies on junctional complexes consisting of cell-adhesion molecules
formed between adjacent ECs. Tight junctions limit vascular leakage
preferentially in the central nervous system (CNS) and in arteries and
post-arterial capillaries in peripheral tissues*®. Adherens junctions,
formed by VE-cadherin and associated catenins, are crucial for regulat-
ing venous and capillary vascular permeability, leukocyte extravasation
and collective cell migration’ ™. VE-cadherinis rapidly internalized in
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response to inflammatory cytokines and vascular endothelial growth
factor A (VEGFA), allowing transient opening of gaps at EC contacts'.
Althoughtyrosine phosphorylation of VE-cadherin has beenimplicated
inthe regulation of its internalization, the mechanisms of gap forma-
tion and vascular leakage have remained poorly understood™". This
isimportant, as exaggerated vascular leakage and the formation of
edema are drivers of disease’.

Three main tyrosine phosphorylation sites have been identified
in VE-cadherin, Y658, Y685 and Y731 (refs. '*), Both Y658 and Y685
are phosphorylated in veins, but not in arteries, as a consequence
of flow-induced activation of Src cytoplasmic tyrosine kinases’®.
Phosphorylated (p)Y658 relieves tension across VE-cadherin bridges
through binding of the polarity protein LGN (leucine-glycine-aspara-
gine repeat), which displaces VE-cadherin-associated p120-catenin®.
Phosphorylation of Y685is induced by flow as well as by inflammatory
cytokinesand VEGFA"'®?°, Vascular leakage requires phosphorylation
of Y685, as inferred from a Y685-to-phenylalanine (F) exchange mutant
mouse, which shows suppressed extravasation of large molecular
weight tracersor cellsinagonist-treated healthy tissues and in disease
models"??, Leakage is accompanied by VE-cadherin endocytosis and
reduced levels of pVE-cadherin'®. Y731is constitutively phosphorylated
and its dephosphorylation by Src homology phosphatase 2 (SHP2)
is a prerequisite for leukocyte extravasation'*. Several additional
phosphotyrosine phosphatases (PTPs), such as VE-PTP and density
enhanced phosphatase 1(DEP1; also denoted CD148), have been impli-
cated in the regulation of VE-cadherin phosphorylation® 2,

Src-mediated VE-cadherin phosphorylation on Y685 in response
to VEGFA stimulation has been regarded as an important step in
VEGFA-induced leakage™'""; however, EC-specific Src deficiency inter-
feres with cell-matrix adhesion rather than cell-cell adhesion”?. In
addition to Src, ECs express the highly related cytoplasmic tyrosine
kinases Yes and Fyn, the roles of which have remained poorly under-
stood. Invitro studies have suggested distinct roles for Src, Yesand Fyn
inregulating EC behaviors, despite their well-conserved Src homology
2 (SH2), SH3 and kinase domains®. Accordingly, constitutive global
gene inactivation results in abolished VEGFA-induced vascular leak-
age in constitutive gene inactivated Src”” or YesI”~ mice but not in
Fyn™" mice®.

Here, we demonstrate a critical role for Yesin the phosphorylation
of VE-cadherin at all main phosphorylation sites, Y658, Y685 and Y731.
Loss of VE-cadherin phosphorylation suppresses its endocytosis and
interferes with cell-cell adhesion, leading to abnormal barrier proper-
tieswith blunted collective migration, excessive macromolecular leak-
age and suppressed leukocyte extravasation. Forced phosphorylation
of VE-cadherin by YesI overexpression does not affect agonist-induced
leakage; thus, macromolecular leakage is not controlled solely by the
extent of VE-cadherin phosphorylation. In contrast, in Src deficiency,
VE-cadherin endocytosisis unaffected and vascular leakage is reduced.
Therefore, Yes and Src differentially regulate VE-cadherin turnover,
adherensjunction stability and vascular leakage. We conclude that the
two highly related cytoplasmickinases have distinct and even opposing
rolesin the vasculature.

Results

Yesregulates shear stress-induction of pVE-cadherin

We investigated the pattern of VE-cadherin phosphorylation
(pVE-cadherin) at Y685in anintact vascular network (whole-mounted
developing mouse retina at postnatal day 6; P6) inrelation to the rela-
tive wall shear stress (WSS) level. The specificity of the pY685 anti-
body was validated in VE-cadherin tyrosine to phenylalanine, Y685F,
mutant mice (Extended Data Fig. 1a). A similar strategy was used to
validate the specificity of another pVE-cadherin antibody against pY731
(Extended DataFig.1b,c). Shear stressin differentregions of theretina
vasculature was estimated using computational flow simulation on the
PolNet platform® (Fig.1a,b), which models flow based on the vascular

plexus geometry and the rheological properties of blood. The retinal
vasculature was segmented into five regions: sprouting front (region
1); vein (region 2); capillaries near vein (region 3); capillaries near
artery (region 4); and artery (region 5) (Fig. 1b). Simulation showed
thatshear stress was the lowest at the sprouting front, correlating toa
verylow pVE-cadherin signal. Inveins and capillaries (regions 2-4), with
low-to-medium shear stress levels, the pVE-cadherin signal was mark-
edlyinduced.Intheartery, with very high shear stress, the pVE-cadherin
signal returned to low levels (Fig. 1b), in accordance with findings in
organs such as the diaphragm, the bladder and the yolk sac'®*.,

A similar pattern was seen in vitro; exposure of human umbilical
vein endothelial cells (HUVECs) to low shear stress (3 dyn cm™)-induced
pY685 VE-cadherin levels, whereas at high shear stress (20 dyn cm™),
VE-cadherin was unphosphorylated (Fig. 1c,d). The appearance of
pVE-cadherinin HUVECs correlated to phosphorylation of Src family
kinases (SFKs) at Y418, indicative of SFK activity, which was induced
under low shear stress and suppressed under high shear stress
(Fig.1e-g).Adirectrelationship between Src activation and phospho-
rylation of VE-cadherin has been suggested”’; however, the amino acid
sequence around Y418 in the kinase domain of Srcisidentical in multi-
ple SFKs. Yes, another SFK expressed by ECs, was preferentially local-
izedto ECjunctions, whereas Src displayed aweak junctional signal and
broad perinuclear and nuclear distribution (Fig. 1h). Moreover, YES1
transcriptlevels were higher than SRClevelsin HUVECs (7.8 + 0.5-fold;
Fig.1i). The expression of both Src and Yes was further upregulated by
low shear stress (Fig. 1e).

Tocomparetherolesof Yesand Srcintheregulation of VE-cadherin
phosphorylation, YESI- or SRC-silenced HUVECs were subjected to
3 dyn cm™shear stress. Silencing of either YESI (siYESI) or SRC (siSRC)
did not affect the expression of the other (Extended Data Fig. 1d,e);
however, siYESI strongly suppressed (82%) flow-induced phospho-
rylation of VE-cadherin at Y685 and Y658 (Fig. 1j,k and Extended Data
Fig.1f,g), whereas siSRCresulted in a partial loss (58%) of pY685 levels
(Fig.1j,k). Treatment of HUVECs exposed to 3 dyn cm 2 flow with siYEST
moreover suppressed flow induction of the pY418 SFK signal, whereas
treatment with siSRCwas without effect (Fig.11,m), indicating that Yes
butnot Src, phosphorylates VE-cadherin at low shear stress. Single-cell
RNA-sequence analysis of P6 and P10 retinal ECs showed overall higher
expression of YesI than Src in vivo; however, the expression of both
was relatively uniform between non-proliferative vessel subtypes
(Extended DataFig.1h,iand Supplementary Table 1), whereas expres-
sion of VE-cadherin trended toward higher levelsinarteries (Extended
DataFig.1j). Combined, these data suggest that the different levels of
VE-cadherin phosphorylation in arteries and veins (Fig. 1a,b) are not
caused by different expression levels of Yes1, but by different extents
of flow-induced Yes kinase activity.

VE-cadherin phosphorylationon Y658, Y685 and Y731 by Yes

A conditional, CdhSCreER™-controlled™ YesI knockout mouse (Yesl
iECKO; Extended Data Fig. 2a) was generated to eliminate endothelial
expression of YesI. The deletion efficiency with tamoxifen treatment
was 70% (Extended Data Fig. 2b). In the YesI iECKO P6 retina, phos-
phorylation of VE-cadherin was downregulated by 74 +15%, 78 + 10%
and 72 +23% at Y658, Y685 and Y731, respectively, compared to lit-
termate controls (Fig. 2a-fand Extended Data Fig. 1a-c for pY685and
pY73lantibody specificity; the pY658 antibody has been described™).
In EC-specific Src knockout (Src iECKO; 80% deletion efficiency?)
pVE-cadherinlevels decreased by 49 +15% (Y658), 39 + 6% (Y685) and
46 +7% (Y731) inthe P6 retina (Fig. 2g-i and Extended Data Fig. 2c-e).
In Yes1iECKO mice, pVE-cadherin levels were dramatically reduced
inlarge veins, such as the vena cava (Extended Data Fig. 2f,g). Moreo-
ver, losing only one allele of Yesiin ECs led to 60% decrease in pY658
and pY685 VE-cadherinlevelsin P6 Yes"/".Cre* retinas (Extended Data
Fig.2h,i). The long-termeffect of endothelial Yes deficiency was exam-
ined in P22 mice, treated with tamoxifen at P1-3. The lossin VE-cadherin
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Fig.1|Low shear stress-induced Yes activation. a, Whole-mount staining of
VE-cadherin (left) and pY685 VE-cadherin (middle) and computer-simulated
WSS (right) modeling in the mouse P6 retina. An arterial branch (boxed) is shown
inthe enlarged pictures below. A, artery; V, vein. Scale bar, 200 pm.

b, Segmentation of the retina into five regions (top) and plot (bottom) of regional
WSS levels (right y axis; green bars) and corresponding pY685 VE-cadherin

levels (lefty axis; pink bars) in the different regions. ¢, Immunostaining of
VE-cadherin (magenta) and pY685 VE-cadherin (green) in HUVECs cultured in
static, 3 dyn cm™and 20 dyn cm™ conditions for 24 h. Scale bars, 50 pum. d, Ratio
of integrated intensity of pVE-cadherin/total VE-cadherin; n =3 independent
experiments. e, Representative immunoblot of pY685 VE-cadherin, total
VE-cadherin, pY418 SFK, Src, Yes and GAPDH (for normalization) in static or
shear stress-treated HUVECs; n = 3 independent experiments. f,g, Ratios of
pY685 VE-cadherin/total VE-cadherin and pY418 SFK/GAPDH normalized

to static conditions, n = 3 independent experiments. h, Inmunofluorescent

siControl siYEST siSRC

staining to show localization of Src and Yes (green) in HUVECs; co-stained for
VE-cadherin (magenta). Scale bars, 50 pm. i, Relative expression levels of SRC
and YES1in HUVECs by qPCR. Comparison based on standard qPCR curves for
Srcand Yes transcripts from1072,10, 1,10, and 100 ng RNA. n = 3 independent
experiments. j, Immunofluorescence showing pY685 VE-cadherin (green) and
total VE-cadherin (magenta) in HUVECs transfected with control, YESI or SRC
shortinterfering RNA (siRNA) followed by exposure to 3 dyn cmshear stress
for 24 h. Scale bars, 50 pm. k, Quantification of pY685 VE-cadherin integrated
intensity normalized to total VE-cadherin. n = 3independent experiments.

