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elongation of the stalk. The selection of tip and stalk cells is 
regulated by the Dll4/Notch signaling pathway. The promo-
tion of Dll4 expression by vascular endothelial growth fac-
tor-A on certain ECs leads to their specification into tip cells, 
and these then activate Notch in the neighboring cells, which 
defines them as stalk cells.1 The expression of Dll4 in ECs is 
also promoted by β1 integrins, thereby limiting the formation 
of tip cells and preventing excessive vessel sprouting.17 β1 in-
tegrins are also essential for adhesion and migration of ECs,14 
and integrin-mediated FA formation and actin rearrangement 
are essential for normal postnatal vessel sprouting and vas-
cular plexus formation.35 Consistent with these fundamental 
functions, deletion of β1 integrins in ECs leads to early em-
bryonic lethality because of angiogenic defects.15,16 Here, we 
show that deletion of the adaptor protein α-pv in ECs, which 
links integrins to the actin cytoskeleton, leads to decreased 

vascular density because of reduced vessel sprouting and ex-
cessive vessel regression. The reduced vessel sprouting to-
gether with the normal filopodia formation in α-pviΔEC retinas 
indicates that α-pv is not required for the integrin-mediated 
regulation of endothelial tip-cell specification, but it is essen-
tial for the elongation of endothelial sprouts. Vessel elongation 
depends on cell proliferation and cell intercalation.1,9 Our re-
sults show that α-pv positively regulates proliferation of ECs 
in vivo. Moreover, the heterogeneity in vessel diameter and 
the immature nature of the vascular plexus in α-pviΔEC retinas 
match with an inability of ECs to effectively intercalate. Cell 
intercalation involves collective cell migration, which requires 
dynamic regulation of integrin-mediated cell–ECM adhe-
sions and VE-cadherin–mediated cell–cell junctions.9 α-pv–
deficient ECs display reduced integrin-mediated cell–ECM 
adhesion structures, altered cell–cell junctions, and reduced 

Figure 6. Depletion of α-parvin (α-pv) in 
endothelial cells (ECs) reduces junction-
associated intermittent lamellipodia (JAIL) and 
augments intercellular gap formation. Still images 
(upper left images) and enlarged views (white 
boxes) from time-lapse recordings of control and 
α-pv–depleted human umbilical vein endothelial 
cells (HUVECs) expressing Lifeact-enhanced 
green fluorescent protein (EGFP) and cultured 
under subconfluent conditions on cross-linked 
gelatin-coated plates. A, Multiple correctly formed 
Lifeact-EGFP–positive JAIL (arrows) develop in the 
control cell. Black and white images on the right 
highlight normal development of JAILs in control 
cells. B, Dysfunctional JAIL in α-pv–depleted cells. 
Black and white images on the right highlight JAIL 
disruption (B1 and B2) and abnormal JAIL with 
multiple filopodia-like structures (B3). Arrowheads 
point to intercellular gaps. C, Quantification of JAIL 
number in control and α-pv–depleted HUVECs. 
Values represent mean vs control±SEM. P value is 
≤0.001. siRNA indicates small interfering RNA.  
ns P>0.05, ***P≤0.001.
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cell migration. Together, these findings indicate that α-pv 
controls vessel sprouting by regulating integrin-mediated pro-
cesses required for the elongation of endothelial sprouts.

