
29

The expansion of the blood vessel network, known as an-
giogenesis, is a critical process that occurs in response 

to an insufficient supply of oxygen and nutrients during de-
velopment, tissue growth, and tissue regeneration.1 Sprouting 
angiogenesis involves coordinated endothelial cell (EC) speci-
fication, adhesion, migration, and proliferation, and its regu-
lation involves physical interactions of ECs to extracellular 
matrix (ECM), as well as homotypic adhesions between ad-
jacent ECs. Sprouting angiogenesis is initiated in response to 
the local production of tissue-derived proangiogenic factors, 
such as vascular endothelial growth factor, which bind to cog-
nate receptors on the endothelium and induce the specification 
and migration of leading tip cells, stimulate the proliferation 
of the neighboring stalk cells to elongate the sprouts and form 

the lumen.1 Subsequent to sprouting angiogenesis, the initial 
vascular plexus is remodeled through extensive pruning and 
selective branch regression, ultimately establishing an effi-
cient and mature hierarchical vascular network.1

The dynamic behavior of ECs during angiogenesis largely 
depends on the organization and dynamic rearrangement of the 
actin cytoskeleton.2 For instance, tip cells dynamically extend 
actin-driven filopodia and lamellipodia to explore the environ-
ment for chemotactic guidance cues to provide directionality 
for the developing vessel network and to migrate.3,4 These cel-
lular projections also facilitate the formation of initial cell–cell 
contacts between tip cells from different sprouts, allowing 
anastomosis of the sprouts from different vessel segments.1 
These initial cell–cell contacts involve the adherens junctions 
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absence of α-pv, blood vessels display impaired VE-cadherin junction morphology. In vitro, α-pv–deficient ECs show 
reduced stable adherens junctions, decreased monolayer formation, and impaired motility, associated with reduced 
formation of integrin-mediated cell–extracellular matrix adhesion structures and an altered actin cytoskeleton.

Conclusions: Endothelial α-pv is essential for vessel sprouting and for vessel stability.   (Circ Res. 2015;117:29-40. 
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(AJs), in which adhesion is mediated by the homophilic en-
gagement of free-floating vascular endothelial (VE)-cadherin 
molecules in the plasma membrane of neighboring cells.5 AJs 
are also needed for stabilization of newly formed vessels.5 VE-
cadherin interacts, via its cytoplasmic domains, with proteins 
associated with the actin cytoskeleton, thereby anchoring the 
junctions to the cellular scaffold and allowing the maturation 
of the junction.6–8 Angiogenesis requires fast and local remod-
eling of endothelial cell–cell junctions.9 This rapid remodeling 
of endothelial AJs is, in part, achieved by local spatiotempo-
ral rearrangements of the actin cytoskeleton.10 Recently, it has 
been shown that actin-driven lamellipodia that develop at VE-
cadherin–free spaces within stable cell–cell junctions regulate 
the local dynamics and patterning of VE-cadherin, thereby 
controlling AJ integrity and monolayer formation.11 These new 
lamellipodia projections are named junction-associated inter-
mittent lamellipodia (JAIL).

In addition to its contact to neighboring cells by AJs, the ac-
tin cytoskeleton is physically connected to the ECM by integrin-
mediated adhesions, which are necessary for cell spreading and 
migration.12 Integrins are heterodimeric transmembrane recep-
tors composed of an α and a β subunit.13 On ECM binding, inte-
grins recruit adaptor and signaling proteins to their cytoplasmic 
domains and form focal adhesions (FAs), through which they 
relay signals into cells. The assembly of FAs is initiated by the 
formation of nascent adhesions and focal complexes (FXs) at 
the edge of the lamellipodium. Then, a subset of FXs grows 
and matures into FAs, which become the primary anchorage 
sites of stress fibers.12 As such, integrin-mediated adhesion and 
signaling are essential for angiogenesis.13 β1 integrins regulate 
EC adhesion, migration, and survival,14 and their importance is 
illustrated in studies in which endothelial-specific deletion of 
β1 integrins causes early embryonic lethality of mice because 
of vascular defects.15,16 Integrin-mediated cell adhesion to the 
ECM also regulates critical cell–cell communication processes 
required for coordinated collective behavior of ECs. For in-
stance, integrin-ECM binding regulates the specification of tip 
and stalk cells through modulation of Dll4/Notch signaling, thus 
controlling vessel sprouting.17 Integrins also regulate assembly 
and integrity of cell–cell junctions by controlling local rear-
rangement of the actin cytoskeleton at the cell–cell contacts.18,19