1, Representative immunoblots of pY418 SFK, Yes and Src in static or shear stress
(3 dyn cm™) treated control, YESI or SRC-silenced HUVECs; n = 4 independent
experiments. Quantifications of pY418 SFK normalized to GAPDH in different
conditions are showninm, n=4independent experiments. Bar graphs show
mean +s.e.m.; two-tailed Student’s ¢-test.
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phosphorylation seen at P6 was still evident 3 weeks after recombina-
tion (Extended DataFig. 2j,k), thus, other SFKs did not compensate for
Yes1 deficiency during this time period.

To study the cell-autonomous function of Yes1, the Rosa26R-YFP
reporter was introduced into the Yes1 iECKO mouse line. One dose of
tamoxifen at P3 generated chimeric recombination, labeling most,
butnotall, of the YesI-deficient ECs with YFP. YFP* retinal ECs showed
45 +12% lower pY685 VE-cadherin levels than adjacent YFP- ECs
(Fig.2j,k), indicating that Yes controls VE-cadherin phosphorylationin
acell-autonomous manner. Therelatively limited reduction on pY685
VE-cadherinlevels was expected as expression of the YFP reporter does
not completely correlate with the Yesi gene deletion.

VE-cadherin is a substrate for the EC-specific phosphotyrosine
phosphatase VE-PTP (PTPRB)****. Silencing of PTPRBin HUVECs mark-
edly increased pY685 VE-cadherin levels (Extended Data Fig. 3a-c).
Treatment of HUVECs with siYESI suppressed pY685 levels also in
PTPRB-deficient ECs, indicating that Yes acts directly on VE-cadherin,
rather thanindirectly, by modulating VE-PTP activity.

Next, an inducible ‘floxed-STOP’ YesI overexpression mouse
(denoted Yes1iECOE) was generated by insertion of the mouse Yes1
complementary DNA with an upstream floxed transcriptional stop
signal into the Hipp11 (H11) locus, controlled by the CAG promoter
(Extended DataFig. 4a). Following crossing with the CdhSCreER™ mouse
line and treatment with tamoxifen, EC-specific YesI overexpression
was achieved (H11-STOP-YesI'°, Cdh5CreER™"). The overexpressed Yes
protein localized to endothelial junctions in the retinas of YesI iECOE
mice (Extended Data Fig.4b), accompanied by astrongincreaseinthe
pY685 VE-cadherin signal. Strikingly, the pY685 VE-cadherin levels were
increased at the sprouting front as well as in arteries in YesI iECOE P6
retinastolevels comparable to those in veins and capillaries (Fig. 2, m).
Inmice with chimericinduction of YesI overexpression, pVE-cadherin
levelsincreased several-fold also in retinal capillaries and veins where
levels were already highin the control (Fig.2n,0). This indicates thatin
wildtype (WT) mice, pVE-cadherin levels relative to total VE-cadherin
protein is limited. Thus, assuming that VE-cadherin in the YesI iECOE
mouse is fully phosphorylated, less than 35% of the total VE-cadherin
poolwas phosphorylatedin veins and capillariesinthe WT. We conclude
that thelimiting factorin flow-regulated VE-cadherin phosphorylation
is the expression level of Yes, which when sufficiently high, allows its
activation and phosphorylation of VE-cadherin also under conditions
of high shear stress such as in arteries. Notably, in the chimeric Yes1
iECOE mouse retina, branch points on both veins and arteries were
more likely to be occupied by Yes1 OE cells (Extended Data Fig. 4c,d),
suggesting that ECs with high pVE-cadherin may be more resilient
to disturbed flow at vessel bifurcations (note wall shear stress (WSS)
changes at vessel branch pointsin Fig. 1a, right). Alternatively, YesI OE
cells may be blunted in their ability to move away from bifurcations.

To compare the effects of Yes and Src overexpression on pY685
VE-cadherin, Srcand Yeswere introduced in HUVECs via lentiviral trans-
duction. Forced overexpression of Src and Yes promoted increased
pY685VE-cadherin levelsto asimilar extent (Extended DataFig. 5a-e);
however, in Src-overexpressing cells, both Srcand pY685 VE-cadherin
were detectedinthe cytoplasm, concentratedin the perinuclear region,
whereasin Yes overexpressing cells, both Yesand pY685 were detected
atbroad folds at endothelial junctions (Extended Data Fig. 5a; compare
pY685 VE-cadherin immunostaining in Yes- and Src-overexpressing
cells). These results suggest that Yes is the main kinase regulating
VE-cadherin phosphorylation at EC junctions.

Yes1 controls endothelial collective cell migration

The plasticity of endothelial cell-cell adhesions is known to impact col-
lective cell migration®. During vascular development, ECs migrate from
veins toward arteries. To explore whether Yes-mediated VE-cadherin
phosphorylation impacts endothelial vein-to-artery migration, the
dual reporter-Cre, iSuRe-Cre, was exploited for EC tracing”. In the

iSuRe-Cre model, MdTomato-reporter expression is genetically linked
with deletion of the target gene. The localization of MbTomato-labeled
ECsin controland YesIiECKO retinas was determined at P7 and P15 after
partial recombinationinduced at P3 (Fig. 3a). Artery and vein regions
were segmented and the localization of MbTomato* ECs was mapped
intwo-dimensions, shown with the relative distance between veins and
arteries onthexaxis (vein, 0.0; artery, 1.0) and the distance from optic
nerveto sprouting frontontheyaxis (Fig. 3b). At P7, the vein-to-artery
distribution of MbTomato® ECs in YesIiECKO retinas was similar to the
control (Fig. 3c-e); however, in the radial distribution, MbTomato*
ECs in Yes1iECKO retinas were positioned closer to the optic nerve,
compared to control MbTomato* ECs (Fig. 3¢,f,g). At P15, MbTomato*
ECsin Yes1iECKO retinas were concentrated to arteries with only scarce
presence in veins and capillaries (Fig. 3c-e). Moreover, at P15, Yes1
iECKO MbTomato* ECs were localized closer to the optic nerve thanin
the control (Fig. 3¢,f,g). With a higher degree of recombination follow-
ing multiple tamoxifen injections at P1, 3, 6 and 9, the concentration
of Yes-deficient ECs in arteries was striking (Fig. 3h,i), accompanied
by widening of the artery diameter in the distal region, away from the
optic nerve (Fig. 3i,j). Thus, compared to WT ECs, Yes-deficient ECs
are privileged to migrate toward arteries in the developing retina. In
retinas with chimeric deletion of VE-cadherin, certain arteries were
entirely devoid of VE-cadherin-expressing ECs (Extended DataFig. 6a),
in agreement with the finding that loss of pVE-cadherin-dependent
cell-cell adhesion promoted migration toward arteries™.

A monolayer scratch assay was employed to investigate how
Yes deficiency affects EC migration in vitro. Individual cells from the
first three rows from the migratory front were tracked and grouped
by their initial position (Extended Data Fig. 6b and Supplementary
Video 1). Control ECs in the different rows migrated collectively at a
similar speed, whereas by silencing YESI, cells in rows 1-3 separated
from neighboring cells and migrated at a faster speed (Extended Data
Fig. 6¢) and YESI-silenced cells from the first and second rows migrated
further thanthe control cells (Extended DataFig. 6d). Next, the activities of
thewell-knownregulatory factors for migration,Rho GTPases CDC42,Racl
and RhoA were examined (Extended Data Fig. 6e-h). The basal activity of
CDC42wasincreased in YESI-silenced cells. Basal RhoA activity showed the
sametrend, whileRaclwas unaffected, indicating that perturbed activity
of small GTPases contributed to EC dysregulationin YesI deficiency***°.

The loss of YES-dependent VE-cadherin phosphorylation and
endothelial migration did, however, not interfere with sprouting
angiogenesis. In Yes1 iECKO mice, retinal vascular outgrowth at P6
was normal compared to Cre* control mice (YesI""*t, Cdh5CreER™")
(Extended Data Fig. 7a,b), and the number of filopodia on tip cells
at the sprouting front was unaffected (Extended Data Fig. 7c,d).
Retinal vascular outgrowth was unaffected also in mice carrying a
Y685F VE-cadherin mutation (Extended Data Fig. 7e,f). In contrast,
VE-cadherin-null mice (Cdh5iECKO) exhibited a strong hypersprout-
ing phenotype paralleled by delayed outgrowth (Extended Data
Fig. 7g,h). Thus, the lack of VE-cadherin tyrosine phosphorylation in
the Yes1iECKO mouse does not result in a CdhS null phenotype. The
retinal vascular area was reduced also in YesI iECOE mice compared
to control (H11-STOP-Yes1®°, Cdh5CreER™") (Extended Data Fig. 7i,j).
Therefore, VE-cadherinis strictly required, but its phosphorylationis
dispensable for normal sprouting angiogenesis. Moreover, excessive
phosphorylation of VE-cadherinis accompanied by disturbed vascular
development.

We further investigated whether the lack of VE-cadherin phos-
phorylation would affect other cellular processes involved in angio-
genesis. VEGFA induced angiogenic sprouting from aortic rings from
both control and Yes1 iECKO mice (Extended Data Fig. 8a,b), but Yes1
iECKO sprouts were longer (Extended Data Fig. 8c), in accordance
withenhanced cell motility. EC proliferationin developing retinas was
assessed by 5-ethynyl-2-deoxyuridine (EdU) incorporation followed by
immunostaining of the endothelial-specific nuclear protein ERG. The
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Scale bar, 20 um. k, Quantification of pY685 VE-cadherin levelsin YFP~and
YFP* ECs. n=5mice.l, Immunofluorescent images showing Yes (yellow),
VE-cadherin (magenta) and pY685 VE-cadherin (green) in control (H11-STOP-
Yes1°°, Cdh5CreER™; top) and YesIiECOE (bottom) retinas at P6. Arrows
indicate arteries. Dashed lines indicate sprouting front. Scale bar,200 pm. m,
Quantification of pY685 VE-cadherin in the front and middle parts of control
and YesIiECOE retinas. Control, n =12; Yes1iECOE, n = 8.n,Immunofluorescent
staining of pY685 VE-cadherin in YesI-overexpressing ECsin a P6 Yes1iECOE retina
with chimeric recombination. Arrows indicate ECs with Yes overexpression
and arrowheads indicate ECs without recombination. Scale bar,20 um. o,
Quantification of pY685 VE-cadherin in YesI-overexpressing ECs and their
neighboring non-recombined ECs, as shown inn, n =7 mice. Bar graphs show
mean + s.e.m.; two-tailed Student’s ¢-test.

