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VE-cadherin interacts with cell polarity protein 
Pals1 to regulate vascular lumen formation

ABSTRACT  Blood vessel tubulogenesis requires the formation of stable cell-to-cell contacts 
and the establishment of apicobasal polarity of vascular endothelial cells. Cell polarity is 
regulated by highly conserved cell polarity protein complexes such as the Par3-aPKC-Par6 
complex and the CRB3-Pals1-PATJ complex, which are expressed by many different cell types 
and regulate various aspects of cell polarity. Here we describe a functional interaction of VE-
cadherin with the cell polarity protein Pals1. Pals1 directly interacts with VE-cadherin through 
a membrane-proximal motif in the cytoplasmic domain of VE-cadherin. VE-cadherin clusters 
Pals1 at cell–cell junctions. Mutating the Pals1-binding motif in VE-cadherin abrogates the 
ability of VE-cadherin to regulate apicobasal polarity and vascular lumen formation. In a simi-
lar way, deletion of the Par3-binding motif at the C-terminus of VE-cadherin impairs apico-
basal polarity and vascular lumen formation. Our findings indicate that the biological activity 
of VE-cadherin in regulating endothelial polarity and vascular lumen formation is mediated 
through its interaction with the two cell polarity proteins Pals1 and Par3.

INTRODUCTION
Many organs are composed of sheets of cells wrapped into tubes 
that can form either simple pipes such as the intestine or the kidney 

or an extensive network of tubes such as the tracheal system of in-
vertebrates or the blood and lymphatic vasculature of vertebrates 
(Lubarsky and Krasnow, 2003). The inner surfaces of these tubes are 
lined with epithelial or endothelial cells. Both cell types are highly 
polarized, with well-developed apicobasal membrane polarity. The 
apical domain faces the lumen of the tube, the lateral membrane 
domain is in contact with neighboring cells, and the basal mem-
brane domain adheres to the extracellular matrix (ECM; Yeaman 
et al., 1999). The formation of biological tubes is intimately linked to 
the development of apicobasal membrane polarity (Zegers et al., 
2003; Martin-Belmonte et al., 2008; Lampugnani et al., 2010), and 
loss of cell polarity is frequently associated with defects in organ 
formation or cancer development (McCaffrey and Macara, 2011; 
Rodriguez-Boulan and Macara, 2014).

In epithelial cells, apicobasal polarity is regulated by a con-
served set of polarity protein complexes. These include the 
Par3–atypical protein kinase C (aPKC)–Par6 complex (Par com-
plex), the CRB3-Pals1-PATJ complex (CRB3 complex), and the 
Scribble-Lgl-Dlg complex (Scrb complex; Macara, 2004). The Par 
complex and the CRB3 complex localize to the apical region of 
the intercellular junctions, which harbors the tight junctions (TJs) 
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RESULTS
The cell polarity protein Pals1 interacts with VE-cadherin 
in vascular endothelial cells
Given previous reports describing VE-cadherin as protein interact-
ing with various polarity proteins, including Par3 and Par6 (Iden 
et al., 2006; Lampugnani et al., 2010; Tyler et al., 2010; Liu et al., 
2013), we tested whether VE-cadherin associates with the cell polar-
ity protein Pals1. We first analyzed the expression of Pals1 in endo-
thelial cells by Western blotting and immunoprecipitation (IP). We 
found that human umbilical vein endothelial cells (HUVECs) express 
two Pals1 isoforms corresponding to relative molecular masses (Mr) 
of ∼82 and 72 kDa (Figure 1A), which is similar to what is found in 
epithelial cells (Straight et al., 2004; Cao et al., 2005). We next ad-
dressed the interaction between VE-cadherin and Pals1 by coIP ex-
periments. VE-cadherin immunoprecipitates obtained from HUVECs 
contained the 82-kDa Pals1 isoform which is considered the canoni-
cal Pals1 isoform (www.uniprot.org/uniprot/Q8N3R9; Figure 1B). In 
addition, Pals1 immunoprecipitates obtained from transfected 
HEK293T cells contained VE-cadherin (Figure 1C). To further cor-
roborate these findings, we analyzed the expression and localization 
of Pals1 in cultured cells and endothelial tissues. Pals1 colocalized 
with VE-cadherin at intercellular junctions of cultured HUVECs 
(Figure 1D) and with VE-cadherin at cell–cell junctions after ectopic 
expression in HEK293T cells (Figure 1E). In addition, Pals1 was coex-
pressed with VE-cadherin in endothelial cells of the vascular plexus 
in the mouse retina at postnatal day 6, as revealed by whole-mount 
staining of the retinal vasculature (Figure 1F). Together these find-
ings indicate that Pals1 exists in a complex with VE-cadherin that 
localizes at endothelial cell–cell contacts.

To analyze whether the interaction between VE-cadherin and 
Pals1 is direct, we performed glutathione S-transferase (GST)–pull-
down experiments using recombinant GST-fusion proteins encoding 
the cytoplasmic tail of VE-cadherin, which we incubated with [35S]
methionine-labeled Pals1 generated in vitro using a coupled tran-
scription/translation reticulocyte lysate system. The GST–VE-cadherin 
fusion protein precipitated Pals1 from reticulocyte lysates, indicating 
that the interaction with VE-cadherin is direct (Figure 1G). GST-fusion 
proteins containing the cytoplasmic domains of E-cadherin or N-cad-
herin did not precipitate Pals1 in the same system, indicating that 
Pals1 interacts specifically with VE-cadherin (Figure 1G). The cyto-
plasmic domain of VE-cadherin consists of three major regions: a jux-
tamembrane domain (JMD), which contains the binding site for 
p120ctn; a middle region; and a C-terminal catenin-binding domain 
(CBD), which interacts with β- and γ-catenin (Vincent et al., 2004). The 
JMD and the CBD are conserved among classical cadherins, whereas 
the intervening region is less well conserved (Suzuki et  al., 1991; 
Tanihara et al., 1994). We previously found that Par3 interacts with 
the C-terminal PDZ domain–binding motif of VE-cadherin (-EELII-
COOH), whereas Par6 interacts with the JMD region through a site 
that is distinct from the p120ctn-binding site (Iden et al., 2006). To 
identify the binding site of Pals1 in VE-cadherin, we performed GST-
pull-down experiments with GST–VE-cadherin fusion proteins en-
compassing the JMD and part of the intervening region, the inter-
vening region, or the CBD of the cytoplasmic domain of VE-cadherin. 
Pals1 interacted with the VE-cadherin construct representing the 
JMD and part of the intervening region but not with constructs rep-
resenting the intervening sequence alone or the CBD (Figure 1I, top). 
To further characterize the binding site in VE-cadherin, we introduced 
triple-alanine mutations in the region flanking the p120ctn-binding 
site within the JMD of VE-cadherin. Mutating amino acids located 
C-terminal to the p120ctn-binding region partially reduced but did 
not abolish Pals1 binding (Figure 1I, bottom). On the other hand, 

in vertebrates, whereas the Scrb complex localizes to the baso-
lateral membrane domain (Macara, 2004). The Par complex and 
the CRB3 complex are biochemically linked through a direct as-
sociation between Par6 and Pals1 (Hurd et al., 2003; Wang et al., 
2004).