Parvins are a family of adaptor proteins that localize to FAs 
and facilitate the interaction of integrins with the actin cytoskel-
eton and consist of 3 members: α-parvin (α-pv), β-parvin (β-pv), 
and γ-parvin (γ-pv).20 Parvins contain an actin-binding domain 
comprising 2 tandem calponin homology domains which enable 
parvins to recruit actin filaments (F-actin) to FAs and associate 
to stress fibers. Parvins also interact with actin binding and regu-
latory proteins including, paxillin, integrin-linked kinase, and 
regulators of the Rho GTPases, thereby playing a critical role in 
actin-dependent processes, including cell shape regulation and 
cell migration.20 Specifically, α-pv is a critical regulator of vas-
cular development.21 Its ubiquitous gene deletion in mice leads to 
embryonic lethality associated with severe cardiovascular defects, 
including aberrant organization of vessel networks, impaired 
coverage of vessels by mural cells, and abnormal heart develop-
ment.21 The functions of α-pv in ECs are, however, not known.

Here, we show that deletion of α-pv in ECs in mice results 
in multiple vascular defects characterized by decreased vascu-
lar density because of reduced vessel sprouting and compro-
mised vessel stability. Our results show that α-pv is essential 
for the coordinated changes in cell shape of ECs required for 
maintenance of cell–cell junctions.

Methods
Mutant Mice and Inducible Genetic Experiments
To delete α-pv in ECs, Tie2-Cre transgenic mice22 were bred into a 
background of α-pvfloxed/floxed (α-pvfl/fl) mice, and embryos were ana-
lyzed for the expression of α-pv at different stages. α-pvfl/fl mice were 
generously provided by Reinhard Fässler. For postnatal EC-specific 
loss-of-function experiments, Cdh5(PAC)-CreERT223;α-pvfl/fl mice 
(males) were mated with α-pvfl/fl mice (females). Gene inactivation in 
pups was triggered by intraperitoneal injection of 50 μL of tamoxifen 
solution (Sigma; 1 mg/mL; generated by diluting a 10 mg/mL tamox-
ifen stock solution in 1:4 ethanol:peanut oil with additional peanut 
oil) once daily at postnatal days (P) 1, P2, and P3.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased 
from Promocell (C-12203) or alternatively isolated from embryos as 
described elsewhere24 and cultured with EC medium (Promocell). For 
the isolation of ECs, embryos were harvested at E13.5 and washed 
in PBS. For each embryo, the tail was removed and used for geno-
typing. Embryos were treated with digestion buffer (collagenase A 
[Sigma; 1 mg/mL] and dispase-II [Boehringer; 1 mg/mL] in PBS) 
at 37°C for 60 minutes. Samples were filtered through cell strainers 
and incubated with VE-cadherin–coated Dynabeads for 30 minutes at 
room temperature. VE-cadherin–positive cells coupled to Dynabeads 
were purified with a magnet, centrifuged, and resuspended in fresh 
EC growth medium (Promocell) for culturing.

Small Interfering RNA Transfection
HUVECs were transfected with a small interfering RNA (siRNA) 
duplex against α-pv (Sigma, SASI_Hs01_00165014 and SASI_
Hs01_00165015) and scrambled control (Sigma, SIC001) using 
Lipofectamine RNAiMax (Invitrogen) according to the manufac-
turer’s protocol. Experiments were performed 48 hours after trans-
fection. All experiments were performed with 2 independent siRNA 
against α-pv.