Fig.2|Yes phosphorylates VE-cadherin. a-c, Immunofluorescence of Yes1
iECKO (YesI™, CdhSCreER™*) and control (YesI"", CdhSCreER™) P6 retinas
showing total VE-cadherin (magenta) and phosphorylated VE-cadherin (green)
forpY685(a), pY658 (b) and pY731(c). Scale bars, 50 pm. d-f, Quantification

of pVE-cadherin (pY685) (d), pVE-cadherin (pY658) (e) and pVE-cadherin
(pY731) (f) levels normalized to total VE-cadherin in control and Yes1 iECKO
littermate P6 retinas. Control, n=5; Yes1iECKO, n = 4. g-i, Quantification of
pVE-cadherin levels normalized to total VE-cadherin in P6 retinas of Src iECKO
(Src"", CdhSCreER™*) and control (Src"", CdhSCreER™) mice. pVE-cadherin
(pY685) (g). Control, n =8; SrciECKO, n =10. pVE-cadherin (pY658) (h). Control,
n=5;SrciECKO, n=5.pVE-cadherin (pY731) (i). Control, n = 7; Src iECKO, n = 10.
Jj, Immunofluorescence showing the correlation between levels of pY685 VE-
cadherinand YFP* YesI-deficient ECs in a P6 retina with chimeric recombination
(100 pg tamoxifen per mouse) at P3. Arrows, YFP~ ECs; arrowheads, YFP* ECs.
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fraction of proliferative ECs was not changed in YesIiECKO mice com-
pared to the control (YesI"™, Cdh5CreER™) (Extended Data Fig. 8d,e).
Moreover, deleting YesI in ECs did not affect the number of Cleaved
Caspase3-positive apoptotic cellsin postnatal retinas (Extended Data
Fig. 8f,g). These data show that Yes deficiency impacts collective EC
migration while sprouting, proliferation and apoptosis still proceed.

Adherens junction morphology in Yes and Src deficiency

EC adaptation to microenvironmental demands for remodeling, per-
fusion or permeability is dependent on dynamic changes atadherens
junctions, whichappear with linear or jagged morphologies* (Fig. 4a).
Inthe WT Pé6retina, VE-cadherininarterial ECs formed linear junctions,
whereasjagged junctions appeared only on veins and capillaries exhib-
iting phosphorylated VE-cadherin (Extended DataFig. 9). YESI silenc-
ing did not prevent formation of jagged junctions but the response to
shear stress (3 dyn cm™) was lower than in the control cells (Fig. 4b,c).
In contrast, silencing of SRC in HUVECs exhibited a strong inhibitory
effectonjaggedjunctionsbothinstatic and flow conditions (Fig.4b,c).
In P6 retinas, the appearance of jagged junctions in the veins of both
YesI and Src iECKO mice was suppressed but more extensively so in
the SrciECKO condition (Fig. 4d,e). These data show that changes in
VE-cadherin morphology from linear to jagged does not directly cor-
relate with its phosphorylation status.

VE-cadherininternalization requires Yes, but not Src
InthesiYESI-treated, flow-exposed HUVECs, VE-cadherin appeared in
broad clusters along the junctions (Fig. 4b). The nature of these clus-
ters was further explored by live cell imaging of HUVECs expressing
green fluorescent protein (GFP)-tagged VE-cadherin. In control cells,
VE-cadherin was detected in junction-proximal endocytic vesicles,
which moved away from the junction. The internalized VE-cadherin
vesicles disappeared within 2-5 min (Fig. 5a, top and Supplementary
Video 2). In YESI-silenced HUVECs, VE-cadherin instead formed large
clusters, which existed for 15-30 min before gradually disappearing,
to be replaced by new clusters (Fig. 5a, middle and Supplementary
Video 3).InSRC-silenced HUVECs, VE-cadherin endocytic vesicles were
observed with similar dynamics asin control cells (Fig. 5a, bottom and
Supplementary Video 4).

Thesedataindicated that VE-cadherininternalization was affected by
Yes deficiency. VE-cadherininternalization was followed by anantibody
feedingassay. Constitutive internalization of VE-cadherin was efficiently
inhibited by YESIsilencing, whereas SRCsilencing had no effect (Fig. 5b,c).
HUVECs cultured under flow (3 dyn cm™) showed increased VE-cadherin
internalization, blocked by siYES1 but not siSRC treatment (Fig. 5d and
Extended Data Fig.10a). Additionally, VEGFA-induced VE-cadherininter-
nalization was arrested by siYESI but not siSRC(Fig. 5e and Extended Data
Fig.10b). VE-cadherinendocytic vesicles enrichedin pY685 VE-cadherin
were detectedinvivo,justbelow the plasmamembrane,invenacavaECs
from control mice. The prevalence of endocytotic vesicles was markedly
reduced in the YesIiECKO vena cava (Fig. 5f,g). Combined, these results
indicate that phosphorylation of VE-cadherin is strictly required for
its constitutive internalization, which is a prerequisite for junctional
plasticity.

p120-catenin has beenimplicated in the regulation of VE-cadherin
endocytosis as binding of p120 masks an internalization motif in
VE-cadherin. The presence of the p120-catenin/VE-cadherin com-
plex was assessed by coimmunoprecipitation, which showed similar
levels under basal conditions and a trend toward increased complex
formation in VEGFA-treated siControl and siYEST HUVECs (Extended
Data Fig. 10c,d). Thus, complex formation with p120 was unaffected
by loss of VE-cadherin tyrosine phosphorylation.

Ultrastructure of Yes-deficient endothelial junctions
The decreased VE-cadherininternalization in Yes-deficient ECs could
potentially impact junction organization, which was addressed by

transmission electron microscopy (TEM) analysis of the mouse ear
dermis subjected or not to intradermal injection of VEGFA. In Yes1
iECKO mice, the electron-dense junctional area expected to mark
high actin density, known to be disrupted in conjunction with vas-
cular leakage"**>**, was smaller than that in control mice under basal
conditions (Fig. 6a,c). While the electron-dense area decreased upon
VEGFA injectionin WT mice, it increased in the YesI iECKO condition
(Fig. 6a,c), suggesting disturbed junctional dynamics under Yes1 defi-
ciency. The electron-dense cortical actin area in Src iECKO mice was
similar to control mice with a trend toward decreased area with VEGFA
treatment (Fig. 6b,d).

In agreement, live imaging of cells labeled with fluorescent actin
revealed that actin stress fibers were misaligned and moved toward
the periphery in YESI- but not in Control- or SRC-silenced HUVECs
(Supplementary Videos 5-8). Moreover, VEGFA treatment increased
the relative abundance of cortical actin in YESI-silenced HUVECs but
not in SRC-silenced or control cultures. In the siSRC cultures, there
wasinstead anincreased proportion of stress fibersrelative to cortical
actin (Fig. 6e,f) in accordance with the different ultrastructural TEM
morphologies of Yes1iECKO and SrciECKO vessels.

Increased vascular permeability in YesZ1iECKO mice

The consequence of Yes deficiency for vascular barrier function was
addressed using several in vivo methods. The basal level of vascular
permeability was tested by tail vein injection of Evans blue followed by
a2-hcirculation period. Increased levels of Evans blue in the intersti-
tial tissue of the ear skin were detected in Yesl iECKO mice (Extended
DataFig.11a). Blood-brainbarrier integrity, assessed by the leakage of
Evans blue and cadaverine into the cerebral tissue, was unaffected by
YesI deficiency (Extended Data Fig. 11b,c). Thus, the vascular barrier
was compromised in the Yes-deficient dermis and potentially other
tissues but notin the CNS.

The permeability of developing retinal vessels was studied by car-
diacinjection of fixable fluorescent tracer (dextran-TRITC, 10 kDa) in
P6 mice. Leakage of the tracer into the perivascular tissue was observed
preferentially at the vascular sprouting front, possibly marking an
immature vascular barrier, and neither YesI deletion nor overex-
pression changed the number of leakage sites at the sprouting front
(Fig. 7a,b); however, an increased frequency of venous leakage was
observedin YesIiECKO retinas (eight leakage sites observedin 11 veins
fromtenretinas) in comparison to the control retinas (two leakage sites
in14 veins from nine retinas) (Fig. 7a,c). In contrast, leakage from veins
was not elevated in YesI iECOE retinas (Fig. 7¢).

Permeability of the mature vasculature was investigated by
intravital confocal imaging of adult dermal vessels. In the WT dermis,
pVE-cadherin was detected in some but not all venous vessels and,
unexpectedly, in some arterioles (Extended Data Fig. 11d). This is in
contrast to the pattern observed in the retina, where veins but not
arteries display pVE-cadherin signals. The detection of pVE-cadherin
in dermal arterioles may reflect flow patterns that do not conform to
the expected high-flow-low-phosphorylation pattern or alternatively,
higher expression levels of VE-cadherin. Nevertheless, VE-cadherin
phosphorylation in dermal vessels was markedly reduced in adult
Yes1iECKO mice (Extended Data Fig. 11d,e), similar to the findings
in the developing retina. To monitor leakage, a fluorescent tracer
was injected into the tail vein and leakage from dermal vessels in the
ear was monitored after local injection of VEGFA (Fig. 7d and Sup-
plementary Videos 9 and 10). Leakage was initiated at individual
sites in venules and capillaries in both control and Yes1 iECKO mice
(Fig. 7e and Supplementary Videos 11 and 12). Quantification of leakage
sites/vessel length showed that the leakage site density wasincreased
in both venules and capillaries in YesI iECKO mice (Fig. 7f). The fluo-
rescence intensity profile at leakage sites demonstrated that leakage
appeared sooner after VEGFA injection in YesI iECKO mice and that
leakage was more vigorousin the absence of YesI comparedtothe WT
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(Fig.7g). The number of leakage sites was unaffected in Yes1iECOE mice
compared to WT mice (Fig. 7h), indicating that leakage is not directly
regulated by VE-cadherin tyrosine phosphorylation. In contrast to
the increased leakage observed in YesI deficiency, Src iECKO mice
exhibited a reduced number of leakage sites after VEGFA injection
(Fig. 7i). The kinetics of the remaining leakage sites was unaffected

(Fig. 7j). These results show that while Yes is required for restrict-
ing formation of leakage sites at junctions, Src is required for such
sitestoform.