The endothelium represents a simple squamous epithelium that 
lines the surface of blood and lymphatic vessels. Endothelial cells 
are polarized and are connected by intercellular junctions that con-
tain TJs and adherens junctions (AJs; Dejana, 2004). As opposed to 
epithelial cell–cell junctions, where the TJs are concentrated at the 
apical region of the junction and separated from the AJs, the TJs of 
endothelial cells are localized along the entire lateral junctional cleft 
and are intermingled with AJs and gap junctions (Simionescu et al., 
1975, 1976). Accordingly, proteins that in epithelial cells are sepa-
rated by their specific localization in TJs and AJs, including occludin, 
ZO-1, or claudins, and cadherins or catenins, respectively, colocalize 
at endothelial cell–cell contacts (Schulze and Firth, 1993; Vorbrodt 
and Dobrogowska, 2003; Ruffer et al., 2004).

Despite a similar molecular composition of cell–cell junctions in 
epithelial cells and endothelial cells, the mechanisms regulating 
cellular polarity and lumen formation are much less understood in 
endothelial cells. The major cell adhesion molecule at endothelial 
cell–cell junctions—vascular endothelial (VE)-cadherin—directly 
interacts with components of the Par complex (Iden et al., 2006; 
Lampugnani et al., 2010; Tyler et al., 2010) and regulates the local-
ization of the Par complex regulator Tiam1, as well as the activity 
of aPKC at cell–cell junctions (Lampugnani et al., 2002, 2010), sug-
gesting a specific role in endothelial polarization. In the absence of 
VE-cadherin, endothelial cells fail to develop a polarized vascular 
lumen both in vitro and in vivo (Lampugnani et al., 2010). The ac-
tivity of VE-cadherin in regulating endothelial polarization and vas-
cular lumen formation has been partially linked to its association 
with cerebral cavernous malformations (CCMs) 1/Krev interaction 
trapped (Krit) 1 protein (Lampugnani et al., 2010). The physiologi-
cal implications of its association with cell polarity proteins are not 
well understood.

Here we describe an interaction of VE-cadherin with the polar-
ity protein Pals1. Pals1 is a member of the membrane-associated 
guanylate kinase family of scaffold proteins, which are character-
ized by a specific arrangement of protein–protein interaction do-
mains, including PSD-95/Dlg/ZO-1 (PDZ) domains, Src homol-
ogy-3 (SH3) domains, Lin-2/Lin-7 (L27) domains, WW domains, 
and guanylate kinase domains (Funke et  al., 2005). In epithelial 
cells, Pals1 is localized at TJs, where it links the integral membrane 
protein CRB3 to the multiple PDZ domain–containing scaffold pro-
tein Protein Associated with Tight Junctions (PATJ) to form the tri-
partite CRB3-Pals1-PATJ complex (Roh et  al., 2002; Makarova 
et al., 2003). Pals1 also directly interacts with Par6 through a con-
served motif that is not involved in the interactions with CRB3 and 
PATJ, and this association regulates the localization of these two 
polarity complexes at the TJs in a mutual way (Hurd et al., 2003; 
Wang et al., 2004). Loss of Pals1 expression in Madin–Darby ca-
nine kidney (MDCK) cells results in delayed polarization, impaired 
barrier function, and defective lumen formation (Roh et al., 2003; 
Straight et al., 2004). We find that VE-cadherin directly interacts 
with Pals1 and promotes the recruitment of Pals1 to intercellular 
junctions. Of importance, VE-cadherin mutants that cannot directly 
interact with Pals1, as well as VE-cadherin mutants that cannot di-
rectly interact with Par3, fail to support normal lumen develop-
ment in three-dimensional (3D) culture. Our findings provide a 
molecular basis for the role of VE-cadherin during vascular lumen 
formation.
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mutating the amino acids located N-terminal 
to the p120ctn-binding region abolished the 
interaction. The interaction of VE-cadherin 
with p120ctn was not affected by these mu-
tations (Figure 1I, bottom), suggesting that 
Pals1 and p120ctn do not compete for VE-
cadherin binding. These observations indi-
cate that Pals1 binding to VE-cadherin re-
quires a short motif (R621RRIRQ626 in mouse 
VE-cadherin, R621RRLRK626 in human VE-
cadherin) located N-terminal to the p120ctn-
binding site within the JMD of VE-cadherin.

VE-cadherin recruits Pals1 to cell–cell 
contacts
To address whether VE-cadherin promotes 
the localization of Pals1 at cell–cell contacts, 
we analyzed the localization of Pals1 in 
HEK293T cells, which have a fibroblastic 

FIGURE 1:  VE-cadherin exists in a complex with Pals1. (A) Pals1 expression in cultured 
endothelial cells. HUVEC lysates were analyzed for Pals1 expression by either direct Western 
blot analysis (lane 1) or IP followed by Western blot analysis (lane 2). IPs with isotype-matched 
control antibodies (lane 3) served as control. Pals1 appears as a doublet of bands reflecting the 
82- and 72-kDa isoforms described in epithelial cells. Asterisks indicate unspecific bands. 
(B) CoIP of Pals1 and VE-cadherin. Top, 10% of immunoprecipitates obtained with antibodies 
against VE-cadherin (VE-cad, lane 2) or with isotype-matched control antibodies (IgG, lane 3) 
were incubated with anti–VE-cadherin antibodies to demonstrate efficiency of VE-cadherin IP. 
Bottom, immunoprecipitates obtained with antibodies against VE-cadherin were incubated with 
anti-Pals1 antibodies. VE-cadherin immunoprecipitates contain the 82-kDa isoform of Pals1. 
Lysates of HUVECs (Lys, lane 1) were loaded for comparison. Asterisks indicate unspecific 
bands. (C) CoIP of Pals1 and VE-cadherin after ectopic expression in HEK293T cells. HEK293T 
cells transfected with plasmids encoding Flag-tagged Pals1 (Pals1-Flag) and VE-cadherin 
(VE-cad) were incubated with antibodies against Pals1. Immunoprecipitates obtained with 
anti-Flag antibodies were immunoblotted with antibodies against Pals1 to demonstrate 
efficiency of Flag-Pals1 IP (10% of immunoprecipitate, top), or with antibodies against VE-
cadherin (90% of immunoprecipitate, bottom). Note that immunoprecipitates obtained from 
VE-cadherin–Pals1 double-transfected cells but not from VE-cadherin single-transfected cells 