Expression of Lifeact-Enhanced Green Fluorescent 
Protein in HUVECs by Lentiviral Gene Transfer 
and Spinning Disc Live-Cell Imaging
Expression of Lifeact-enhanced green fluorescent protein (EGFP) 
was performed by lentiviral gene transfer as described in detail re-
cently.11 Briefly, passage 1 HUVECs were seeded on cross-linked 
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gelatin at a cell density of about 3×104 and subsequently infected 
with replication-deficient lentivirus carrying Lifeact-EGFP. After 2 
to 3 days, cells Lifeact-EGFP displayed a sufficient signal usable to 
perform fluorescent live-cell imaging by confocal spinning disc mi-
croscopy (Carl Zeiss) at 37°C and 5% CO

2
.

Quantification of Reticular Junctional Index, 
Intercellular Space Index, Gap Index, and Gap Size 
Index
Reticular junctional index (reticular junctional area/cell number) was 
calculated using the formula (total reticular junctional area/total cell 
area)/cell number. Intercellular space index (number of intercellular 
spaces per cell number) was calculated using the formula ([intercel-
lular space number/total cell area]×1000)/cell number. Gap index 
(number of intercellular gaps/cell number) was calculated using the 
formula ([intercellular gap number/total cell area]×1000)/cell number. 
Gap size index (intercellular gap area/cell number) was determined 
using the formula ([intercellular gap area/total cell area]×1000)/cell 
number. Reticular junctional area, intercellular gap area, and total cell 
area were defined manually using ImageJ. In each case, a minimum 
of 5 fields were quantified (≈40 cells per field) per experiment, and 
data shown represent the mean of at least 3 independent experiments.

Quantification of JAIL Frequency
To quantify the frequency of occurrence of JAIL, Lifeact-EGFP was 
expressed in HUVEC cultures (4 HUVEC primary isolates) and then 
treated with either siRNA against α-pv or scrambled control, respec-
tively, as indicated. Sixteen different movies were acquired in total 
for each α-pv and scrambled siRNA-treated cultures. The leading 
edges of JAIL were marked in 2 fields of view (200×200 pixel) for 
each movie >50 frames. The number of the marked leading edges 
was counted, and the values were normalized to the scrambled siRNA 
control experiments.

Statistical Analysis
Statistical analysis was performed using Student t test. At least 3 in-
dependent experiments were performed.

Results
Deletion of α-pv From ECs Leads to Vascular 
Defects, Hemorrhages, and Lethality at Late 
Embryogenesis
To gain insight into the functions of α-pv in ECs, we inter-
crossed mice carrying a loxP-flanked α-pv gene (α-pvfl/fl) with 
mice expressing the Cre recombinase under the control of the 
Tie2 promoter (Tie2-Cre).22 Intercrosses between α-pvfl/+;Tie2-Cre 
males and α-pvfl/+ females failed to yield viable newborn α-
pvfl/fl;Tie2-Cre (referred to herein as α-pvΔEC) mice, indicating that 
Tie2-mediated deletion of α-pv gene is embryonically lethal 
(Online Table I). Western blot analysis of lung and EC lysates 
from α-pvΔEC embryos at embryonic day (E) 13.5 showed 
downregulation of α-pv expression when compared with 
lysates from controls littermates (Online Figure IA). Timed 
mating intercrosses between α-pvfl/+;Tie2-Cre males and α-pvfl/

fl females showed that α-pvΔEC embryos were present at ex-
pected Mendelian ratio up to E15.5, and that lethality of α-
pvΔEC embryos commenced at around E14.5 (Online Table II). 
By E13.5, α-pvΔEC embryos were slightly smaller than control 
littermates and showed subcutaneous hemorrhages primarily 
in the head and trunk regions (Figure 1A). Serial histological 
cross-sections of E15.5 embryos confirmed the presence of 
hemorrhages in α-pvΔEC embryos (Online Figure IB). CD31 
whole-mount immunostaining of E15.5 control and α-pvΔEC 
embryos and yolk sacs revealed the presence of tortuous 

vascular plexuses and reduced vascular density in α-pvΔEC 
embryos (Figure 1B; Online Figure IC). Together, these re-
sults indicate that α-pv is required for embryonic blood vessel 
development.