The Y731 phosphosite in VE-cadherin is required for leukocyte
extravasation. Leukocyte populations were analyzed by FACS in fluids
collected by peritoneal lavage in mice 24 h after saline or VEGFA was
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areshownin Extended Data Fig. 10a. e, Quantification of internalized/total VE-
cadherinin control, siYESI and siSRCHUVECs treated with VEGFA or not for 3 h.
n=3independent experiments. Representative images are shown in Extended
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injected. Inagreement with the phenotype of Y731F mice", monocyte
(CD11b’LY6G") extravasation was reduced in VEGFA-treated YesIiECKO
mice compared to the control (Fig. 7k).

Combined, these results show that loss of Yes-mediated phos-
phorylation of VE-cadherin results in dysregulation of endothelial
junctions with increased leakage of macromolecules but suppressed
extravasation of inflammatory cells.

Discussion

Regulation of endothelial junctions has been ascribed to Src
The viral form, v-Src, localizes to adherens junctions*® and
gap-junction-dependent cell-cell communication is regulated by
c-Src”. Although broad screens for Src kinase substrates have revealed
hundreds of candidate molecules*®, only a handful have been vali-
dated, including p85-Cortactin, p110-AFAP1, p130Cas, p125FAK and
p120-catenin®. A common denominator for several of these Src sub-
stratesistheinvolvementinactin-dependent processes. In agreement,
EC-specificloss of Src expression results inimpaired cell-matrix adhe-
sion properties®.

Even less is known about Yes substrates. Yes phosphorylates the
tight junction component occludininepithelial cellsand ECs*’, but the
functional consequence is unclear. Yes has been implicated in nega-
tiveregulation of the cell cycle by phosphorylating cyclin-dependent
kinase 4 (ref.*°). Yes moreover plays a role in T-lymphocyte immunity
by phosphorylating CD46 (ref. *') and collapsin response mediator
protein 2 (CRMP2)%; however, using anin vitro kinase-based screen to
identify substrates for SFKs, no specific substrate for Yes was identi-
fied*. Theimportantrole of Yesin EC cell-cell adhesionis suggested by
itsabundantjunctionallocalization; single-cell transcriptomics shows
that YesI is more abundantin ECs than in other cell types in a range of
mouse tissues (https://tabula-muris.ds.czbiohub.org/)**.

A notable conclusion is that the different SFKs must be targeted
individually as they serve different, sometimes opposing purposes. Yes
deficiency resulted inloss of VE-cadherin phosphorylation, suppressed
endocytosis, clustering of VE-cadherin and increased macromolecular
leakage. In contrast, in Src deficiency, VE-cadherin phosphorylation
was reduced, albeit to a lesser extent, VE-cadherin internalization
remained unaffected and macromolecular leakage was suppressed.
Combined, these data challenge the cause-consequence relation-
ship between VE-cadherin phosphorylation, internalization and the
formation of junctional gaps and macromolecular leakage. Specifi-
cally, the loss of the Y685 site has been shown to prevent tracer leak-
age in healthy and pathological tissues"***, Furthermore, VEGFA- or
histamine-induced acute vascular leakage in mature dermal vesselsis
established at pVE-cadherin-highssitesin capillaries and postcapillary
venules®*°, Combined, the data suggest that VE-cadherin phospho-
rylation is required for its constitutive endocytosis and it sensitizes
ECs to rapid VEGFA-induced endocytosis and gap formation at EC
junctions (see schematic outline, Fig. 8). Nevertheless, an additional
trigger isrequired for gap formation and macromolecular leakage. Of
note, phosphorylation of VE-cadherin could also be a prerequisite for
gap closure. Thus, the dysregulated leakage from Yes-deficient ves-
sels may be a consequence of uncoordinated opening and closure of
junctional gaps in addition to incomplete sealing in the resting state
due to loss of plasticity, akin to a stiff rubber band that has lost its
normal elasticity.

The mechanism underlying the distinct effects of Yes and Src on
VE-cadherin may be related to their different subcellular localization,
allowing phosphorylation of different subcellular pools of VE-cadherin,
in addition to the potential involvement of other kinase-specific sub-
strates. Src localizes to focal adhesions in freshly seeded ECs, where
it phosphorylates p125FAK?. Endothelial FAK-deficiency results in
dismantling of adherens junctions*’, and VEGFA-induced vascular
leakage requires FAK-induced phosphorylation of B-catenin®®, under-
scoring the important role of matrix adhesion in the regulation of EC

44,45

junctions. The subcellular localization of cytoplasmic tyrosine kinases
is influenced by NH2-terminal fatty acid modification. Both Yes and
Src are myristoylated, whereas Yes is also palmitoylated, potentially
contributing to steer the subcellular localization and trafficking of
Src and Yes™*°. Their different subcellular localization would also be
compatible with the distinct regulation of the actin cytoskeleton by Yes
and Src; Yes-but not Src-deficient HUVECs exhibited anincrease in cor-
ticalactinand loss of actin stress fibers. Moreover, the electron-dense,
corticalactin-enriched junctional areain Yes-deficient dermal vessels
was low in the basal condition but increased markedly upon adminis-
tration of VEGFA. The abnormal actin arrangements in the absence of
Yes provide a potential mechanistic underpinning for the changes in
junctional dynamics with formation of VE-cadherin clusters and the
blockin VE-cadherininternalization.

Binding of p120-catenin to a VE-cadherin juxtamembrane motif
has been implicated in VE-cadherin stabilization', and in agreement,
dephosphorylation of VE-cadherin at Y658 increases the binding
affinity for p120 in vitro'*®’. The vascular barrier is normal in mice
with a mutation of this endocytic motifin VE-cadherin, but the vessel
density is decreased in the developing retina®’. VE-cadherin/p120
complex formation occurs, however, independently of VE-cadherin
phosphorylation'. Inaccordance, p120/VE-cadherin complex forma-
tionoccurredalsointhe absence of Yes. Notably, in contrast to certain
VE-cadherin endocytosis-deficient mutant models®, the expression
levels of VE-cadherin and p120 were unaffected by YesI deletion. Moreo-
ver, YAP/TAZ signaling is implicated in EC adhesion and VE-cadherin
internalization®’; the potential contribution of Yes to YAP/TAZ signaling
warrants further studies.

The exaggerated macromolecular leakage in YesI” vessels is at
odds with the leakage phenotype of Y685F mice, which show sup-
pressed leakage of macromolecules*and suppressed reverse trans-
migration of neutrophils®. The difference in phenotypes between the
Y685F-and Yes-deficient mouse models may berelated to the fact that
Yes deficiency affects additional molecular regulators at endothelial
junctionsyettobe discovered; however, the blockin monocyte extrava-
sation is in agreement with the phenotype of the Y731F vasculature®.
Thus, although the phosphosites are similarly regulated by Yes, Y658,
Y685 and Y731 serve distinct purposes by regulating the extravasation
of either macromolecules or inflammatory cells through different
mechanisms and potentially at geographically distinct sites in the
vasculature.

Thenewinsights presented here deepen the understanding of the
complexregulation of adherens junctions, where aninterplay between
several cytoplasmic tyrosine kinases, such as Yes and Src, orchestrates
the process when gaps form and close again and when the vascular
surface becomes prepared to dock and expel inflammatory cells.

Methods

Mice

The Yes1™/1* mouse strain was generated by flanking exon 3 with
loxP sites, introduced by homologous recombination on the genetic
C57BL/6 background (Taconic/Cyagen; Extended Data Fig. 2a). The
generation of Src®/"* and Cdh5"1°* strains has been described®*.
These strains were crossed with CdhS(PAC)-CreER™ mice (a kind gift
from R. Adams) to generate endothelial-specific knockout of YesI,
Srcor CdhS. For analysis in mosaic knockout, the fluorescent reporter
mouse line B6.129x1-Gt(ROSA)26Sor™EFPCos /) (stock no.006148, The
Jackson Laboratory) was introduced to indicate Cre activity with YFP
expression. For retinal EC distribution analysis, the iSuRe-Cre mouse
strain (a kind gift from R. Benedito) was crossed with the Yes1mo¥/fox
mouse. iSuRe-Cre*; Yes1**; Cdh5CreER™* mice were used as control
forallanalyses of the iSuRe-Cre*; YesI""; Cdh5CreER™" strain, to ensure
that the observed phenotype was not due to Cre toxicity. Conditional
Yes1knock-in mouse H11-CAG-STOP-YesI was generated using CRISPR/
CAS (Taconic/Cyagen; Extended Data Fig. 4a). The VE-Cad Y685F and
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Fig.7|Yes deficiency leads to loss of vascular integrity. a, Perivascular leakage
of 10 kD dextran (magenta) in fixed P6 retinas of control (YesI"", CdhSCreER™),
YesIiECKO and Yes1iECOE mice. Vessels shown by CD31immunostaining

(green). Boxed leakage sites shown in magnification. Scale bars, 200 pum.

b, Quantification of leakage sites at the sprouting front. Control, n = 9 retinas;
Yes1iECKO, n =10retinas; Yes1iECOE, n = 6 retinas, two-tailed Student’s ¢-test.

¢, Quantification of leakage sites in retinal veins. Control, n = 14 veins per 9
retinas; YesIiECKO, n=11veins per 10 retinas; YesI iECOE, n =7 veins per 6 retinas;
two-tailed Student’s t-test. d, Staticimages from intravital time series imaging of
mouse ear dermal vessels before and 10 min after intradermal VEGFA injection.
Leakage visualized by the perivascular accumulation of 2,000 kDa dextran
(magenta). Scale bars, 50 pm. e, Heat map images of individual leakage sites
(arrows) after VEGFA injection. Scale bars, 20 pm. f, Quantification of individual
leakage sites at veins and capillaries in control and YesZ iECKO mice induced by
VEGFA. Control, n=5mice and YesIiECKO, n =4 mice. g, VEGFA-induced changes

in perivascular fluorescence intensity measured at 2-sintervals for 1,500 s.
Curves show mean values of eight leakage sites from five control mice and ten
sites from four Yes1iECKO mice; two-way analysis of variance (ANOVA).

h, Quantification of individual leakage sites at veins and capillaries of control
(H11-STOP-Yes1®°, CdhSCreER™") and YesI iECOE mice induced by VEGFA. Control,
n=7mice, YesIiECOE, n = 6 mice. i, Quantification of individual leakage sites at
veins and capillaries in the ear dermis of control (Src"", CdhSCreER™) and Src
iECKO mice after VEGFA injection. Control, n = 6 mice, SrciECKO, n = 6 mice.