contain VE-cadherin. (D) Colocalization of 
Pals1 with VE-cadherin at endothelial cell–cell 
junctions. HUVECs were stained for Pals1 and 
VE-cadherin as indicated. Pals1 partially 
colocalizes with HUVECs at cell–cell contacts 
(merge). Scale bar, 10 μm. (E) Colocalization 
of Pals1 and VE-cadherin after ectopic 
expression. HEK293T cells were transiently 
transfected with plasmids encoding 
Pals1-GFP and VE-cadherin as indicated. 
Pals1 and VE-cadherin colocalize at cell–cell 
contacts. Scale bar, 10 μm. (F) Pals1 is 
expressed in vascular endothelial cells in vivo. 
Whole-mount preparations of mouse retinas 
were stained with antibodies against 
VE-cadherin (green) and Pals1 (red). Pals1 is 
expressed by vascular endothelial cells in the 
vascular plexus. Scale bar, 110 μm. (G) Direct 
interaction of Pals1 with VE-cadherin. 
GST-fusion proteins containing the 
cytoplasmic domains of VE-cadherin, 
E-cadherin, and N-cadherin were incubated 
with in vitro–translated, [35S]methionine-
labeled Pals1. Pals1 interacts specifically with 
VE-cadherin. (H) Schematic representation of 
VE-cadherin deletion and mutant constructs 
used in this study. (I) Pals1 interacts with a 
membrane-proximal motif in the cytoplasmic 
domain of VE-cadherin. Top, GST-fusion 
proteins containing the entire cytoplasmic 
domain (cyt. domain) or the membrane-
proximal, -middle, or -distal parts of the 
cytoplasmic domain were incubated with in 
vitro– translated Pals1. Pals1 interacts with 
the membrane-proximal domain of the 
VE-cadherin cytoplasmic tail. Bottom, 
GST-fusion proteins containing the 
membrane-proximal part of the cytoplasmic 
domain with triple alanine (3A) mutations 
were analyzed for association with in vitro–
translated Pals1 and p120ctn. Mutating 
either aa R621-R622-R623 to A621-A622-A623 
(3A4) or aa I624-R625-K626 to A624-A625-A626 
(3A5; mouse VE-cadherin) abolished 
association with Pals1.
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When Pals1 was cotransfected with the Par3 
binding mutant of VE-cadherin (VE-cad_Δ5), 
Pals1 was not enriched at cell–cell junctions 
but localized predominantly in the cyto-
plasm, similar to cells transfected with Pals1 
alone (Figure 2, A and B). These observa-
tions indicate that VE-cadherin promotes 
Pals1 localization at intercellular junctions 
and that this activity is not mediated through 
the membrane-proximal motif involved in 
direct Pals1 binding but through the PDZ 
domain–binding motif at the C-terminus of 
VE-cadherin involved in Par3 binding (Iden 
et  al., 2006; Tyler et  al., 2010). To test 
whether Par3 mediates Pals1 binding to VE-
cadherin, we coexpressed VE-cadherin and 
Pals1 in Par3-depleted HEK293T cells. The 
absence of Par3 did not impair recruitment 
of Pals1 by VE-cadherin to cell–cell contacts, 
excluding Par3 as mediator of the interac-
tion between Pals1 and VE-cadherin (Sup-
plemental Figure S1). To address whether 
VE-cadherin is required for the localization 
of Pals1 at intercellular junctions of endothe-
lial cells, we analyzed the subcellular local-
ization of Pals1 in endothelial cells depleted 
of VE-cadherin. In control small interfering 
RNA (siRNA)–transfected cells, Pals1 ap-
peared as thin signal lining the intercellular 
junctions (Figure 2C). In VE-cadherin–knock-
down cells, Pals1 was reduced but still de-
tectable at intercellular junctions, despite 
complete knockdown of VE-cadherin (Figure 
2C, bottom). These observations indicate 
that VE-cadherin is not mandatory for Pals1 
localization at intercellular junctions. Most 
likely, the presence of Pals1 at cell–cell junc-
tions of VE-cadherin–depleted endothelial 
cells is due to the ability of Pals1 to interact 
with multiple binding partners at cell–cell 
junctions, including the cell polarity proteins 
CRB3, PATJ, and Par6 (Roh et al., 2002; Hurd 
et  al., 2003; Makarova et  al., 2003; Wang 
et al., 2004; Michel et al., 2005).

VE-cadherin regulates vascular 
lumen formation through Pals1 
and Par3 binding
To address the functional relevance of the 
direct interactions between VE-cadherin 

and the two polarity proteins Pals1 and Par3, we replaced endoge-
nous VE-cadherin in HUVECs with mutants of VE-cadherin that have 
lost the ability to directly interact with Pals1 or Par3. HUVECs were 
transduced simultaneously with virus particles encoding a short hair-
pin RNA (shRNA) directed against human VE-cadherin and virus 
particles encoding shRNA-insensitive murine VE-cadherin cDNA 
constructs containing mutations (VE-cad_3A4) or deletions (VE-
cad_Δ5) in the binding regions for Pals1 or Par3, respectively. We 
first analyzed the knockdown efficiencies of endogenous VE-cad-
herin, as well as the levels of expression and subcellular localizations 
of the ectopic murine VE-cadherin constructs, by Western blot anal-
yses and indirect immunofluorescence. Endogenous VE-cadherin 

morphology (Dupre-Crochet et al., 2007). When transfected alone, 
Pals1 was localized predominantly in the cytoplasm and only very 
weakly at cell–cell junctions, as indicated by a diffuse green fluores-
cent protein (GFP) signal throughout the cytoplasm and a weak GFP 
signal at cell boundaries (Figure 2A). When VE-cadherin was cotrans-
fected with Pals1, the diffuse distribution of Pals1 in the cytoplasm 
was abolished and its junctional localization was strongly increased 
(Figure 2A), indicating that VE-cadherin promotes the localization of 
Pals1 at intercellular junctions. When we cotransfected Pals1 with the 
Pals1 binding mutant of VE-cadherin (VE-cad_3A4), we observed en-
richment of Pals1 at intercellular junctions, similar to that seen in cells 
cotransfected with wild-type (WT) VE-cadherin (Figure 2, A and B). 

FIGURE 2:  VE-cadherin recruits Pals1 to cell–cell contact sites. (A) Pals1 recruitment by 
VE-cadherin to cell–cell contacts. HEK293T cells were cotransfected with GFP-tagged Pals1 and 
various murine VE-cadherin constructs, including full-length VE-cadherin (mVE-cad_FL), the Pals1 
binding mutant of VE-cadherin (mVE-cad_3A4), or the Par3 binding mutant of VE-cadherin 
(mVE-cad_Δ5). VE-cadherin was visualized by indirect immunofluorescence; Pals1 was visualized 
using GFP fluorescence. Note that VE-cadherin recruits Pals1 to cell–cell contacts and that this 
activity depends on the PDZ domain–binding motif. Scale bars, 10 μm. (B) Statistical evaluation 
of Pals1 recruitment by VE-cadherin full-length and mutant constructs. The Pals1 signal intensity 
is given as ratio of signal intensity at cell–cell contacts and total signal intensities in the two 
contacting cells (see Materials and Methods for details). Quantitation of data shown here was 
performed using ANOVA with Dunnett’s test with 15 pictures analyzed for each condition and is 
presented as mean ± SEM; ns, not significant, **p < 0.0001. (C) Pals1 localization in VE-cadherin–
knockdown cells. HUVECs transfected with control siRNA or VE-cadherin siRNA (CDH5 siRNA) 
were stained for VE-cadherin and Pals1 (left) or VE-cadherin and ZO-1 (right). Note that Pals1 
localization is reduced but not completely abolished at cell–cell contacts of VE-cadherin–
depleted cells. Arrowheads indicate Pals1 signals at cell–cell contact sites. Scale bars, 10 μm.
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was efficiently depleted in all cell popula-
tions generated (Figure 3, A and B). The 
overall expression levels of the ectopic VE-
cadherin constructs were similar in all cell 
populations with slightly higher levels of the 
VE-cad_3A4 and VE-cad_Δ5 constructs than 
with the VE-cad_FL and VE-cad/3A4_Δ5 
constructs (Figure 3A). All VE-cadherin con-
structs were specifically localized at interen-
dothelial junctions (Figure 3B). In addition, 
the Pals-1 and Par3–binding mutant showed 
the same subcellular localization as VE-cad-
herin WT when ectopically expressed in 
highly polarizing MDCK cells grown on 
polycarbonate filters, that is, exclusive local-
ization at intercellular junctions (Supple-
mental Figure S2). Finally, the mutations did 
not impair the adhesive activity of VE-cad-
herin, as analyzed by aggregation assays of 
transfected CHO cells (Supplemental Figure 
S3). These findings indicated that the intro-
duced mutations did not affect the subcel-
lular localization of VE-cadherin or change 
its adhesive activity.