Postnatal EC-Specific α-pv Deletion Results in 
Reduced Vessel Sprouting and Decreased Vessel 
Density
Next, we investigated the functions of endothelial α-pv in 
the retinal vasculature. From postnatal day (P) 1 until P8, a 
primary vascular plexus grows progressively within the gan-
glion layer of the mouse retina from the optic stalk toward 
the periphery.1 We crossed α-pvfl/fl mice with Cadh5(PAC)-
CreERT2 mice,23 induced α-pv gene deletion in ECs by admin-
istering 3 consecutive intraperitoneal injections of tamoxifen 
in newborns starting at P1, and analyzed retinal vasculariza-
tion over time.25 Western blot analysis of lung lysates from P6  
α-pvfl/fl;Cadh5(PAC)-CreERT2 (referred to herein as α-pviΔEC) mice 
showed downregulation of α-pv expression when compared 
with lysates from Cre-negative control littermates (Online 
Figure IIA). Isolectin-B4 (IB4) labeling of control and α-pviΔEC 
retinas showed a significant reduction in radial expansion of 
the vasculature from the center to the periphery in α-pviΔEC 
retinas compared with control retinas (Figure 1C and 1D; 
Online Figure IIB). Vessel density (quantified by the number of 
branch points) and vessel sprouting (quantified by the number 
of sprouts per vessel length) at the angiogenic front were also 
significantly reduced in α-pviΔEC retinas (Figure 1C and 1D; 
Online Figure IIB). Number of filopodia was not altered in the 
absence of α-pv (Online Figure IIC). These results indicate that 
endothelial α-pv is also essential for postnatal angiogenesis.

Loss of Endothelial α-pv Alters Vessel Morphology 
and Compromises EC Proliferation
A closer morphological analysis showed that vessels from 
α-pviΔEC retinas displayed irregular shapes and appeared un-
stable compared with the regular shape of vessels from control 
retinas (Online Figure IIIA). Similar morphological defects 
were also observed in vessels from α-pvΔEC embryos (Online 
Figure IIIB). The analysis also revealed a higher occurrence 
of small caliber vessel segments, IB4-labeled connections be-
tween 2 branch points, in α-pviΔEC retinas (Figure 2A). These 
segments were not lumenized because they were negative for 
intercellular adhesion molecule 2, a marker of the apical/lumi-
nal side of the vessels (Figure 2A and 2B).

Angiogenic growth of blood vessels requires proliferation 
of ECs.1 Bromodeoxyuridine incorporation assay in control 
and α-pviΔEC mice followed by a colabeling of bromodeoxy-
uridine, the EC-specific transcription factor Erg1/2/3 and IB4 
showed a reduced number of proliferating ECs in α-pviΔEC 
retinas compared with control retinas, indicating that endothe-
lial α-pv positively controls proliferation of ECs (Figure 2C 
and 2D).

Loss of Endothelial α-pv Results in Ectopic Vessel 
Regression
Because vessel instability results in reduced vessel density1 
and regressing ECs leave empty basal membrane sleeves 
rich in collagen IV26, we determined whether depletion 
of α-pv from ECs impairs vessel stability by performing 
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whole-mount immunostaining of control and α-pviΔEC ret-
inas using an antibody against collagen IV and IB4. The 
analysis showed a significant increase in collagen IV seg-
ments lacking IB4 in α-pviΔEC retinas compared with control 
retinas, indicating that endothelial loss of α-pv indeed com-
promises vessel stability (Figure 3A and 3B). Furthermore, 
whole-mount immunostaining for cleaved caspase-3 and 
IB4 showed a significant increase in apoptotic vessel seg-
ments in α-pviΔEC retinas compared with control retinas 
(Figure 3C and 3D).