To maintain the integrity of newly formed vessels, ECs es-
tablish cell–cell junctions and induce the recruitment of mu-
ral cells to the vessel wall.5,27 Impaired remodeling of cell–cell 
junctions leads to vessel regression and ultimately to vessel rup-
ture and hemorrhages.5,36 We observed hemorrhages in α-pvΔEC 
embryos and excessive vessel regression in α-pviΔEC retinas, de-
spite apparently normal mural cell coverage of the vessels, indi-
cating an EC autonomous role for α-pv in vessel stabilization. 
In the absence of endothelial α-pv, vessels display fragmented 
VE-cadherin junctions and increased incidence of intercellular 
spaces between ECs. Thus, endothelial α-pv seems to stabilize 
developing vessels by maintaining the integrity of VE-cadherin 
junctions. This is in agreement with recent observations show-
ing that β1 integrins and thereby cell–ECM adhesion controls 
blood vessel stability by preserving cell–cell junction integri-
ty.37 In vitro analysis of α-pv–deficient ECs shows that α-pv is 
required for the stabilization of AJs, the formation of reticular 
junctions, and monolayer formation and integrity. The dynamic 
rearrangement of endothelial AJs is regulated by a variety of 
stimuli that often act by inducing the reorganization of the actin 
cytoskeleton.8 Stable AJs are connected with cortical actin.28,29 
Integrins regulate integrity of cell–cell junctions by controlling 
local rearrangement of the actin cytoskeleton at the cell–cell 
contacts.18,19 Our results show that α-pv associates with the cor-
tical actin at cell–cell borders, and α-pv–deficient cells display 
impaired organization of cortical actin filaments, indicating that 
the effects of α-pv deficiency on AJs stability are mediated by 
defects of actin cytoskeleton rearrangement. Altogether these 
findings suggest that loss of α-pv affect cell–cell junction integ-
rity and vessel stability by perturbing integrin-mediated signal-
ing and actin rearrangement.

Recently, it has been shown that JAIL, actin-driven lamel-
lipodia that develop at small VE-cadherin gaps within continu-
ous AJs, are required for the maintenance of stable AJs and for 
the integrity of endothelial monolayers in vitro.11 Our results 
show that α-pv localizes to the leading edge of JAIL and that it 
is required for proper JAIL formation. This suggests that loss 
of α-pv might impair monolayer integrity also by decreas-
ing JAIL development and thereby VE-cadherin dynamics. 
Lamellipodia protrusions are driven by Arp2/3-mediated actin 
polymerization, which is regulated by several actin-binding 
and regulatory proteins. For instance, the small Rho GTPase 
Rac induces lamellipodial extension via activation of the 
Arp2/3-complex. Rac activity is also essential for JAIL for-
mation and monolayer integrity.38 Vinculin, which associates 
with integrin-mediated adhesions and VE-cadherin–mediated 
junctions, is required for Rac-depend lamellipodia forma-
tion.5,10,39 Vinculin binds and recruits the Arp2/3-complex to 
cell membrane, thereby coupling the actin machinery to the 
adhesion sites and enabling lamellipodia protrusion.39 Our re-
sults show that vinculin localizes to certain JAIL and that loss 
of α-pv leads to reduced levels of vinculin at cell membranes. 
Moreover, α-pv–deficient ECs also show decreased Rac activ-
ity. Thus, the absence of α-pv might affect JAIL formation/
stability by perturbing Rac activity. Further experiments are 
needed to understand molecularly the role of integrins and 
cell–ECM adhesion in JAIL and to define the importance of 
JAIL in vascular development and vessel stability in vivo.