We then analyzed lumen formation in a 
3D collagen gel assay that mimics the pro-
cess of vasculogenesis in vitro (Koh et al., 
2008). Lentivirally transduced HUVECs 
were mixed with collagen type I at 4°C and 
then transferred to 37°C to allow solidifica-
tion of the collagen and subsequently 
grown for 48 h. Phase contrast images indi-
cated that HUVECs developed lumen-con-
taining spheroids under these conditions 
(Figure 4A, left). Lumen formation was con-
firmed by 3D reconstruction of confocal 
sections (Supplemental Movie S1). We next 
analyzed spheroid and lumen size by using 

FIGURE 3:  Replacement of endogenous VE-cadherin by VE-cadherin mutants lacking Pals1 and 
Par3 binding. (A) Western blot analysis of endogenous VE-cadherin and ectopically expressed 
mVE-cadherin (mVE-cad) constructs in HUVECs. HUVECs were transduced with virus particles 
expressing either control shRNAs (control shRNA) or VE-cadherin–specific shRNAs (VE-cad 
shRNA) together with virus particles containing empty plasmid vectors (pCDH) or plasmid 

vectors encoding shRNA-insensitive mouse 
VE-cadherin constructs, including full-length 
VE-cadherin (FL), the Pals1/Par3 binding 
mutant of VE-cadherin (3A4Δ5), the Pals1 
binding mutant of VE-cadherin (3A4), or the 
Par3 binding mutant of VE-cadherin (Δ5). 
Lysates derived from the different cell 
populations were analyzed with antibodies 
specific for human VE-cadherin (top) and 
mouse VE-cadherin (middle). α-Tubulin 
served as loading control (bottom). 
(B) Localization of endogenous VE-cadherin 
and ectopically expressed mouse VE-
cadherin (mVE-cad) constructs in HUVECs. 
HUVECs transduced with lentivirus particles 
as described in A were analyzed by 
immunofluorescence. Transduced cells were 
visualized by the GFP fluorescence signal, 
and ectopically expressed proteins were 
detected with antibodies specific for murine 
VE-cadherin (mVE-cad) or human VE-cadherin 
(hVE-cad). Note that all mVE-cadherin 
constructs localize to cell–cell contacts. Scale 
bar, 20 μm.
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the GFP fluorescence signal resulting from 
the lentiviral transduction (Figure 4A, right). 
Cross-sections of spheroids were used to 
analyze the spheroid and lumen size. Control 
cells developed into spheroids that com-
monly consisted of three or more cells with a 
cross-sectional area of ∼3200 μm2 and a 
cross-sectional lumen area of ∼1700 μm2 
(Figure 4, B and C). Confocal microscopy 
analysis indicated that the cells developed 
3D spheroids consisting of a single lumen 
surrounded by two or three endothelial cells 
with a thin cytoplasm (Figure 4B), which is 
similar to what was observed previously 
(Davis and Camarillo, 1996; Lampugnani 
et al., 2010). VE-cadherin depletion resulted 
in a dramatic reduction of cross-sectional 
spheroid and lumen size. In addition, the 
cells frequently contained intracellular vacu-
oles indicative for early stages of lumen for-
mation (Kamei et  al., 2006; Lampugnani 
et  al., 2010; Wang et  al., 2010; Figure 4B, 
VE-cad shRNA). Ectopic expression of mVE-
cadherin in VE-cadherin–depleted HUVECs 
cells restored spheroid and lumen size and 
also the ability of cells to develop multicel-
lular spheroids with a single lumen (Figure 4, 
B and C, mVE-cad_FL). Ectopic expression of 
the Pals1-binding mutant of VE-cadherin re-
sulted in spheroids that were similar to 
spheroids originating from VE-cadherin–de-
pleted cells. Both cross-sectional spheroid 
and lumen areas were not significantly larger 
than in VE-cadherin–knockdown spheroids 
(Figure 4, B and C, VE-cad_3A4). In addition, 
instead of a single lumen, the spheroids fre-
quently contained multiple small lumens or 
vacuoles, and the cytoplasm of the cells was 
enlarged compared with the thin cytoplasm 

FIGURE 4:  Spheroid formation of endothelial cells expressing Pals1 and Par3 binding mutants 
of VE-cadherin. (A) Spheroid formation of HUVECs grown in collagen. HUVECs transduced with 
GFP-encoding lentiviral control plasmids were grown for 48 h in 3D collagen gels and analyzed 
by phase contrast microscopy (left) or epifluorescence microscopy (right). Arrowheads point to 
lumen of spheroids. Scale bars, 200 μm. (B) Representative epifluorescence and confocal 
micrographs of spheroids developed from HUVECs transduced with VE-cadherin shRNA and 
mVE-cadherin cDNA constructs as indicated. For confocal imaging, spheroids were analyzed for 
shRNA plasmid transduction (either control shRNA or hVE-cadherin shRNA; GFP fluorescence), 
localization of endogenous VE-cadherin (white signal), localization of ectopically expressed 
mouse VE-cadherin constructs (red signal), and DNA (blue signal). Scale bars, 50 μm 
(epifluorescence images), 10 μm (confocal images). (C) Statistical evaluation of spheroid 
formation of HUVECs transduced with VE-cadherin shRNA and mVE-cadherin cDNA constructs 
as indicated. Top, spheroid size as analyzed by the area of the spheroid. Bottom, lumen/vacuole 
size as analyzed by the area of the lumens/vacuoles. Quantitation of data shown here was 

performed by one-way ANOVA followed by 
Dunnett’s test. Data are derived from four 
independent experiments with 15 spheroids 
analyzed for each condition in each 
experiment. Data are presented as mean ± 
SEM. ns, not significant, **p < 0.0001. 
(D) Spheroid formation of HUVECs after 
Pals1 depletion. Representative bright-field 
microscopy images of spheroids developed 
from control shRNA–transduced HUVECs 
(left) and Pals1 shRNA–transduced HUVECs 
(right). Scale bars, 50 μm. (E) Statistical 
evaluation of lumen/vacuole size after Pals1 
depletion as analyzed by the area of the 
lumens/vacuoles. Quantitation of data shown 
here was performed by one-way ANOVA 
followed by Dunnett’s test. Data are derived 
from three independent experiments with a 
minimum of 15 spheroids analyzed for each 
condition in each experiment. Data are 
presented as means ± SEM. ns, not 
significant, **p < 0.0001.
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ent mechanisms, including cell prolifera-
tion, cell survival, and cell polarization.