Blood vessel stability and the maintenance of vascu-
lar integrity greatly depend on cell–cell junctions between 
ECs.5 We therefore performed whole-mount immunostaining 
for the junctional marker VE-cadherin in retinas of both α-
pviΔEC and control littermates. Indeed, we observed a diffuse 
and discontinuous stain around cell boundaries in vessels of 

α-pviΔEC retinas compared with the sharp and continuous stain 
observed in vessels of control retinas (Figure 3E). In α-pviΔEC 
retinas, we also observed several cases of vessel segments 
with a cytoplasmic dotted VE-cadherin stain and fragments of 
vessels partially disconnected from the vascular bed (Online 
Figure IV). In addition, mutant vessels displayed a higher in-
cidence of intercellular spaces between ECs compared with 
control vessels (Figure 3E–3G). Endothelial junctions were 
also similarly disorganized in vessels of α-pvΔEC embryos 
(Figure 3F and 3G).

Mural cells, namely vascular smooth muscle cells and 
pericytes, are recruited to newly formed vessels to add ves-
sel stability.27 Because α-pv is crucial for the recruitment of 
mural cells to the vessel wall in embryos,21 we analyzed the 
coverage of vessels by mural cells in α-pvΔEC embryos and 
α-pviΔEC mice. Whole-mount immunostaining of control and 

Figure 1. Loss of endothelial α-parvin (α-pv) leads to vascular defects and embryonic lethality in mice. A, Freshly dissected E13.5 
and E15.5 control and α-pvΔEC embryos. Arrows point to subcutaneous hemorrhages. B, CD31 whole-mount immunostaining of E15.5 
yolk sac and dermal vasculature. C, Visualization of the vasculature by isolectin-B4 (IB4) immunofluorescence in retinas from control 
and α-pviΔEC mice at P7. Arrows point to vessel sprouts. D, Quantification of vascular parameters in the control and α-pviΔEC retinas as 
indicated. Values represent percentages of mean vs respective controls±SEM. P values are 0.024, 0.002, 0.001, and 0.004, respectively. 
EC indicates endothelial cell. ns P>0.05, *P≤0.05, **P≤0.01, ***P≤0.001.
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α-pvΔEC embryos and control and α-pviΔEC retinas using an-
tibodies against α-smooth muscle actin and antineuron glial 
2 showed that the mural cell coverage of the embryonic and 
retinal vessels lacking α-pv was comparable with control ves-
sels (Online Figure V), suggesting that endothelial depletion 
of α-pv did not have a significant effect on the recruitment of 
the mural cells to the vessel wall. Collectively, these results 
indicate that depletion of endothelial α-pv impairs vessel sta-
bility and that endothelial α-pv is required for a proper junc-
tional formation.

Depletion of α-pv in ECs Impairs VE-Cadherin–
Mediated Cell–Cell Junctions and Delays 
Monolayer Formation
Two types of AJs can be distinguished in ECs: continuous, sta-
ble AJs, in which VE-cadherin is localized linearly along cell–
cell borders, and discontinuous AJs, in which VE-cadherin is 
distributed in many short linear structures perpendicular to 

cell–cell borders.10,28 In addition, in in vitro cultures of pri-
mary ECs, VE-cadherin shows a particularly broad reticular 
pattern at sites of cellular overlap (reticular junctions).29,30

To investigate the role of α-pv in the regulation of EC 
junctions, we depleted α-pv in primary HUVECs by siRNA 
and performed double immunostaining for VE-cadherin and 
β-catenin. All experiments were performed with 2 indepen-
dent siRNA against α-pv (Online Figure VIA). After 24 hours 
in culture, α-pv–deficient cells displayed irregular shapes with 
VE-cadherin and β-catenin distributed in filopodia-like struc-
tures perpendicular to the cell borders, whereas control cells 
(HUVECs transfected with scrambled siRNA) had a round 
cobblestone-like morphology (Figure 4A; Online Figure 
VIB). Quantitative analysis indicated that depletion of α-pv 
significantly decreased the levels of stable AJs (Figure 4B). 
Next, we determined the reticular junctional area per cell (re-
ticular junctional index; see Methods), and found that α-pv–
deficient cells also showed a significant reduction of reticular 
junctions (Figure 4B). In addition, quantification also showed 
a higher incidence of intercellular gaps per cell (gap index; see 
Methods) in α-pv–deficient cells compared with control cells 
(Online Figure VIC).