Figure 7. Depletion of α-parvin (α-pv) impairs formation of 
focal complexes (FXs) and decreased Rac activity. A, Double 
immunostaining of vinculin and VE-cadherin showing vinculin 
localization at leading edges of junction-associated intermittent 
lamellipodia (JAIL). Arrows point to JAIL. Dotted lines highlight 
the edge of a JAIL. B, Triple-fluorescent labeling for vinculin, 
F-actin, and VE-cadherin of control and α-pv–depleted human 
umbilical vein endothelial cells (HUVECs) cultured on gelatin. C, 
Double-fluorescent labeling for α-pv and paxillin of control and α-
pv–depleted HUVECs cultured on gelatin for 12 hours. Arrowheads 
point to FXs. D (top), Phosphorylation of paxillin (Tyr118) was 
determined in nonadherent control and α-pv–depleted cells, and 
after 120 minutes adherence to gelatin. D (bottom), Quantification of 
paxillin phosphorylation; data represent relative mean values±SEM 
from 3 independent experiments. P value is 0.026. E, P7.5 control 
and α-pviΔEC retinas labeled for isolectin-B4 (IB4) and phospho-
paxillin (Tyr118). F (top), α-pv–depleted HUVECs showed decreased 
Rac activity after 30 minutes on gelatin. F (bottom), Quantification 
of Rac-GTP vs total Rac; data represent relative mean values±SEM 
from 3 independent experiments. G, Quantification of chemotactic 
migration using serum as a chemoattractant (24 hours). Medium 
with 0.5% of serum was used to assess the baseline migration. 
EC indicates endothelial cell; and siRNA, small interfering RNA. ns 
P>0.05, *P≤0.05, **P≤0.01.
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In conclusion, we show that α-pv is critical for sprouting 
angiogenesis and is required for the stability of developing 
blood vessels.
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What Is Known?

•	 α-parvin (α-pv) is an adaptor protein that localizes to focal adhe-
sions and facilitates the interaction of integrins with the actin 
cytoskeleton.

•	 α-pv is essential for cardiovascular development in mice.

What New Information Does This Article Contribute?

•	 α-pv positively regulates angiogenesis and is required for the stability 
of developing blood vessels.

•	 α-pv is required for maintenance of cell–cell junction integrity in 
endothelial cells (ECs).

Deletion of α-pv in mice leads to embryonic lethality because of 
cardiovascular defects. However, the precise role of α-pv in ECs 
in vivo is not known. In this study, we deleted the α-pv gene spe-
cifically in ECs of mice to study its role in angiogenesis. We show 
here for the first time that endothelial α-pv controls sprouting an-
giogenesis and stability of developing vessels. The deletion of α-
pv in ECs in mice leads to impaired angiogenesis because of both 
reduced vessel sprouting and excessive vessel regression. Our 
results also show for the first time that α-pv is indispensable for 
the integrity of cell–cell junctions in ECs. Together, these findings 
provide new insights on the role α-pv in vascular development.

Novelty and Significance
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Detailed Methods 

Antibodies. 

The following antibodies were used: Anti-α-pv (Cell Signaling, 4026), Cy3-conjugated αSMA (Sigma, 

A2547), anti-β-catenin (Sigma, C2206), anti-BrdU (Invitrogen, 03-3900), anti-CD31 (PharMingen, 

553370), anti-Claudin 5 (Invitrogen, 34-1600), anti-Collagen IV (BioRad, 2150-1470), anti-Erg1/2/3 

(Santa Cruz, sc-353), anti-GAPDH (Millipore, MAB374), anti-ICAM2 (PharMingen, 553326), anti-

Paxillin (BD Biosciences, 610051), anti-phospho-Paxillin (Cell Signaling, 2541), anti-NG2 (Millipore, 

AB5320), anti-Vinculin (Sigma, V9131), anti-VE-Cadherin (eBioscience, 14-1442-82), anti-VE-

Cadherin (eBioscience, 14-1449-82) and anti-cleaved-caspase-3 (Cell Signaling, 9661). For secondary 

detection, species-specific Alexa Fluor-coupled secondary antibodies (Invitrogen) were used. Alexa-

488-conjugated Isolectin-B4 (Life Technologies, I21411) was used to visualize the endothelium in the 

retinas. Alexa-546-conjugated Phalloidin (Invitrogen, A22283) was used to detect F-actin. 

 

Whole embryo immunohistochemistry. 
Staged embryos were dissected in PBS and their genotype determined by PCR. Yolk sacs and skin 

were fixed overnight in fixation buffer (80% methanol, 20% DMSO). Samples were rehydrated in 

0.1% Tween‐20 in PBS, incubated in blocking buffer (10% goat serum, 5% BSA in PBS) for 2 hours, 

and exposed to primary antibodies overnight at 4°C. After 5–7 hours of washing with 0.1% Tween‐20 

in PBS, samples were incubated with secondary antibodies overnight at 4°C. 