VE-cadherin regulates endothelial 
membrane polarity through Pals1 
and Par3
We next analyzed membrane polarity in 
spheroids originating from control HU-
VECs, VE-cadherin–knockdown HUVECs, or 
HUVECs with endogenous VE-cadherin re-
placed by Pals1, Par3, or Pals1/Par3 binding 
mutants of VE-cadherin. Control cells devel-
oped regular spheroids with a central lumen 
in which the apical membrane marker podo-
calyxin (Podxl) was enriched along the api-
cal membrane above the nucleus (Figure 5). 
The basal marker collagen IV (Coll IV) was 
restricted to the basal surface of the cells, 
where it was evenly distributed, similar to 
previous results (Lampugnani et al., 2010). 
Depletion of VE-cadherin resulted in much 
smaller spheroids in which the polar distri-
bution of Podxl and Coll IV was disturbed 
(Figure 5). Podxl was enriched at specific 
sites along intracellular vacuoles and absent 
at others. Similarly, Coll IV was unevenly dis-
tributed along the basal membrane domain. 
Ectopic expression of murine VE-cadherin 
completely restored this polarity defect in-
duced by depletion of endogenous VE-cad-
herin. Of importance, neither the Pals-1 
binding mutant nor the Par3 binding mutant 

of VE-cadherin restored Podxl membrane polarity when expressed 
in VE-cadherin–depleted endothelial cells. In both VE-cadherin_3A4– 
and VE-cadherin_Δ5–reconstituted cells, Podxl was enriched at spe-
cific sites within vacuoles (Figure 5). The localization of Coll IV was 
less severely affected than Podxl, as the protein was still restricted 
to the basal membrane domain facing the collagen matrix. The phe-
notype of the VE-cadherin_3A4Δ5–reconstituted spheroids was 
similar to the phenotypes seen for cells expressing the single mu-
tants, that is, ectopic localization of Podxl at intracellular vacuoles 
but mostly basal localization of Coll IV (Figure 5). Together these 
observations indicate that VE-cadherin regulates apical membrane 
specification and vascular lumen formation through its interaction 
with both Pals1 and Par3.

DISCUSSION
In this study, we identify the conserved cell polarity protein Pals1 as 
a novel binding partner of VE-cadherin. The interaction is direct and 
involves a membrane-proximal region in the cytoplasmic domain of 
VE-cadherin. We find that both the direct interaction with Pals1 and 
the previously identified interaction with Par3 are critical for the abil-
ity of VE-cadherin to regulate apicobasal polarity and vascular lu-
men formation. Our study identifies the two conserved cell polarity 
proteins Pals1 and Par3 as mediators of VE-cadherin–regulated 
polarity in vascular endothelial cells.

Of interest, although VE-cadherin serves as an interaction partner 
of Pals1, we found that both after depletion of VE-cadherin in endo-
thelial cells and upon ectopic expression of the Pals1 binding mutant 
of VE-cadherin in HEK293T cells, Pals1 can still localize at cell–cell 
contacts. The cell–cell contact localization in VE-cadherin–knock-
down endothelial cells can most likely be explained by the multiple 

of mVE-cad_FL–expressing VE-cadherin–knockdown endothelial 
cells (Figure 4, B and C; compare VE-cad_FL and VE-cad_3A4; Sup-
plemental Movies S2 and S3). Similar to the Pals1 binding mutant, the 
Par3 binding mutant of VE-cadherin was unable to reestablish cross-
sectional spheroid and lumen areas, and the spheroids contained in-
tracellular vacuoles instead of a single lumen (Figure 4, B and C, VE-
cad_Δ5). Ectopic expression of a VE-cadherin mutant deficient for 
both Pals1 and Par3 binding resulted in spheroids that resembled 
those obtained after reexpression of the individual binding mutants 
alone, that is, spheroids with reduced cross-sectional spheroid and 
lumen areas and either multiple lumens or vacuoles surrounded by 
cells with highly enlarged cytoplasms (Figure 4, B and C, VE-
cad_3A4Δ5). The effects of the different VE-cadherin mutant con-
structs on spheroid size and lumen size are quantified in Figure 4C. 
Together these findings indicate that both the Pals1-binding motif in 
the JMD of VE-cadherin and the Par3-binding motif at the C-terminus 
of the CBD of VE-cadherin are required for normal spheroid develop-
ment and lumen formation.

To directly analyze Pals1 function in spheroid development and 
lumen formation, we performed spheroid assays with Pals1-de-
pleted HUVECs. Surprisingly, loss of Pals1 expression resulted in a 
drastically reduced number of spheroids (Supplemental Figure 
S4), suggesting a potential role of Pals1 in endothelial cell prolif-
eration or survival, which was previously observed in neural pro-
genitor cells (Kim et al., 2010; Park et al., 2016). Spheroids that 
developed from Pals1-knockdown cells had significantly smaller 
lumens than control cells (Figure 4D and Supplemental Figure S4), 
which is similar to what we observed in VE-cadherin–knockdown 
cysts. These findings indicate that Pals1 regulates spheroid devel-
opment and suggest that this function is mediated through differ-

FIGURE 5:  Membrane polarity of 3D-grown endothelial cells expressing Pals1 and Par3 binding 
mutants of VE-cadherin. HUVECs with endogenous VE-cadherin replaced by Pals1 or Par3 or 
Pals1/Par3 binding mutants were grown for 48 h in 3D collagen gels. Spheroids were stained 
with antibodies against podocalyxin (Podxl) and collagen type IV (Col IV) to stain the apical and 
basal membrane domains, respectively. Lentivirally transduced cells are visualized by GFP 
fluorescence, and nuclei are visualized with DAPI. Representative confocal images of HUVEC 
spheroids are shown for each construct. Scale bars, 10 μm.
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lizes F-actin at the newly formed apical membrane. Vascular endothe-
lial growth factor (VEGF) signaling triggers the interaction of 
nonmuscle myosin II with F-actin and actomyosin-driven cell shape 
changes that are required for lumen formation (Zeeb et al., 2010). The 
further steps after these primary events are less well understood. The 
initiation of apical membrane specification driven by VE-cadherin–
mediated cell adhesion must be reinforced and propagated in order 
to maintain apicobasal membrane polarity, as described in epithelial 
cells (Yeaman et al., 1999). We hypothesize that VE-cadherin contrib-
utes to the maintenance of apicobasal membrane polarity and stable 
lumen formation via both polarity proteins, Pals1 and Par3.