Jj, VEGFA-induced changes in perivascular fluorescence intensity measured at 2-s
intervals for1,500 s. Control, n = 6 mice, SrciECOE, n = 6 mice; two-way ANOVA.
k, FACS analysis of monocyte/macrophage (CD11b", LY6G) extravasation in
peritoneal fluid from control and YesI iECKO mice 24 h after intraperitoneal
(i.p.) injection with saline or VEGFA, n = 7 mice for each group. Bar graphs show
mean £ s.e.m.; two-tailed Student’s ¢-test.
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internalization, which confers EC junctional plasticity. Junctional plasticity
is essential for collective EC migration during angiogenesis as well as for
maintaining vascular barrier integrity.

the VE-Cad Y731F mice have been described". Both males and females
wereincludedinthe experiments. Animal husbandry and procedures
were inaccordance with institutional guidelines and approved by the
Institutional Review Board for animal experimentation at Uppsala
University (permit no. 5.8.18-06789/2018).

Intravital vascular leakage assay

Intravital imaging of the mouse ear dermis’ was performed follow-
ing systemic administration of 2,000 kDa dextran by tail vein injec-
tion. Mice were anesthetized by i.p. injection of ketamine-xylazine
(120 mg kg ketamine, 10 mg kg™ xylazine) to asurgical level, and the
earwas secured toasolid support. Mice were maintained atabody tem-
perature of 37 °C throughout the experiment for amaximum 90 min.
Timelapse imaging was performed using single-photon microscopy
(Zeiss LSM 710) and a high NA water-immersion lens (CF175 apochro-
mat x25 W NA 1.1, Nikon). For intradermal EC stimulation, a volume
of 0.1 pl recombinant mouse VEGFA164 (Peprotech), 100 ng pl ™ was
injected using asubmicrometer capillary needle. Then,10 kDa TRITC
dextran was used as a tracer for VEGFA. Leakage sites were identified
in timelapse imaging following VEGFA injection as defined sites of
concentrated dextran in the extravascular space. The researcher was
blinded to the genotype of the mice when performing the analyses.

Invivo wall shear stress analysis

Flow simulation from the images of retinal vasculature shown by CD31
staining was performed using the PoINet platform®. Flat-mounted
retinas were imaged at an area including one artery, one or two veins
and the complete capillary network in between by tile scanning confo-
cal microscopy (Leica SP8) using a x40 objective. Three-dimensional
reconstruction of the vascular network was performed using maximum
intensity projection of the vesselsillustrated by CD31immunostaining.
A heat map of the relative shear stress level was generated based on
the flow simulation by assigning aninlet at the artery and outlet at the
vein. Regional average shear stress levels were obtained and plotted
combined with the pVE-cadherinlevels.

Retinal EC distribution analysis

Chimeric recombination was induced in iSuRe-Cre* mice at P3 by i.p.
injection of tamoxifen (100 pg per mouse, Sigma). Retinas were taken
at P7 and P15, immunostained for CD31 and flat-mounted. Images
were taken by z-stack tile scanning using a x10 objective on a confocal

microscope (Leica SP8). Maximum intensity projection images of
wholeretinas were used forimage segmentation, which was performed
with ImageJ resources. The maximum projection of the MbTomato
channel threshold was established to distinguish MbTomato* cells
fromthebackground. Outliers with aradius between 0.2-1.0 pm were
removed. The CD31 channel (after maximum projection) was used to
define the outlines of veins and arteries; the optic nerve was used as
amask to define a referential system. For computational analysis, a
bespoken Python-based workflow was employed, accessible on GitHub
(https://github.com/wgiese/retina-vein-artery-cs). For every pixel in
the image, three numbers were computed (using the mask as refer-
ential): (1) distance to the nearest vein (d,); (2) distance to the nearest
artery (d,); and (3) radial distance to the optic nerve (r). From these
measures, the relative distances were obtained by ¢,,=d,/(d, + d,).
The EC distribution was computed by performing the operation for
all MbTomato-positive pixels, which were used as a proxy for EC dis-
tribution. A kernel density estimation was used to approximate the
underlying EC distributioninthe two-dimensional coordinate system
spanned by ¢, and r. High-degree recombination was induced at P1,
P3,P6and P9 by i.p.injection of tamoxifen (100 pg per mouse per day,
Sigma) and retinas were taken at P15 for analysis.

Retinal single-cell RNA-sequencing data

Single-cell RNA-sequencing data generated from WT P6 and P10 reti-
nas® was obtained from the Sequence Read Archive (https://www.
ncbi.nlm.nih.gov/sra) accession no. SRP322112 and preprocessed with
CellRanger (v.5.0.1) using the mm10 reference genome. ECs included
inthe analysis were defined as positive for Pecam1, CdhS or Kdr expres-
sionorashavingbeen characterized as ECs in the original publication.
Raw counts were normalized with a pooling size factor-based strategy
as implemented in scran (v.1.18.7). Subtype annotations were gener-
ated using scmap (v.1.16.0) using the cluster assignment described
in the original publication. Differential gene expression analysis was
carried out using MAST asimplemented in Seurat (v.4.1.1). The effects
of dropoutsin the data were reduced with imputation with the magic
Python package (v.0.1.1; k=9, ka =3, t =1) and graphs were generated
with ggplot2 (v.3.3.6).

Vessel leakage in postnatal retina
Recombination was induced at P1-3 by i.p. injection of tamoxifen
(100 pg d™* per mouse, Sigma). At P6, mice were anesthetized, and

Nature Cardiovascular Research | Volume 1| December 2022 | 1156-1173

1168


http://www.nature.com/natcardiovascres
https://github.com/wgiese/retina-vein-artery-cs
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra/?term=SRP322112

Article

https://doi.org/10.1038/s44161-022-00172-z

10 kDa TRITC dextran-lysine (100 pg g™ body weight, TdB Labs) was
injected into the left heart ventricle. After 10 min, eyes were removed
and fixed in 4% paraformaldehyde (PFA; Sigma) for 2 h at room tem-
perature (RT). Aneedle puncture onthe corneafacilitated fast fixation.
Retinas were immunostained with CD31 to visualize blood vessels.
Images were acquired by z-stack tile scanning in a confocal microscope
(LeicaSP8). Asite of leakage was scored positive if dextran was detected
inthe perivascular region.

Immune cellinfiltration assay

Recombination was induced in 8-12-week-old mice by gavage with
tamoxifen (2 mg d* per mouse, Sigma) for 5 consecutive days. After
2 dresting, saline or VEGFA (5 pg kg™ body weight) was administered
throughi.p. injection. After 24 h, mice werekilled, 5 ml of PBS wasi.p.
injected and recruited cells were collected after abdominal palpation.
Cellswereimmunostained with CD11b (101206, BioLegend) and LY6G
(127608, BioLegend) antibodies for FACS analysis.

Transmission electron microscopy

Eightto12-week-old control or Yes1iECKO mice were treated with intra-
dermal injection of VEGFA164 (10 ng, PeproTech) in the ear skin. The
other ear served as an untreated control. Mice were anesthetized and
perfused first with 10 ml Hank’s balanced salt solution and then 12 ml
cold fixative (1% glutaraldehyde (Sigma), 4% PFA in 0.1 M phosphate
buffer) through the left ventricle. Ears were cut and placed in fixative
for30 minat4 °C, washed three times with PBS, dehydrated and embed-
dedinEpon, LX112 (Ladd Research Industries). Imaging was performed
with a Tecnai G2 Spirit 120 kV transmission electron microscope (Fei
Europe) and Quamesa CCD camera. Image analysis was done with Fiji
processing package of Image )2 software.

Aorticringassay

Thoracicaortas were taken from P7 mice and cutinto1 mmrings after
removal of the connective tissues. Rings were embedded between two
layers of rat tail collagen, type I (Thermo Fisher Scientific), and culti-
vated in Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with10% fetal bovine serum (FBS) and VEGFA (PeproTech, 30 ng ml™).
Then, 4-OH-tamoxifen (5 pg ml™, Sigma) was added to the culture
for 48 hto induce recombination. After 4 d of initial cultivation, sam-
ples were fixed in 4% PFA (Sigma) and analyzed by microscopy after
immunostaining.

Proliferation

ECproliferation was assessed by i.p.injection of EAU (100 pg per mouse,
Thermo Fisher Scientific) at P6. Mice were killed 2 h after injection,
and retinas were removed and fixed in 4% PFA (Sigma). EdU staining
of retinas was performed using the Click-iT EdJU imaging kit (Thermo
Fisher Scientific). The samples were co-stained with antibodies against
ERG to identify EC nuclei. Images were taken by confocal microscopy
(LeicaSP8) and analyzed by Image).

Isolation of mouse lung ECs

Mice were treated with tamoxifen (100 pg d* per mouse, Sigma) at
P1-3. Lungs were taken at P6 and dissociated to obtain cell suspen-
sions using the MACS dissociation kit (Miltenyi Biotec). Isolation of
ECs from mouse lungs was performed using anti-CD31 antibody (BD
Pharmingen)-conjugated Dynabeads (Thermo Fisher Scientific). RNA
from the isolated ECs was extracted immediately by using an RNeasy
mini plus kit (QIAGEN).

Cell culture

HUVECs (PromocCell) were cultured at 37 °C, 5% CO, in MV2 medium
withsupplied supplements (PromoCell). Cells were tested for cell mor-
phology and cell-type-specific markers using flow cytometric analyses
by the vendor. For VEGFA stimulation, confluent cells were starved in

MV2, 0.2% FBS without supplements for 5 h. The same medium with
VEGFA165 (50 ng ml™, PeproTech) was added and cells were incubated
at 37 °Cfor the indicated time periods.

Yes and Src overexpressionin vitro

SRC cDNA was cloned into pLV-CMV-IRIS-PURO-mScarlet plasmid at
restriction enzyme site Xhol using In-Fusion Cloning (Takara). YESI
cDNA was cloned into the pLV-CMV-IRIS-PUR-mScarlet plasmid at
Xhol site using In-Fusion Cloning (Takara). Lentivirus constructs of
control-m-Scarlet, c-Src-mScarlet, and Yes-mScarlet were packaged
intolentivirusin HEK-293T cells by co-transfection of third-generation
lentiviral packaging plasmids with PEI2500 (BioScientific). Lentivirus
containing supernatant was collected on day 2 and 3 after transfec-
tion. Lentivirus was concentrated by Lenti-X concentrator (Clontech,
631232). Transduced target HUVECs were selected with puromycin
(1mg ml™) after 24 h and used for assays after 72 h.