To confirm the relevance of α-pv for endothelial mono-
layer integrity, control and α-pv–depleted HUVECs were 
seeded on gold electrodes, and transendothelial resistance was 
recorded by electric cell-substrate impedance sensing. In this 
assay, cells are seeded in sufficient numbers to cover the elec-
trode during cell spreading, and transendothelial resistance is 
recorded continuously in a noninvasive fashion. The increase 
in transendothelial resistance in the first hours after seeding 
reflects cell spreading and at later time points represents junc-
tional integrity.31 Depletion of α-pv did not affect initial cell 
spreading, but transendothelial resistance in the second phase 
of the experiment was significantly lower in α-pv–depleted 
cells compared with control cells, indicating that loss of α-
pv leads to reduced monolayer integrity (Figure 4C). VE-
cadherin or β-catenin protein levels were not affected in α-pv 
deficiency, indicating that cell junction defects and impaired 
monolayer formation were not caused by low VE-cadherin or 
β-catenin expression (Figure 4D).

Stable AJs are associated with cortical actin and are 
aligned by thin parallel actin bundles, whereas discontinuous 
AJs are attached to radial stress fibers.10,28 F-actin staining of 
control and α-pv–deficient cells showed that loss of α-pv also 
induced changes in the actin cytoskeleton, which were charac-
terized by an increase in staining of short radial actin bundles 
(Figure 4E; Online Figure VIB).

To corroborate these findings, we isolated ECs from 
control and α-pvΔEC embryos (Online Figure IA), plated 
them on gelatin for 48 hours and performed double-fluores-
cence labeling for VE-cadherin and F-actin. Similar to α-
pv–deficient HUVECs, ECs from α-pvΔEC embryos showed 
discontinuous VE-cadherin staining, reduced levels of VE-
cadherin–associated cortical actin, increased levels of radial 
actin bundles, and a higher incidence of intercellular gaps 
(Figure 4F; Online Figure VID and VIE). Collectively, these 
results indicate that α-pv is required for cell–cell junction in-
tegrity and actin cytoskeleton organization in ECs.

Figure 2. Depletion of α-parvin (α-pv) from endothelial 
cells (ECs) alters vessel morphology and compromises 
EC proliferation. A, P6 control and α-pviΔEC retinas labeled for 
isolectin-B4 (IB4) and intercellular adhesion molecule 2 (ICAM2). 
B, Ratio of ICAM2-positive vessel segments to IB4-positive vessel 
segments. Values represent percentages of mean±SEM. P value 
is 0.01. C, P6 control and α-pviΔEC retinas labeled for Erg1/2/3, 
IB4, and bromodeoxyuridine (BrdU). D, Quantification of EC 
area (IB4-positive area), EC nuclei (Erg1/2/3-positive nuclei) per 
EC area, and ratio of EC/BrdU-positive nuclei to total EC nuclei. 
Values represent percentages of mean±SEM. P values are 0.007, 
0.014, and 0.002, respectively. ns P>0.05, *P≤0.05, **P≤0.01.
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α-pv Localizes to JAIL at VE-Cadherin Junctions 
and Is Required for Its Formation
To elucidate the mechanism by which α-pv regulates cell–cell 
junctions, we first investigated the subcellular localization of 

α-pv in HUVECs. Under sparse culture conditions, α-pv lo-
calized at FXs close to the edge of the lamellipodium (Online 
Figure VIIA; arrowheads) and at FAs at the tip of stress fibers 
(Online Figure VIIA; arrows). At sites where 2 adjacent cells 