The interaction with Pals1 probably serves to stabilize F-actin at 
the apical membrane. In parietal epithelial cells, Pals1 interacts with 
ezrin, a member of the ezrin-radixin-moesin (ERM) family, and regu-
lates Ezrin recruitment to the apical membrane domain, which is re-
quired for the remodeling of the apical membrane cytoskeleton as-
sociated with vectorial secretion (Cao et al., 2005). In MDCK epithelial 
cells, a complex consisting of Podxl, NHERF1, and ezrin promotes 
apical membrane identity, most likely through the activity of phos-
phorylated ezrin to stabilize the localization of a NHERF1–Podxl com-
plex at the apical membrane (Bryant et al., 2014). The ERM-family 
protein predominantly expressed in endothelial cells is moesin 
(Fehon et al., 2010). Thus, by recruiting moesin through Pals1 to cell–
cell junctions VE-cadherin most likely contributes to the formation of 
the apical membrane. In agreement with this, VE-cadherin and moe-
sin1 are required for the establishment and maintenance of apico-
basal polarity during lumen formation in the intersegmental vessels 
of the zebrafish embryo (Wang et al., 2010). Of note, Pals1 was re-
cently shown to be involved in the regulation of cell cycle progression 
and cell survival of neural progenitor cells in the cerebrum and cere-
bellum, which is in part mediated by an influence on the mammalian 
target of rapamycin (mTOR) signaling pathway (Kim et al., 2010; Park 
et al., 2016). Our observation of a strongly reduced number of spher-
oids after Pals1 depletion in HUVECs (Supplemental Figure S4) is in 
line with a similar role of Pals1 in endothelial cells. Thus we speculate 
that Pals1 contributes to vascular lumen formation not only by regu-
lating apical membrane identity, but also by maintaining endothelial 
cells in a proliferative and antiapoptotic state. The impaired spheroid 
formation in cells expressing the Pals1 binding–defective mutant of 
VE-cadherin (Figure 4, B and C) could then in part be explained by 
putative mislocalization of Pals1 resulting in altered or defective 
mTOR signaling and reduced cell survival.

The interaction of VE-cadherin with Par3 probably contributes 
to the development of apical membrane identity. Par3 interacts 
with various phosphoinositides, including phosphatidylinositol 
4,5-bisphosphate (PtdIns(4,5)P2) and phosphatidylinositol-3,4,5-
trisphosphate (PtdIns(3,4,5)P3), and with the lipid phosphatase 
Phosphatase and Tensin Homologue (PTEN; Wu et al., 2007). In 
polarized epithelial cells, PtdIns(4,5)P2 is localized at the apical 
membrane, whereas PtdIns(3,4,5)P3 is localized at the basolateral 
membrane but excluded from the apical membrane (Gassama-
Diagne et al., 2006). The apical segregation of phosphoinositides 
is regulated by apically localized PTEN (Martin-Belmonte et al., 
2007), which confers apical membrane identity by dephosphory-
lating apical PtdIns(3,4,5)P3 to PtdIns(4,5)P2. Intriguingly, loss of 
PTEN function in MDCK cells and loss of apical localization of a 
Par3-aPKC complex during mouse mammary epithelium devel-
opment inhibit lumen formation and ductal morphogenesis, re-
spectively (Martin-Belmonte et al., 2007; Elias et al., 2015). Thus, 
by recruiting PTEN through Par3, VE-cadherin probably contrib-
utes to the specification of apical and basolateral membranes as 
a prerequisite for lumen formation.

protein interactions that have been described for Pals1. In epithelial 
cells, Pals1 is part of the CRB3-Pals1-PATJ complex and interacts 
directly with both CRB3 and PATJ (Roh et al., 2002; Michel et al., 
2005; Figure 6), which is one possible mechanism for Pals1 localiza-
tion in the absence of VE-cadherin. Furthermore, PATJ can interact 
with other transmembrane proteins, including JAM-A and Nectin-1 
(Adachi et  al., 2009), providing a second possible mechanism for 
Pals1 localization in the absence of VE-cadherin. The normal recruit-
ment of Pals1 in HEK293T cells expressing the VE-cadherin/3A4 mu-
tant but not with the VE-cadherin PDZ domain–binding mutant (VE-
cadherin/Δ5) could also be explained by an indirect association of 
Pals1 with VE-cadherin through a PDZ domain protein interacting 
with VE-cadherin. Par3 would be likely candidate, since it can inter-
act with the Pals1 binding partner Par6 (Hurd et  al., 2003; Wang 
et al., 2004). However, we can rule out Par3 as mediator of this inter-
action because the absence of Par3 did not affect Pals1 recruitment 
in transfected HEK293T cells (Supplemental Figure S1).

Our studies further emphasize an important role for VE-cadherin 
in vascular lumen formation and identify two molecular binding part-
ners through which VE-cadherin mediates this activity, namely Pals1 
and Par3. According to the current model, de novo lumen formation 
is initiated when two apposing cells in endothelial cell cords form 
close cell–cell contacts via VE-cadherin trans-homophilic interactions 
(Zeeb et al., 2010). VE-cadherin recruits the sialomucins CD34 and 
Podxl to the site of cell–cell contact, thereby initiating the separation 
of the two contacting cell membranes by way of repulsive forces me-
diated by the negatively charged carbohydrates on sialomucins 
(Strilic et al., 2009, 2010). Localization of CD34 and Podxl at the cell–
cell contact site is followed by the recruitment of moesin, which stabi-

FIGURE 6:  The Pals1 interaction network. Pals1 directly interacts with 
several scaffolding proteins localized at tight junctions and adherens 
junctions, including PATJ and Par6. In addition, Pals1 directly interacts 
with transmembrane proteins CRB3 and VE-cadherin. Direct interactions 
are indicated by double arrows. Note that the interactions of Pals1 with 
CRB3, Par6, and PATJ have been demonstrated in epithelial cells, and 
the interaction with VE-cadherin is specific for endothelial cells.
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Antibodies and reagents
The following antibodies were used: goat polyclonal antibody (pAb) 
anti–VE-cadherin (sc-6458; Santa Cruz Biotechnology, Dallas, TX), 
mouse monoclonal antibody (mAb) anti–VE-cadherin (610252; BD 
Biosciences, Heidelberg, Germany), rat mAb anti–VE-cadherin 
11D4.1 (550548; BD Biosciences), mouse mAb anti–Flag tag (F1804; 
Sigma-Aldrich), rabbit pAb anti–Flag tag (F7425; Sigma-Aldrich), 
rabbit pAb anti-ZO1 (61-7300; Thermo Fisher Scientific, Waltham, 
MA), rabbit pAb anti-MPP5/Pals1 (HPA000993; Sigma-Aldrich), 
mouse mAb anti–α-tubulin (T5168; Sigma-Aldrich), goat pAb anti-
podocalyxin (AF1658; R&D Systems, Minneapolis, MN), rabbit pAb 
anti–collagen IV (2150-0140; AbD Serotec, Puchheim, Germany), 
and rabbit pAb anti-Par3 (Iden et al., 2006). We used basic fibroblast 
growth factor (bFGF; Peprotech, Hamburg, Germany) and VEGF 
(Peprotech) as reagents.