 

Whole retina immunohistochemistry. 

Dissection and labeling of retinas was performed as previously described
24

. Briefly, retinas were fixed 

for 2 hours on ice in 4% paraformaldehyde (PFA), incubated in 1% BSA and 0.3% Triton X-100, 

washed 2 times in Pblec (1% Triton X-100, 1 mM CaCl2, 1 mM MgCl2, and 1 mM MnCl2 PBS [pH 

6.8]), and incubated overnight with isolectin-B4 and antibodies diluted in Pblec.  

 

Proliferation assay. 

Labeling of proliferating cells was performed as previously described
24

. Briefly, 300 μg of 

Bromodeoxyuridine (BrdU) per pup was injected intraperitoneally 4 hours before sacrifice. Following 

Erg1/2/3 and isolectin-B4 staining, retinas were fixed for 30 minutes in 4% PFA, washed 3 times with 



PBS, incubated for 1 hour in 6 M HCl and 0.1% Triton X-100, washed 5 times in PBS plus 0.1% 

Triton X-100, blocked, and incubated overnight with an anti-BrdU antibody. 

SDS-PAGE and immunoblotting. 

Tissues and cells were lysed in lysis buffer (150 mM NaCl, 50 mM Tris pH 7,4, 1 mM EDTA, 1% 

Triton X‐100, supplemented with protease inhibitors (Roche) and phosphatase inhibitors (Sigma)), 

homogenized in Laemmli sample buffer and boiled for 5 minutes. Lysates were resolved by SDS-

PAGE gels. Proteins were then electrophoretically transferred from gels onto nitrocellulose 

membranes followed by incubation with antibodies. Bound antibodies were detected using enhanced 

chemiluminescence (Millipore). 

 

Rac activation assay. 

Determination of Rac activity was performed as previously described
21

. 

 

Lentiviral gene transductions and live-cell fluorescence microscopy. 

For lentiviral transductions α-pv was recloned from peGFP-c1 vector into the pLV-CMV-ires-puro 

vector using SnaBI and NheI restriction sites. Mouse α-catenin-mCherry was cut out of a pmCherry-c1 

vector using NdeI and XbaI restriction enzymes and cloned into the pLV-CMV-ires-puro vector using 

NdeI and NheI restriction sites. Lentiviral particles were isolated from the supernatant of human 

embryonic kidney 293 cells (HEK293T) transiently transfected with third-generation packaging 

constructs and the lentiviral expression vectors. HUVECs, cultured to 80% confluency, were infected 

with supernatant containing lentiviral particles overnight. 

For live microscopy cells were plated on Lab-Tek chambered 1.0 borosilicated coverglass slides 

coated with 5 g/ml fibronectin and imaged within microscope incubators at 37°C and 5% CO2. 

Widefield imaging was performed on an inverted Zeiss widefield Observer.Z1 microscope equipped 

with a 63x 1.40 Plan Apochromat oil objective, definite focus system, and Hamamatsu Orca-R2 digital 

camera. Images were enhanced for display with an unsharp mask filter and adjusted for 

brightness/contrast in ImageJ. 
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Online Figure I. Tie2-Cre-mediated deletion of α-pv gene. (A) Western blot of α-pv protein levels 

from lysates prepared from whole lungs and ECs isolated from E13.5 control and α-pv
ΔEC 

embryos. 

VE-cadherin was used as a loading control. (B) Hematoxylin and eosin staining of sagittal sections 

through the head region of E15.5 control and α-pv
ΔEC

 embryos. Hemorrhage (asterisk). (C) CD31 

whole-mount immunostaining of E15.5 control and α-pv
ΔEC 

YS. 