Figure 3. Loss of endothelial α-parvin (α-pv) results in increased vessel regression. A, P8 control and α-pviΔEC retinas labeled for 
isolectin-B4 (IB4) and collagen IV. Arrows point to empty collagen IV sleeves. B, Ratio of collagen IV–positive vessel segments to IB4-
positive vessel segments. Values represent mean±SEM. P values are 0.18 and 0.0004, respectively. C, P7.5 control and α-pviΔEC retinas 
labeled for IB4 and cleaved (active) caspase-3. Arrows point to cleaved caspase-3–positive vessel segments. D, Relative ratio of cleaved 
(Act) caspase-3–positive vessel segments to total vessel segments. Values represent mean vs control±SEM. P value is 0.05. E, P7 control 
and α-pviΔEC retinas labeled for VE-cadherin. Arrow highlights intercellular space between endothelial cells (ECs). F, VE-cadherin whole-
mount immunostaining of E15.5 yolk sacs from control and α-pvΔEC mice. Arrows highlight intercellular space between ECs. G, Quantification 
of intercellular space index in the YS vasculature. Values represent mean vs control±SEM. P value is 0.02. ns P>0.05, *P≤0.05, ***P≤0.001.



Fraccaroli et al  α-pv in Vessel Development  35

overlap, α-pv also localized in small, punctate clusters that 
resemble FXs along the edge of the overlapping membranes 
(Figure 5A). Immunostaining revealed that initial VE-cadherin 
clusters localize between and in close proximity to α-pv clus-
ters along the edge of these overlapping areas (Figure 5A). 
Similarly, α-pv was also distributed along the edge of JAIL 

at overlapping plasma membranes (Figure 5A; Online Figure 
VIIB; Online Movie I). Triple-fluorescence labeling for α-pv, 
VE-cadherin, and F-actin showed that α-pv dot-like structures 
at the cell–cell junctions are associated with the F-actin and 
occasionally connected via actin filaments to α-pv–positive 
FA-like structures (Figure 5B).

Figure 4. Depletion of α-parvin (α-pv) in endothelial cells (ECs) impairs adherens junction (AJ) stability. A, VE-cadherin and β-
catenin immunostaining of human umbilical vein endothelial cells (HUVECs) transfected either with control (Scramble) or α-pv small 
interfering RNA (siRNA) and cultured on gelatin-coated slides for 24 hours. White arrows point to stable AJs, arrowheads point to 
overlapping junctions, and yellow arrows point to radial VE-cadherin bundles. Asterisks highlight intercellular gaps. B, Quantification 
of percentages of continuous and discontinuous AJs, and the reticular junctional index in control and α-pv–depleted HUVECs. Values 
mean±SEM. P values are 0.03, 0.02, 0.005, and 0.03, respectively. C, Transendothelial resistance measurements over time in cultures 
of control and α-pv–depleted HUVECs. Values represent percentages of mean vs controls±SEM. P values are 0.007, 0.0001, 0.02, and 
0.05, respectively. D, Western blot of α-pv, VE-cadherin, and β-catenin protein levels in control and α-pv–depleted HUVECs cultured on 
gelatin-coated plates for 24 hours. GAPDH was used as a loading control. Double-fluorescence labeling for VE-cadherin and F-actin of (E) 
control and α-pv–depleted HUVECs, and (F) primary ECs isolated from α-pvfl/fl and α-pvfl/fl;Tie2Cre embryos cultured on gelatin-coated slides 
for 48 hours. Arrowheads point to intercellular gap. ns P>0.05, *P≤0.05, **P≤0.01, ***P≤0.001.
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Next, we investigated whether α-pv is needed for the 
formation of JAIL. Because JAIL are more prominent when 
ECs are cultured at low confluence,11 we depleted α-pv in 
HUVECs expressing Lifeact-EGFP32 and performed spin-
ning disc fluorescence live-cell imaging under subconfluent 
conditions. In control cells, JAIL were characterized by round 
edges, broad lamella, and a growing period of about 5 minutes 
before retraction (Figure 6A; Online Movie II). In contrast, 
α-pv–deficient cells extended irregular and discontinuous 
lamellipodial projections, which were frequently interrupted 
by edge withdrawal (Figure 6B; Online Video II). These ab-
normal projections usually displayed multiple filopodia-like 
structures along the membrane cortex (Figure 6B; Online 
Video II). Moreover, quantification showed reduced number 
of JAIL in α-pv–deficient cells compared with control cells 
(Figure 6C). The analysis also showed that depletion of α-
pv led to increased formation of intercellular gaps (Figure 6B, 
arrowheads). Collectively, these results indicate that α-pv is 
required for proper JAIL formation.