RNA interference
To deplete VE-cadherin in HUVECs, we used the siRNA oligonucle-
otide 5′-AGAUGCAGAGGCUCAUGAUTT-3′ (Schafer et al., 2003). 
As control siRNA, we used a nontargeting siRNA (On-TARGETplus 
Non-targeting siRNA; Thermo Fisher Scientific). For lentiviral down-
regulation of VE-cadherin in HUVECs, the oligonucleotides 5′-CGC-
GTCCCCAGATGCAGAGGCTCATGATTTCAAGAGAATCAT-
GAGCCTCTGCATCTTTTTTGGAAAT-3′ and 5′-CGATTTCCAAAA
AAGATGCAGAGGCTCATGATTCTCTTGAAATCATGAGCCTCTG-
CATCTGGGGA-3′ were annealed and cloned into the shRNA ex-
pression vector pLVTHM. As negative control, the oligonucleotides 
5′-CGCGTCCCCGGCAGCACAACTGCACTTGTT CAAGAGACAA
GTGCAGTTGTGCTGCCTTTTTGGAAAT-3′ and 5′-CGATTTCCAAA
AAGGCAGCACAACTGCACTTGTCTCTTGAACAAGTGCAGTTGT-
GCGCCGGGGA-3′ were annealed and cloned into pLVTHM. These 
two oligos encode for a shRNA not targeting human VE-cadherin. 
Knockdown of Pals1 was performed using a commercially available 
pool of three Pals1-specific shRNA–encoding lentiviral vector plas-
mids (sc-43991-SH; Santa Cruz Biotechnology). Knockdown of Par3 
was performed using a lentiviral shRNA plasmid targeting human 
PARD3 (RHS3979-201817648; Dharmacon).

DNA constructs
The following GST-fusion constructs were described previously: mu-
rine VE-cadherin cytoplasmic domain lacking five amino acids (aa) at 
the C-terminal end (VE-cad/CP∆5, aa 621–784), murine E-cadherin 
cytoplasmic domain (E-cad/CP, aa 732–882), murine N-cadherin cy-
toplasmic domain (N-cad/CP, aa 747–906; Iden et al., 2006). The 
following GST-fusion proteins, which contain specific subregions or 
mutations of the cytoplasmic domain of murine VE-cadherin, were 
generated in pGEX-4T-1: VE-cad/proximal (aa 621–689), VE-cad/
middle (aa 661–730), VE-cad/distal (aa 714–784), VE-cad/3A1 (aa 
621–689, aa 667–669 replaced by Ala), VE-cad/3A2 (aa 621–689, aa 
670–672 replaced by Ala), VE-cad/3A3 (aa 621–689, aa 673–675 
replaced by Ala), VE-cad/3A4 (aa 621–689, aa 621–623 replaced by 
Ala), and VE-cad/3A5 (aa 621–689, aa 624–626 replaced by Ala). 
The following expression constructs were cloned into pcDNA3 and 
pCDH-CMV-MCS-EF1-Puro: mVE-cad_FL (murine full-length VE-
cadherin), mVE-cad_3A4 (aa 621–623 replaced by Ala), mVE-
cad_Δ5 (aa 780–784 deleted), and mVE-cad_3A4Δ5 (aa 621–623 
replaced by Ala and aa 780–784 deleted). Human Pals1 full-length 
cDNA was cloned into pcDNA3.1/nV5-Dest plasmid vector (Invitro-
gen, Carlsbad, CA) for in vitro transcription/translation, into pcDNA-
DEST53 (Invitrogen) for ectopic expression of N-terminally GFP-
tagged Pals1, and into pQCXIP-3xFlag for ectopic expression of 
N-terminally Flag-tagged Pals1.

One important observation of our study is that the lack of direct 
binding of Pals1 and Par3 to VE-cadherin results in a phenotype 
comparable to the complete lack of VE-cadherin expression, that 
is, disorganized spheroids that contain one or several large vacu-
oles (Figures 4 and 5; Supplemental Movies S1 and S2). The for-
mation of the vascular lumen has been proposed to be regulated 
either by fusion of intracellular vesicles and vacuoles, which co-
alesce with vacuoles from neighboring cells (cell hollowing), or se-
lective recruitment of apical membrane determinants to sites of 
cell–cell contacts at early stages of lumenization followed by mem-
brane separation and cell–cell contact segregation (cord hollow-
ing; Iruela-Arispe and Davis, 2009; Neufeld et al., 2014). It is likely 
that both mechanisms contribute to tube formation, and the rela-
tive contributions of the two mechanisms might depend on the 
type of blood vessel and vascular bed (Wang et al., 2010). In addi-
tion, vacuoles not only fuse and coalesce with vacuoles from adja-
cent cells, but they can also fuse with the luminal membrane and 
thereby contribute to lumen expansion during the cord-hollowing 
mechanism of lumenization (Wang et al., 2010; Zovein et al., 2010). 
Of interest, lack of β1-integrin in nascent endothelial cells results in 
reduced expression of Par3 and mislocalization of VE-cadherin, 
concomitant with abnormal accumulation of intracellular vacuoles, 
which most likely fail to fuse with the nascent apical membrane as 
a result of disturbed membrane polarity (Zovein et al., 2010; Yama-
moto et  al., 2015). Together with these published findings, our 
observations suggest that VE-cadherin interacts with the two cell 
polarity regulators Pals1 and Par3 downstream of β1-integrin to 
regulate apical membrane specification and luminal vesicle fusion 
during lumen morphogenesis.