Scratchwound healing assay

HUVECs were seeded atadensity of 50,000 cells per wellinto a 96-well
ImageLockTM tissue culture plate (Essen BioScience) and incubated
in MV2 medium overnight followed by standardized scratching using
WoundMaker (Essen BioScience). Cells were washed with PBS, and
the plate was placed into an IncuCyte ZOOM (Essen BioScience) and
scanned every 15 min for 12 h using a x10 objective, during which,
datawere collected using ZOOM software (Essen BioScience). Cellular
migration was analyzed using MTrack] in ImageJ by manually mark-
ing the cells at each time frame. The migration speed of one cell was
obtained by dividing the migration distance by time.

Confocallive cellimaging

HUVECswere seeded at full confluency on glass-bottom plates (MatTek)
and cultured in MV2 medium overnight. Fresh medium with SiR-actin
dye (Cytoskeleton) was added to the cells and incubated for 2 h. The
cell monolayer was scratched using a 2-pl pipette tip and changed to
freshmedium. The plates were then placed onaLeicaSP8 microscope
equipped with ahumidified CO,incubator (Leica Microsystem). Time-
lapse z-stack images were scanned every 1 min for 3 h.

In vitro flow treatment

HUVECs were seeded at full confluency on p-slides (Ibidi) coated with
fibronectin (1 pg ml™, Sigma) and cultured overnight in degassed MV2
medium. The slides were then connected to the Ibidi pump system to
allow degassed medium to flow through at 3 or 20 dyn cm™shear stress
for 24 h at 37 °Cin a CO, incubator. Static control cells were cultured
onslidesinanincubator for the same amount of time. Cells were fixed
in 1% PFA for 10 min for immunofluorescence or lysed in RIPA buffer
(Thermo Fisher Scientific) for western blots.

VE-cadherininternalization assay

Control or YESI-silenced confluent HUVECs were incubated with an
antibody against the VE-cadherin extracellular domain (Clone BV6,
MABT134, Merck Millipore, 10 pg mi™?) at 4 °C for 1 h in MV2 basal
medium containing 3% bovine serum albumin (BSA) (Sigma) with-
out supplements. Unbound antibody was removed by rinsing cells in
ice-cold MV2 basal medium. Cells were then cultured at 37 °Cfor 4 h
in the presence of 150 pM chloroquine (Sigma) in MV2 medium with
supplements. For VE-cadherin internalization under flow, cells were
first cultured under 3 dyn cm™flow for 20 h before adding the antibody
(Clone BV6, MABT134, Merck Millipore, 10 pg ml™) and chloroquine
(150 pM) in the medium followed by continued culturing under flow
for 4 h. Cells were then washed for 8 min with PBS containing 25 mM
glycine and 3% BSA with Ca** and Mg?* at pH 2.7, to remove antibody
fromthe cell surface, followed by rinsing with PBS and fixation with 2%
PFA for 10 min at RT. Total VE-cadherin was stained with an antibody
generated in another species (AF1002, R&D Systems). Samples were
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mounted on slides with Fluoromount G (Southern Biotech) and ana-
lyzed by confocal imaging.

RNAinterference

siRNAs targeting human YESI, SRC or PTPRB (Sigma) were transfected
into HUVECs by using Lipofectamine RNAiMAX (Thermo Fisher Scien-
tific). Control cells were transfected with control siRNA that did not
target any specific gene. siRNAs were mixed with lipofectamine and
addedtothecells ataconcentration of 10 nM and incubated overnight
before changing to fresh medium. The cells were used for experi-
ments 48 hafter transfection. The knockdown efficiency was validated
by quantitative PCR. YESI siRNA: SASI_Hs01_00086922; SRC siRNA:
SASI_Hs01_00112907; PTPRB siRNA: EHU158501, Sigma; Control siRNA:
MISSION siRNA universal negative control (SCI001).

Immunofluorescence

Mice were killed and tissues were removed and fixed in 2% PFA (eyes
and ears were fixed for 1 h, vena cava was fixed for 15 min). Samples
wereincubated in PBS, 0.5% Triton X-100,1% BSA for 3 hatRT and then
with primary antibodies overnight at 4 °C. After three washes at RT,
samples were incubated with secondary antibodies overnight at 4 °C,
washed three times and mounted on slides for imaging. For staining
of cultures, cells were fixed in 1% PFA for 10 min after treatment. After
fixation, the cells were washed three times in PBS and permeabilized
in PBS, 0.1% Triton X-100 for 5 min, followed by blocking in 1% BSA for
30 minand incubation with primary antibodies overnight at 4 °C. Cells
were washed three timesin 0.1% Triton X-100, incubated with second-
aryantibodies for1hat RT, washed three times and mounted. Imaging
was done using Leica SP8 (Leica Microsystems) confocal microscopes
with LAS X software (v.3.5.7.23225). Image processing and analysis were
performed using Image]J software.

Antibodies against pVE-cadherin Y685 or Y731 were generated
by immunizing rabbits with phosphopeptides of the corresponding
regions of mouse VE-cadherin (New England Peptide). The pY658 anti-
body was a kind gift from E. Dejana, IFOM, Milano, Italy and Uppsala
University). Antibodies were purified and precleared by incubation
onfixed and permeabilized CdhS nullmouse ECs before use. The com-
mercial antibodies used were goat anti-mouse VE-cadherin (AF1002,
R&D Systems, 1:500 dilution), mouse anti-VE-cadherin-alexa-647
(561567, Becton Dickinson, 1:500 dilution) goat anti-mouse CD31
(AF3628, R&D Systems, 1:500 dilution), chicken anti-GFP (ab13970,
Abcam, 1:1,000 dilution), rabbit anti-ERG (ab92513, Abcam, 1:500
dilution), mouse anti-Yes (610376, BD Biosciences, 1:400 dilution),
mouse anti-Src (Clone GD11, Merck Millipore, 1:400 dilution) and
Alexa Fluor 647-phalloidin (A-22287, Thermo Fisher Scientific, 1:100
dilution).Secondary antibodies conjugated with Alexa Fluor dyes were
obtained from Thermo Fisher Scientific orJackson ImmunoResearch
Laboratories.

Quantitative PCR

RNA was extracted and purified using RNeasy Plus kit (QIAGEN). RNA
concentrations were measured by a Nanodrop spectrophotometer
(Thermo Fisher Scientific) and adjusted to equal concentrations, fol-
lowed by reverse transcription using SuperScript Il (Thermo Fisher
Scientific). Real-time quantitative PCR was performed on a Bio-Rad
real-time PCR machine using SsoAdvanced qPCR reagent (Bio-Rad).
The housekeeping gene ribosomal protein L19 (Rpl19) was used as an
internal control. The comparative Ct method was used to calculate
fold differences.

Primer sequences were as follows: mouse YesI: forward: 5-AGTC
CAGCCATAAAATACACACC-3’, reverse: 5-TGATGCTCCCTTT
GTGGAAGA-3’; mouse Rpl19: forward: 5-GGTGACCTGGATGAG
AAGGA-3’, reverse: 5-TTCAGCTTGTGGATGTGCTC-3’; human
YESI: forward: 5'-CTCAGGGGTAACGCCTTTTGG-3’, reverse:
5’-CACCACCTGTTAAACCAGCAG-3’; human SRC: forward: 5’-GACA

GGCTACATCCCCAGC-3, reverse:5-CGTCTGGTGATCTTGCCAAAA-3’;
human RPL19: forward: 5-TCGCCTCTAGTGTCCTCCG-3’, reverse:
5’- GCGGGCCAAGGTGTTTTTC-3’; human PTPRB: forward:
5’-GCGGACCAGGATTCCCTCTA-3/, reverse: 5-AACTCCCGGATG
GTCC-3".

Rho-GTPase activity assay

Control or YESI-silenced HUVECs were starved at 37 °C in basal MV2
mediumwith 0.2% FBS for 3 hand stimulated with VEGFA164 (50 ng ml™,
PeproTech) for 15 min. The activities of the Rho GTPases Racl, CDC42
and RhoA were detected usingkits from Cytoskeleton. Briefly, 300 pg of
freshly prepared cell lysates were incubated with Rhotekin-RBD (RhoA)
or PAK-PBD (CDC42, Racl) beads for 1 h, 4 °C. Beads were washed five
times and boiled in Laemmli buffer with 3-mercaptoethanol. Samples
were separated by SDS-PAGE (4-12% gradient gel) (Thermo Fisher Sci-
entific), and blotting was performed to detect Racl, CDC42 and RhoA
with antibodies supplied in the kit.

Immunoprecipitation

Control or YESI-silenced HUVECs were starved at 37 °C in basal
MV2 medium with 0.2% FBS for 3 h and stimulated with VEGFA164
(50 ng ml™, PeproTech) for 15 min followed by lysisin 50 mM Tris-HCI
pH 7.5, 5mM EDTA, 150 mM NacCl and 0.5% NP-40) supplemented
with protease and phosphatase inhibitor cocktails (Roche). Lysates
(300 pg) were incubated with 1.5 pg VE-cadherin antibody (AF1002,
R&D Systems) overnight at 4 °C. Protein G Sepharose beads (Cytiva)
were incubated for 3 h at 4 °C. Beads were washed 5 times with lysis
buffer, and proteins denatured and released from beads by boiling in
B-mercaptoethanol-containing Laemmli buffer.

Westernblot

Proteins were separated by SDS-PAGE (4-12% gradient gel) (Thermo
Fisher Scientific), transferred to nitrocellulose membranes (GE
Healthcare), and incubated sequentially with primary and horserad-
ish peroxidase (HRP)-conjugated secondary antibodies. Signals were
detected using enhanced chemiluminescence (Cytiva) and images
retrieved using Bio-Rad ChemiDocMP and analyzed using Image Lab
software (6.1). The following primary antibodies were used: rabbit
anti-VE-cadherin Y685 (CP1981, ECM Biosciences, 1:1,000 dilution);
goatanti-mouse VE-cadherin (AF1002, R&D Systems, 1:1,000 dilution);
rabbit anti-pSrc (Y418) (44-660G, Thermo Fisher Scientific, 1:1,000
dilution); mouse anti-Yes (610376, BD Biosciences, 1:1,000 dilution);
and mouse anti-p120-catenin (610133, BD Biosciences, 1:1,000 dilu-
tion); mouse anti-c-Src (05-184, Millipore, 1:1,000 dilution) and rabbit
anti-GAPDH (2118, Cell Signaling, 1:5,000 dilution) The secondary
antibodies used were HRP-conjugated anti-rabbit IgG (NA934, Cytiva),
HRP-conjugated anti-mouse IgG (NA931, Cytiva) and HRP-conjugated
anti-goat IgG (P0449, Dako). Secondary antibodies were used at adilu-
tion of 1:7,500.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism software
(9.4.0). Statistical significance in comparisons between two groups
was determined by two-tailed Student’s ¢-test or Welch’s ¢-test.
Two-way ANOVA was used to compare between groups in time course
experiments. Variances were similar between the groups compared.
Differences were considered significant at P < 0.05. For animal experi-
ments, no statistical methods were used to predetermine sample
sizes. The experiments were not randomized. The investigators
were not blinded to allocation during the experiment and outcome
assessment.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Nature Cardiovascular Research | Volume 1| December 2022 | 1156-1173

1170


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-022-00172-z

Data availability

Full source data for retinal EC distribution analysis is available on
Zenodo (https://doi.org/10.5281/zenodo.7229061). Single-cell
RNA-sequencing data generated from WT P6 and P10 retinas®* was
obtained from the Sequence Read Archive (https://www.ncbi.nlm.
nih.gov/sra),accession no. SRP322112. Additional data supporting the
findings in this study are included in the main article and associated
files. Source data are provided with this paper.