Depletion of α-pv in ECs Leads to Reduced FX 
Formation and Decreased Rac Activity
Next, we sought to elucidate the mechanism by which α-pv 
regulates cell shape, lamellipodia formation, and actin rear-
rangement in ECs. Stabilization and persistence of the lamel-
lipodia depend on the assembly of FXs at the leading edge 
of the lamellipodia.33 First, we investigate whether FX pro-
teins localize to JAIL and found that like α-pv, vinculin also 
localized at the leading edge of certain JAIL (Figure 7A). 
Vinculin immunostaining also showed reduced levels of vin-
culin at cell–cell borders, as well as at the leading edges of 
lamellipodia in α-pv–deficient cells compared with control 
cells (Figure 7B). Therefore, we next investigated the assem-
bly of FXs in α-pv–deficient cells. The analysis of control 
and α-pv–deficient HUVECs immunostained for paxillin, a 
marker for FXs and FAs, showed that while control cells dis-
played multiple FXs along the leading edges in the proximity 
of FAs, α-pv–deficient cells displayed few FXs and paxillin 

was restricted to FA-like structures (Figure 7C). At FXs, pax-
illin is usually phosphorylated on the tyrosine residue (Y) 
11834. Consistent with reduced levels of FXs in gelatin-stim-
ulated HUVECs lacking α-pv, phosphorylation of paxillin at 
Y118 was significantly reduced in these cells (Figure 7D). 
Importantly, whole-mount immunostaining of retinas also 
showed reduced paxillin phosphorylation in α-pviΔEC retinas 
compared with control retinas, confirming that integrin signal-
ing is also affected in vivo (Figure 7E).

Rac activity is essential for lamellipodial extension. To test 
whether loss of α-pv affects Rac activity, we measured Rac 
activation in control and α-pv–deficient cells after 30 minutes 
on gelatin and found reduced Rac activity in α-pv–deficient 
cells compared with control cells (Figure 7F). Finally, we 
evaluated whether loss of α-pv impaired cell migration of ECs 
by performing a modified Boyden-chamber assay and found a 
significantly decreased migration of α-pv–deficient cells com-
pared with control cells (Figure 7G).

Discussion
The deletion of α-pv in ECs in mice results in hemorrhages 
and decreased vascular density, ultimately culminating in late 
embryonic lethality. Postnatal EC-specific deletion of α-pv 
leads to retinal hypovascularization because of reduced ves-
sel sprouting and excessive vessel regression. In the absence 
of endothelial α-pv, vessels display impaired cell–cell junc-
tion morphology, increased intercellular spaces between ECs, 
reduced EC proliferation, and increased EC apoptosis. In vi-
tro, α-pv–deficient ECs show reduced AJ stability, impaired 
monolayer formation, and reduced cell motility, associated 
with decreased formation of integrin-mediated cell–ECM ad-
hesion structures, reduced JAIL formation, and altered actin 
cytoskeleton.

The formation and maintenance of a functional vascular 
network require coordinated vessel sprouting and pruning and 
dynamic cell–cell contact remodeling between ECs to ensure 
vessel formation and stability.1,9 Vessel sprouting involves 
the specification of tip and stalk cells and the subsequent 

Figure 5. Subcellular localization of α-parvin 
(α-pv) in endothelial cells (ECs). A, Double 
immunostaining of α-pv and VE-cadherin of 
human umbilical vein endothelial cells (HUVECs) 
cultured under sparse (a) and subconfluent (b–d) 
conditions on gelatin for 24 hours. Arrows point to 
VE-cadherin clusters and arrowheads indicate α-pv 
clusters. Dotted lines highlight the edge of small 
junction-associated intermittent lamellipodia. B, 
Triple-fluorescent labeling for α-pv, F-actin, and VE-
cadherin of HUVECs. Notice that focal adhesions 
are linked to adherens junctions by F-actin cables 
(arrowheads).
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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.



38  Circulation Research  June 19, 2015

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