MATERIALS AND METHODS
Cell culture and transfections
HUVECs were obtained from PromoCell (Heidelberg, Germany; 
C-12203) and maintained in Endothelial Growth Medium 2 (C-
22011; PromoCell) as recommended by the manufacturer. HEK293T 
and MDCKII cells (Sigma-Aldrich, Munich, Germany) were main-
tained in DMEM (Sigma-Aldrich) supplemented with 10% fetal calf 
serum (FCS), 2 mM glutamine, and 100 U/ml penicillin/streptomy-
cin. VE-cadherin–transfected CHO cells (Iden et  al., 2006) were 
maintained in α-MEM (Biochrom, Berlin, Germany) supplemented 
with 10% FCS, 2 mM glutamine, 100 U/ml penicillin/streptomycin 
and 500 μg/ml G418. Transient transfections of plasmids in 
HEK293T, MDCKII cells, and CHO cells were performed using ei-
ther Xfect Transfection Reagent (Clontech Laboratories, Mountain 
View, CA) or Lipofectamine 2000 Transfection Reagent (Life 
Technologies, Darmstadt, Germany) according to the manufactur-
er’s instructions. siRNA oligonucleotide transfections of HUVECs 
were performed using Xfect Transfection Reagent according to the 
manufacturer’s instructions. shRNA-encoding plasmids and cDNA 
plasmids encoding various murine VE-cadherin constructs were 
introduced into HUVECs by lentiviral transduction. Lentiviral parti-
cles were produced in HEK293T cells by cotransfection of the len-
tiviral vectors pLVTHM (Addgene plasmid 12247) or pCDH-CMV-
MCS-EF1-Puro (System Biosciences, Mountain View, CA) with the 
packaging vectors psPAX2 (Addgene plasmid 12260) and pMD2.G 
(Addgene plasmid 12259) in a ratio of 4:3:1. The next day, 
HEK293T culture medium was replaced by Endothelial Growth 
Medium 2, and after 24 h of incubation, lentivirus particle–contain-
ing HEK293T supernatants were transferred to HUVECs. After 
overnight incubation with lentivirus particles, the cells were cul-
tured for an additional 2 d in the absence of virus particles before 
analysis.
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Three-dimensional culture
HUVEC 3D cultures in collagen gels were performed as described 
(Bayless and Davis, 2002; Lampugnani et al., 2010). Briefly, HUVECs 
were seeded at a concentration of 5 × 105 cells/ml in 3.5 mg/ml col-
lagen gels (collagen type I from rat tail, high concentration; BD 
Biosciences). For confocal immunofluorescence, analysis 200 μl of 
the cell suspension in collagen was added to each well of a μ-Slide 
8 Well (ibidi, Martinsried, Germany). After incubation for 30 min at 
37°C in a humidified CO2 incubator, the collagen gel was over-
played with 200 μl of medium (M199 with 1% FCS, insulin-transfer-
rin-selenium supplement, 50 ng/ml phorbol myristate acetate, 
50 μg/ml ascorbic acid, 40 ng/ml VEGF, and 40 ng/ml bFGF). HU-
VEC 3D cultures were cultivated for 48 h and then fixed and pro-
cessed for immunofluorescence microscopy. Spheroids were fixed 
in 4% paraformaldehyde for 35 min and permeabilized in PBS con-
taining 0.5% Triton X-100 for 20 min. Incubation with primary and 
secondary antibodies was performed overnight. Immunostained 
spheroids were analyzed by confocal microscopy as described. For 
spheroid and lumen size quantitation, 50 μl of the cell suspension in 
collagen was added per well of a 96-well microplate. Spheroid and 
lumen sizes were analyzed by taking cross-sectional images of ran-
domly selected spheroids at 20× magnification. Areas were mea-
sured with ImageJ software (National Institutes of Health, Bethesda, 
MD).

Cell aggregation assays
For aggregation assays, CHO cells transfected with VE-cadherin 
constructs were harvested, washed in Hanks balanced salt solution, 
2 mM CaCl2, and 25 mM HEPES, and then counted and adjusted to 
1 × 106/ml. A 3-ml amount of cell suspension was added to a 30-mm 
BSA-coated Petri dish and incubated on a horizontal shaker at 
35 rpm for 45 min at 37°C. Cells were fixed by addition of 500 μl of 
25% glutaraldehyde and incubation on ice for 30 min. The particles 
were counted using ImageJ software. Particles >256 μm2 were con-
sidered as aggregates.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.0 (Graph-
Pad Software, La Jolla, CA). Statistical significances in Figures 2B 
and 4C and Supplemental Figures S1 and S3 were calculated by 
one-way analysis of variance (ANOVA) with Dunnett’s post hoc test.

Immunoprecipitation and Western blot analysis
For immunoprecipitations, cells were lysed in lysis buffer (50 mM Tris 
HCl, pH 7.4, 1% [vol/vol] Nonidet P-40 [AppliChem, Darmstadt, 
Germany], 150 mM NaCl, and protease inhibitors [cOmplete Prote-
ase Inhibitor Cocktail; Roche, Indianapolis, IN]) for 30 min on ice and 
then centrifuged at 4°C. Postnuclear supernatants were incubated 
with 3 μg of antibodies coupled to protein A– or protein G–Sepha-
rose beads (GE Healthcare, Solingen, Germany) overnight at 4°C. 
Immune complex–captured beads were washed five times with lysis 
buffer without inhibitors and boiled in SDS sample buffer containing 
0.1 M dithiothreitol. The proteins were separated by SDS–PAGE and 
analyzed by Western blotting with near-infrared fluorescence detec-
tion (Odyssey imaging system and IRDye 800CW conjugated anti-
bodies; LI-COR Biosciences, Bad Homburg, Germany).

In vitro binding experiments
In vitro binding experiments were performed as described previ-
ously (Ebnet et  al., 2000). Briefly, GST-fusion proteins were ex-
pressed in Escherichia coli BL21 (GE Healthcare). Bacteria were 
lysed by passaging through a French pressure cell, and GST-fusion 
proteins were purified by affinity chromatography. Protein solutions 
were adjusted to 50% (wt/vol) glycerol and stored at −20°C. For GST 
pull-down experiments, the prey proteins were generated in vitro 
using the TNT T7-coupled reticulocyte lysate system (Promega, 
Madison, WI) in the presence of 35[S]methionine as described by the 
manufacturer. We incubated 10 μl of the translation reactions with 
3 mg of GST-fusion proteins immobilized on glutathione-Sepharose 
4B beads (Life Technologies) for 2 h at 4°C under constant agitation. 
Beads were washed five times with buffer B (10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES], pH 7.2, 100 mM KCl, 
1 mM MgCl2, 0.1% Triton X-100). Bound proteins were eluted by 
boiling for 5 min in SDS sample buffer, subjected to SDS–PAGE, and 
analyzed by fluorography.

Immunofluorescence microscopy
Immunofluorescence analyses were performed with cells grown on 
fibronectin-coated chamber slides (Lab-Tek II; Thermo Fisher Scien-
tific). Cells were fixed in either 4% paraformaldehyde for 10 min or 
ice-cold MetOH for 5 min. Paraformaldehyde-fixed cells were per-
meabilized for 10 min in phosphate-buffered saline (PBS) containing 
0.5% Triton X-100 and subsequently washed with PBS containing 
100 mM glycine for 10 min. Blocking was performed for 1 h at room 
temperature with blocking buffer (PBS, 10% FCS, 0.2% Triton X-100, 
0.05% Tween 20, 0.02% BSA) followed by incubation with primary 
antibodies in blocking buffer overnight at 4°C. Incubation with sec-
ondary antibodies (Alexa Fluor 488–, 594–, and 647–conjugated, 
highly cross-adsorbed secondary antibodies; Life Technologies) and 
1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was 
performed in blocking buffer for 1 h at room temperature. Finally, 
samples were washed with blocking buffer and mounted in fluores-
cence mounting medium (Mowiol 4-88; Sigma-Aldrich). Immuno-
fluorescence microscopy was performed using an LSM 780 confocal 
microscope (Carl Zeiss, Jena, Germany) equipped with Plan-Neo-
fluar 20×/0.5 and Plan-Apochromat 63×/1.4 oil differential interfer-
ence contrast objective lenses (Carl Zeiss). Phase contrast micros-
copy was performed using an EVOS Fluorescence Microscope 
(Advanced Microscopy Group, Mill Creek, WA). To quantify Pals1 
localization in transfected HEK293T cells, the cell–cell contact area 
was defined as the area reaching 0.25 μm into each of the two con-
tacting cells. The Pals1 intensity is given as ratio of the mean intensi-
ties measured at cell–cell contacts and in the cytoplasms of the con-
tacting cells.
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