Code availability
Analysis code for retinal EC distribution can be accessed via https://
github.com/wgiese/retina-vein-artery-cs
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| pVE-cadherin antibody specificity and expression of
YES1and SRC. (a) Validation of the specificity of the antibody against pY685
VE-cadherin by immunostainingin P6 retinas from WT (VEC-WT) and mutant
VE-cadherin Y685F (VEC-Y685F) mice. A, artery; V, vein. (b) Immunostaining
withantibody against pY731 VE-cadherin in retinas from WT and VE-cadherin
Y731F mutant mice. (c) Immunostaining with pY731 VE-cadherin antibody in
retinas from WT and VE-cadherin Y685F mutant mice. A, artery; V, vein. (d, e)
Effectiveness of SRC or YESI siRNA silencing in HUVECs 48 h after transfection
shown by qPCR, n =3 independent experiments. (f) HUVECs silenced for Yes

(siYESI) cultured in static or flow (3 dyn/cm?) conditions and immunostained

for pY658-VE-cadherin or total VE-cadherin protein. Scale bars, 50 pm. (g) Ratio
of junctional pY658 area/total VE-cadherin areain the different conditions.
n=3independent experiments. Note that quantification of pY658 signal was
restricted to the junction area due to cross-reactivity with focal adhesions in vitro
(see panel a) but not in vivo (see main Fig. 2a). (h-j) Relative expression levels of
Yesl, Src and CdhSin different vessel types from single-cell sequencing analysis

of P6 and P10 retinal ECs. Scale bars, 50 pm. Bar graphs show mean + SEM with
individual data points, two-tailed Student’s t-test.
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Extended Data Fig. 2| Yes1 floxed mouse construction and immunostaining
with pVE-cadherin antibodies. (a) Schematic outline of targeting strategy to
generate the YesI floxed model (YesI fI/fl, Cdh5CreER™+; denoted YesIiECKO). (b)
Yes1and Srctranscript levels in isolated lung endothelial cells from control (YesI
UM, Cdh5CreER™-) or YesliECKO mice at P6 shown by qPCR; tamoxifen treatment
at P1-3. Control, n = 5; YesiECKO, n = 8. (c-e) Inmunofluorescence staining of
SrciECKO P6 retinas showing total VE-cadherin (magenta) and phosphorylated
VE-cadherin (green) pY685(c), pY658 (d) and pY731 (e). Scale bars, 50 pm.
Corresponding quantifications are shown in main Fig. 2g-i. (f) Inmunostaining

for pVE-cadherin (Y685) (green) and total VE-cadherin (magenta) in ECs of

vena cava in P6 control and Yes1 iECKO mice. Scale bar, 20 pm. Quantification

of normalized ratio of pVE-cadherin/total VE-cadherin of datain (f) is shown
in(g), control, n=5; YesIiECKO, n = 4. (h, i) Quantifications of pVE-cadherin
immunostaining at Y685 and Y658 in P6 control and Yes1iECHet retinas. Control,
n =3; YesIiECHet, n = 3. (j, k) Quantifications of pVE-cadherin immunostaining at
Y685 and Y658 in P22 control and YesIiECKO retinas. Control, n = 3; Yes1iECKO,
n=5.A,artery;V, vein. Bar graphs show mean + SEM with individual data points,
two-tailed Student’s t-test.
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by siYESI. (a) Immunostaining of pY685 VE-Cad (green) and total VE-cad
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independent experiments. (c) Validation of PTPRBsiRNAby qPCR.n=3
independent experiments. Bar graph shows mean + SEM with individual data
points; two-tailed Student’s t-test.
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phosphorylationin vitro. (a) Immunostaining of pY685 VE-Cadherin (green) the degree of YES overexpression. (b) Quantification of phospho/total VE-Cad in
and total VE-cadherin (magenta) in HUVECs transduced with mScarlet-tagged control, Yes overexpression and Src overexpression HUVECs. n = 15 cells analyzed
Yes or Src. Localization of Yes and Src proteins is indicated by the detection of from 3 independent experiments for each group, Kruskal Wallis test. (c) Western
mScarlet (gray). Boxed regions, shown enlarged in the lower right, highlight blots showing the level of overexpression of Yes and Src protein. Quantifications
Yes-mScarlet localization at junctions and Src-mScarletin the cytoplasm. Scale areshownin (d, e), n=3independent experiments. Bar graph show mean + SEM

bars, 25 um. The bright spots present in the mScarlet channel in YESIbut not SRC withindividual data points; two-tailed Student’s t-test.
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Extended Data Fig. 6 | Enhanced migration of Yes-deficient ECs. (a)
Vasculature in P6 retinas of CdhSiECKO mice with chimeric recombination,
shown by CD31immunostaining (magenta). Distribution of non-recombined
ECs with VE-cadherin expression detected by immunostaining (cyan). Dashed
lines indicate an arterial region devoid of VE-cadherin+ECs. V, vein; A, artery.
Scale bar, 500 pm. (b) Individual HUVECs tracked manually during migrationina
scratch wound assay. The tracks from cells at initial positionsinrows1,2 or 3are
indicated by colors (first, red; second, yellow; third, green). Scale bars, 100 pm.
(c) Migratory speed of individual cells calculated as track length (um)/time
(hour). Cells are grouped by their initial positions pooled from 3 independent

experiments. siControl, n =76, 59, 63 for cellsinitiallyinrows1,2,and 3,
respectively; siYESI, n =74, 58, 61for cellsinitially inrows 1,2, and 3, respectively.
Mean values and individual data points are shown. (d) Migratory tracks of control
and YESI-silenced HUVECs from (b) are shown with the initial position labeled as
(0,0) for all cellsirrespective of originin first row; red, second row; yellow, third
row; green. Dashed lines indicate the maximum traveled range of cells over 10

h. (e) Activation of CDC42, Racl and RhoA detected in control or YESI-silenced
HUVECs with and without VEGFA treatment. Quantifications of activated CDC42,
Racland RhoA normalized to total protein levels (f-h). Bar graphs show mean +
SEMwith individual data points; two-tailed Student’s t-test.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Vascular development in Yes1iECKO, VE-cadherin
Y685F mutant, Cdh5iECKO and Yes1iECOE mice. (a) Retinal vascular
developmentin YesI wt/wt, CdhSCreER™+ and Yes1 fl/fl, CdhSCreER™+ mice

at P6. Scale bars, 500 um. Quantification of the vascular area is shownin (b),

Yesl wt/wt, Cdh5CreER™+,n = 6; Yes1 fl/fl, CdhSCreER™+,n =12.(c) Filopodia at
the sprouting front of P6 retinal vasculatures of control and YesI iECKO mice
visualized by CD31 staining. Scale bars, 100 pm. (d) Quantification of the number
of filopodia/100 pum sprouting front. Control, n = 6; Yes1iECKO, n = 5. (e) CD31-
positive retinal vasculature in VEC-WT and Y685F-VEC mice at P6. Scale bars,

500 pm. Quantification of the vascular areain littermates is shownin (f), WT,
n=9;Y685F, n=9.(g) Vascular development in P6 retinas of control (Cdh5 wt/wt,
Cdh5CreER™+) and CdhSiECKO (CdhSfl/fl, CdhSCreER™+) mice, shown by CD31
immunostaining. Scale bars, 500 pm. (h) Quantification of the vascular area

in control and CdhSiECKO retinas. Control, n = 6; Cdh5iECKO, n = 4. (i) Retinal
vasculature in HI1-YesI 0/0, Cdh5CreER™+ and H11-YesI +/0, Cdh5CreER™+ mice at
P6.Scale bars, 500 pum. Quantification of the vascular area is shown in (j), H11-Yes1
0/0,n =10; H11-YesI +/0,n =10.Bar graphs show mean + SEM with individual data
points; two-tailed Student’s t-test.
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Extended Data Fig. 8 | Vascular sprouting, EC proliferation and apoptosis in mice shown by EdU staining (magenta) with ERG (green) co-staining to identify
Yes1iECKOretinas. (a) Aortic rings from the thoracic aorta from control or YesI endothelial nuclei. Scale bars, 100 pm. Quantification shown in (e), control,

iECKO mice cultured for 4 days with and without VEGFA. Vascular sprouts shown n=6; YesIiECKO, n = 5. (f) Apoptosis of endothelial cells in P6 retinas shown by
by CD31immunostaining. Scale bars, 200 pm. Quantifications of thenumberand  co-staining of CD31(magenta) and Cleaved Caspase3 (green). Arrows indicate

thelength of the sprouts in different conditions shownin (b, c), control VEGFA-, Cleaved Caspase3+ ECs. Scale bars, 100 pm. Quantification is shownin (g),
n=5; control VEGFA+, n = 4; YesIiECKO VEGFA-, n = 6; YesI iECKO VEGFA+,n = 6. control, n=4; YesIiECKO, n = 5. Bar graphs show mean + SEM with individual data
Bar graphs show mean + SEM with individual data points. (d) Endothelial cell points; two-tailed Student’s t-test.

proliferationin Pé6 retinas from control (Yes1fl/fl, CDHSCreER™-) or Yes1iECKO
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Extended Data Fig. 9 | Adherens junction morphology in retinal vein and artery. Junction morphology shown by immunostaining for VE-cadherin (magenta) and
pY685 VE-cadherin (green) inaretinal artery (left) and vein (right) from P6 wt/wt mouse. Arrowheads indicate jagged junction morphology. Scale bar, 20 pm.
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Extended Data Fig. 10 | Shear stress and VEGFA-induced VE-cadherin
internalization in YES1- and SRC-silenced HUVECs. VE-cadherin internalization
incontrol, Yes and Srcsilenced cells detected by antibody feeding assay in
cultures exposed to flow (3 dyn/cm?) (a), or treated with VEGFA (50 ng/mL for

15 min, after the binding of anti-VE-cadherin antibody) (b). Inmunofluorescent
signals for internalized and total VE-cadherin shown in magenta and green
respectively with nuclei (blue) co-stained with DAPI. Scale bars, 50 pm.