 



 

Online Figure II. Cadh5(PAC)-Cre
ERT2

-mediated deletion of α-pv gene. (A) Western blot analysis 

of lung lysates from P6 control and α-pv
iΔEC

 mice 3 days after tamoxifen administration. VE-cadherin 

was used as a loading control. (B) P6 control and α-pv
iΔEC

 retinas labeled for IB4. (C) Quantification 

of number of filopodia per vessel length in the control and α-pv
iΔEC

 retinas. Values represent 

percentages of means versus controls ± s.e.m. 

 



 

Online Figure III. Abnormal vessel morphology in α-pv
iΔEC

 mice and α-pv
ΔEC

 embryos. (A) P7 

control and α-pv
iΔEC

 retinas labeled for IB4. (B) E15.5 control and α-pv
ΔEC

 YSs immunostained for 

CD31. 

 

 



 

Online Figure IV. Altered cell junction morphology in α-pv
iΔEC

 mice. (A) P6 control and α-pv
iΔEC

 

retinas labeled for VE-cadherin, IB4 and claudin-5. Arrows highlight vessel segments with diffuse 

punctuated VE-cadherin stain.  (B) P6 control and α-pv
iΔEC

 retinas labeled for VE-cadherin, IB4 and 

Erg1/2/3. Arrows point to a fragmented vessel partially disconnected from the vascular bed. 

 

 



 

Online Figure V. Mural cell coverage of embryonic and retinal vessels in α-pv
ΔEC

 and α-pv
iΔEC

 

mice. CD31 and αSMA whole-mount immunostaining of YS (A) and skin (B) of E15.5 control and α-

pv
ΔEC

 embryos. Whole-mount labeling of P6 control and α-pv
iΔEC

 retinas for IB4 and αSMA (C) and 

IB4 and anti-NG2 (D). 

 

 

 

 

 

 

 



 

Online Figure VI. siRNA depletion of α-pv in HUVECs. (A) Western blot analysis of α-pv protein 

levels from lysates prepared from HUVECs transfected with two different siRNAs against α-pv and 

scrambled control. GAPDH was used as a loading control. (B) Triple-fluorescent labeling for VE-

cadherin, β-catenin and F-actin of control and α-pv depleted HUVECs cultured on gelatin for 24 

hours. (C) Quantification of the gap index and the gap size index in control and α-pv depleted 

HUVECs. Values means versus controls ± s.e.m. P values are ≤ 0.001. (D) VE-cadherin 

immunostaining of primary ECs isolated from α-pv
fl/fl

 and α-pv
ΔEC

 embryos cultured on gelatin-coated 

slides for 48 hours. Arrowheads highlight intercellular gaps. (E) Double-fluorescent labeling for VE-

cadherin and F-actin of primary ECs isolated from α-pv
+/+;Tie2Cre 

and α-pv
fl/+;Tie2Cre 

embryos cultured on 

gelatin-coated slides for 48 hours. 

 

 

 

 



 

 

Online Figure VII. α-pv localizes at junction-associated intermittent lamellipodia. (A) Double-

fluorescent labeling for α-pv and F-actin of HUVECs cultured under sparse conditions on gelatin-

coated slides for 24 hours. Arrows point to FAs and arrowheads indicate FXs. (B) Double-

immunostaining of α-pv and VE-cadherin of HUVECs cultured under subconfluent conditions on 

gelatin for 24 hours and treated with sphingosine-1-phophate (0.5 µM) for 10 minutes. 



 

Online Tables 

 

 

Online Table I. Genotypes of the progeny from α-pv
fl/+

;Tie2-Cre males and α-pv
fl/+

 females 

intercrosses. 

 

 

 

Online Table II. Genotypes of the progeny from α-pv
fl/+

;Tie2-Cre males and α-pv
fl/fl

 females 

intercrosses. 

 

Online Videos 

 

Online Video I. α-pv is recruited to JAIL.  

Online Video II. α-pv is required for JAIL formation. 
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