Quantification shown in main Fig. 5d,e. (c) Immunoblotting using antibodies
against p120-catenin and VE-cadherin on VE-cadherinimmunoprecipitates

(IP) from YESI-silenced HUVECs with or without VEGFA treatment (50 ng/mL

for 15 min). GAPDH blotting for equal loading on total lysates run in parallel.

(d) Quantification of p120 from the co-IP experiments, n = 3 independent
experiments. Bar graphs show mean + SEM with individual data points, two-tailed
Student’s t-test was used for statistics.
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Extended Data Fig. 11| Vascular integrity in Yes deficiency. (a) Basal leakage of n=>35).(d) pY685 VE-cadherin and VE-cadherin in adult mouse ear dermis

Evansblue in skin measured as Evans blue level = (Abs620-(abs500+abs740)/2)/ vessels shown by immunofluorescence. V, vein; A, artery. Scale bars, 50 pm.
weight. Control, n=5; YesIiECKO, n = 7. (b, ¢) Blood-brain-barrier integrity Quantificationshownin (e), control, n = 6; YesIiECKO, n = 7. Bar graphs show
assessed by measuring basal leakage of Evans blue (Control, n=S5; YesIiECKO, mean + SEM with individual data points; two-tailed Student’s t-test.

n=7)and Cadaverine-Alexa-555in mouse brains (Control, n = 6; YesI iECKO,
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed
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{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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Software and code

Policy information about availability of computer code

Data collection | Confocal microscope images were taken with LAS X software (3.5.7.23225) from Leica. Western blot images were taken with Image Lab
software (6.1) from BioRad. Quantitative PCR data were collected by SFX Maestro 1.1 from BioRad.

Data analysis Microscopic images were analyzed with Fiji (ImageJ) software. Western blot images were analyzed with Image Lab software (6.1). Statistical
analysis was performed using GraphPad Prism software (9.2). Flow simulation from the images of retinal vasculature was done using the
PolNet platform (ref. 30). For computational analysis of retinal EC distribution, a python-based workflow 2D-coordinate system was
employed, that can be accessed on github (https://github.com/wgiese/retina-vein-artery-cs). Quantitative PCR data were analyzed with SFX
Maestro 1.1. Single cell-RNA sequencing data was processed with cellranger (v5.0.1) using the mm10 reference genome. Raw counts were
normalized with a pooling size factor-based strategy as implemented in scran (v.1.18.7). Subtype annotations were generated using scmap
(v.1.16.0) using the cluster assignment described in the original publication. Differential gene expression analysis was carried out using MAST
as implemented in Seurat (v.4.1.1). The effects of dropouts in the data were reduced with imputation with the magic python package (v.0.1.1;
k=9, ka=3,t=1)and graphs were generated with ggplot2 (v.3.3.6).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single cell RNA-sequencing data generated from WT P6 and P10 retinas was obtained from the Sequence Read Archive (https://www.ncbi.nIm.nih.gov/sra),
accession number SRP322112. Additional data supporting the findings in this study are included in the main article and associated files. Source data are provided
with this paper.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes were chosen based on experience combined with animal welfare
consideration and ethical permit constraints. Sample size for each experiment can be found in the related figure legends.

Data exclusions  Inthe GTPase activity assay, data that deviated from the average value for more than 2XSE were considered outliers and were excluded from
statistics. No data was excluded from all other analyses.

Replication For in vitro experiments, all presented results/quantifications are derived from at least three replicates. For in vivo experiments, all
procedures were performed on at least three animals with multiple repeats. Number of replicates for each experiment is given in the related

figure legend.

Randomization  Experimental animals were grouped by their genotypes in most experiments and sometimes grouped by their treatments. Randomization was
not used.

Blinding The investigators were not blinded to allocation during most experiment procedures and outcome assessments. Blinding was not performed
due to limited human resources. However, blinding was applied in the vessel leakage analyses.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| D ChIP-seq
Eukaryotic cell lines |:| D Flow cytometry
Palaeontology and archaeology |:| D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies

Antibodies used For immunofluorescence, Antibodies against pVE-cadherin Y685 or Y731 were generated by immunizing rabbits with
phosphopeptides of the corresponding regions of mouse VE-cadherin (New England Peptide). The pY658 antibody was a kind gift
from Dr Elisabetta Dejana, IFOM, Milano, Italy and Uppsala University, Sweden). The antibodies were purified and precleared by
incubation on fixed and permeabilized Cdh5 null mouse ECs before use. The commercial antibodies used were goat anti-mouse VE-
cadherin (AF1002, R&D Systems, 1:500), Mouse anti-VE-cadherin-alexa-647 (561567, Becton Dickinson, 1:500) goat anti-mouse CD31
(AF3628, R&D Systems, 1:500), chicken anti-GFP (ab13970, Abcam, 1:1000), rabbit anti-ERG (ab92513, Abcam, 1:500), mouse anti-
Yes (610376, BD Biosciences, 1:400), mouse anti-Src (Clone GD11, Merck Millipore, 1:400).

For western blot, the following primary antibodies were used: rabbit anti-VE-cadherin Y685 (CP1981, ECM Biosciences, 1:1000); goat
anti-mouse VE-cadherin (AF1002, R&D Systems, 1:1000); rabbit anti-pSrc (Y418) (44-660G, Thermo Fisher Scientific, 1:1000); mouse
anti-Yes (610376, BD Biosciences, 1:1000); and mouse anti-p120-Catenin (610133, BD Biosciences, 1:1000); Mouse anti-c-Src
(05-184, Millipore, 1:1000), Rabbit anti-GAPDH (2118, Cell signaling, 1:5000).

For antibody feeding assay, antibody against the VE-cadherin extracellular domain (Clone BV6, MABT134, Merck Millipore) was used.
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Validation Validation of antibodies against pVE-cadherin Y685 and Y731 were done by immunostaining in VE-Cad Y685F and Y731F mutant mice.
Results are described in the manuscript (supplementary figure 1).
Validation of pVE-cadherin Y658 antibody was done in the previous publication from Dr Elisabetta Dejana.
Goat anti-mouse VE-cadherin (AF1002, R&D Systems) was validated by western blot and immunohistochemistry by the vendor.
Species reactivity: mouse, approximately 30% cross-reactivity with recombinant human VE-Cadherin.
Goat anti-mouse CD31 (AF3628, R&D Systems) was validated by western blot, flow cytometry and immunohistochemistry by the
vendor. Species reactivity: mouse, rat, approximately 10% cross-reactivity with recombinant human CD31.
Chicken anti-GFP (ab13970, Abcam) was validated by western blot and immunofluorescence by the vendor.
Rabbit anti-ERG (ab92513, Abcam) was validated by western blot, flow cytometry and immunohistochemistry by the vendor. Species
reactivity: mouse, rat, human. The antibody also detects Fli-1.
Mouse anti-YES (610376, BD Biosciences) was validated by western blot and immunohistochemistry by the vendor. Species reactivity:
human, mouse, rat, chicken, dog.
Mouse anti-SRC (Clone GD11, Merck Millipore) was validated by western blot by the vendor. Species reactivity: human, mouse, rat.
Rabbit anti-VE-cadherin Y685 (CP1981, ECM Biosciences) was validated by western blot by the vendor. Species reactivity: human.
Rabbit anti-pSRC (Y418) (44-660G, ThermoFisher Scientific) was validated by western blot and immunohistochemistry by the vendor.
Species reactivity: human, mouse, chicken.
Mouse anti-p120-Catenin (610133, BD Biosciences) was validated by western blot and immunofluorescence by the vendor. Species
reactivity: human, mouse, rat, chicken, dog.
Mouse anti-human VE-cadherin (Clone BV6, MABT134, Merck Millipore) was validated by western blot and immunofluorescence by
the vendor. Species reactivity: human.
Rabbit anti-GAPDH (2118, Cell signaling) was validated by western blot, immunohistochemistry and flow cytometry by the vendor.
Species reactivity: human, mouse, rat, monkey, bovine, pig.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human primary umbilical vein endothelial cells (HUVECs) were from PromoCell.
Authentication All cells are tested for cell morphology and cell-type specific markers using flow cytometric analyses by the vendor.
Mycoplasma contamination Cells are free of mycoplasma contamination (tested by the vendors).

Commonly misidentified lines  No cell lines used in this study are found in the database of commonly misidentified cell lines (ICLAC and NCBI Biosample).
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance  N/A

Specimen deposition N/A




Dating methods N/A
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All mice used were C57/BI6 genetic background. Both males and females are included. For postnatal studies, P6, P7, P15 mice were
used. For studies in adult mice, 6-12 week old mice were used.

Wild animals N/A
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Reporting on sex Both males and females mice were included in the experiments. Sex-related effects were not observed in the previous studies using
the same experimental methods, therefore data from males and females were not analyzed separately.

Field-collected samples  N/A

Ethics oversight Animal husbandry and procedures were in accordance with institutional guidelines and approved by the Institutional Review Board
for Animal Experimentation at Uppsala University (permit 5.8.18—06789/2018).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  N/A

Study protocol N/A
Data collection N/A
Outcomes N/A

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

XX XXX &

|:| Any other significant area
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Experiments of concern
Does the work involve any of these experiments of concern:
Yes
|:| Demonstrate how to render a vaccine ineffective
|:| Confer resistance to therapeutically useful antibiotics or antiviral agents
|:| Enhance the virulence of a pathogen or render a nonpathogen virulent
|:| Increase transmissibility of a pathogen
|:| Alter the host range of a pathogen
|:| Enable evasion of diagnostic/detection modalities

|:| Enable the weaponization of a biological agent or toxin
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|:| Any other potentially harmful combination of experiments and agents
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ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links N/A
May remain private before publication.

Files in database submission N/A
Genome browser session N/A
(e.g. UCSC)

Methodology
Replicates N/A
Sequencing depth N/A
Antibodies N/A

Peak calling parameters  N/A
Data quality N/A

Software N/A

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation N/A
Instrument N/A
Software N/A

Cell population abundance N/A




Gating strategy N/A

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type N/A
Design specifications N/A

Behavioral performance measures ~ N/A
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Acquisition
Imaging type(s) N/A
Field strength N/A
Sequence & imaging parameters N/A
Area of acquisition N/A
Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software N/A
Normalization N/A
Normalization template N/A
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

Model type and settings N/A

Effect(s) tested N/A

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference N/A
(See Eklund et al. 2016)

Correction N/A

Models & analysis

n/a | Involved in the study

|:| Functional and/or effective connectivity
|:| Graph analysis

|:| Multivariate modeling or predictive analysis
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