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ABSTRACT	 Vascular Endothelial cadherin, a type II classical cadherin, is the major cadherin molecule   
participating in homotypic cell-cell adhesion structures between endothelial cells. It associates with 
cytoplasmic and membrane cytoskeletal elements to form endothelial adherens junctions (AJs), pivotal 
in regulating endothelial barrier function in the adult. VE-cadherin-mediated AJs are also involved in 
signaling via direct or indirect associations with receptors.  The generation of mutant animals, espe-
cially mice and zebrafish, revealed many details concerning the role of VE-cadherin-mediated AJs in 
cardiovascular development. In general, VE-cadherin knockout (KO) in mice is embryonic lethal due to 
severe cardiovascular defects, and major signaling pathways as well as vascular formation cues were 
discovered in developing endothelium. However, there is little information regarding AJs formation and 
their components in cardiovascular progenitors. We have characterized in detail the activation pattern 
of mouse VE-cadherin promoter (Pvec) in a mouse embryonic stem cells (ESCs) differentiation system 
in vitro. Surprisingly, we found that it is activated transiently in cardiac progenitors that belong to the 
second heart field. Based on Pvec activation, we isolated this population in vitro and found that it can 
self-renew by induction of the Wnt/β-catenin pathway.  Next, we successfully established cell culture 
conditions that allowed self-renewal of this population that consists of endothelial and cardiac progeni-
tors. Transplantation in rat hearts showed that they can survive and differentiate to cardiomyocytes and 
endothelial cells. Although further characterization is needed, these cells can be used in cell-based 
therapies as well as in drug screening.
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Adherens junctions (AJs) are cell-cell adhesion structures pivotal 
to morphogenetic processes, lineage specification and prolifera-
tion. They provide adhesive properties through classical cadherin 
receptors and the cytoplasmic catenins to support forming tissues, 
and are also involved in segregation of various cell-types emerging 
during differentiation (Harris and Tepass, 2010).  Classical cadherins 
are Ca+2-dependent transmembrane molecules responsible for 
cell-cell interactions, and constitute the backbone of AJs defined 
by the presence of five repetitive homologous “cadherin domains” 
in their extracellular domains. Classical cadherins associate with 
catenins through their cytoplasmic domains. While the extracellular 
N-terminal cadherin domains engage in homophilic interactions, 
their C-terminal cytoplasmic domains interact with β-catenin, 
plakoglobin and p120, which couple the actin or intermediate fila-
ment cytoskeleton to AJs.

Cadherins functions are not limited to “cellular glue” but are 
also involved directly or indirectly with crucial signaling pathways 
such as tyrosine receptor kinase, and can regulate their activities 
(Halbleib and Nelson, 2006; Stepniak et al., 2009; Niessen et al., 
2011; Klezovitch and Vasioukhin, 2015). Differentiating cells are 
equipped with a repertoire of cadherins that determine their as-
sociations between similar or different cell-types emerging during 
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embryogenesis (Hulpiau and van Roy, 2009). E-cadherin is the first 
cadherin expressed during preimplantation developmental stages 
in trophoectoderm, as well as in emerging pluripotent epiblast and 
extraembryonic primitive endoderm cells.  Cadherin-switch is a 
major developmental process occurring during lineage specification 
(Wheelock et al., 2008). Most significantly, cadherin switch takes 
place during gastrulation when epiblast cells undergo epithelial 
to mesenchymal transition to form mesodermal cells expressing 
N-cadherin (Acloque et al., 2009). 

N- and VE-cadherin are the major cadherins expressed in endo-
thelial cells. However, VE-cadherin is specific to endothelial AJs.  
N-cadherin was shown to be essential for cardiovascular system 
formation, and VE-cadherin expression is regulated by N-cadherin 
during early embryogenesis. Loss of N-cadherin in endothelial cells 
results in embryonic lethality at mid-gestation due to major disrup-
tion of vascular structures, and caused decrease in VE-cadherin 
expression (Luo and Radice, 2005).  

VE-cadherin is localized at the endothelial cell-cell junctions, 
where it mediates cell adhesion and plays a crucial role in vascu-
logenesis and angiogenesis.  It is well established that VE-cadherin 
plays a central role in endothelial cell-cell adhesion regulation and 
vascular endothelial barrier function in the adult (Komarova et al., 
2017). In addition, is involved in many aspects of endothelial cell 
biology, such as cell proliferation, survival, cell shape, cell migra-
tion and cell polarity (Iden et al., 2006).  Formation of junctional 
mechanosensory complexes consisting of VE-cadherin, PECAM-1 
and vascular-endothelial growth factor receptor 2 (VEGFR2) sense 
and transmit mechanical forces that modulate signaling pathways 
described in the adult endothelial cells (Tzima et al., 2005; Harris and 
Tepass, 2010; Conway et al., 2013; Dejana and Vestweber, 2013).

    
VE-cadherin in signaling pathways during cardiovascular 
system development 

VE-cadherin involvement in signaling has been previously 
reported. The VE-cadherin association with VEGFR2 results in 
mitogen-activated protein kinase (MAPK) negative regulation 
(Grazia Lampugnani et al., 2003; Lampugnani et al., 2006). On the 
other hand, it positively regulates PI3-kinase (PI3K)/Akt pathway, 
through β-catenin, thus promoting anti-apoptotic signaling (Carme-
liet et al., 1999). VE-cadherin association with the transforming 
growth factor-beta (TGF-β) receptor complex regulates TGF-β 
proliferation signaling (Rudini et al., 2008). In addition, VE-cadherin 
mediated AJs regulate the subcellular localization of YAP through 
VE-cadherin/PI3K/Akt activation, resulting in YAP phosphoryla-

tion and its inactivation in endothelial cells (Choi and Kwon, 2015; 
Giampietro et al., 2015). VE-cadherin was found to associate with 
ALK2 and BMPRII receptor dimer, resulting in stabilization of the 
BMP receptor complex and, thereby, support of BMP6-Smad sig-
naling ((Benn et al., 2016). 

In accordance with VE-cadherin's importance in cell adhesion and 
multiple signaling pathways, its ablation was lethal at E9.5 due to 
defects in endothelial cells survival and remodeling.  Full knockout 
of VE-cadherin in mice leads to early embryonic lethality due to se-
vere vascular defects and abnormal somite and heart development 
(Carmeliet et al., 1999; Gory-Faure et al., 1999).  Detailed analysis 
showed that VE-cadherin is not required for initial vasculogenesis 
to occur in E8.0 KO embryos. However, at E8.5, mutant vessels were 
severely affected and although blood vessels formed, they were not 
maintained (Gory-Faure et al., 1999). Endothelial and endocardial 
cells dissociated and further detachment between endothelial cells 
was observed during sprouting angiogenesis. By E9.5, mutant ves-
sels regressed and collapsed, resulting in complete cardiovascular 
failure that led to embryo proper necrosis. 

These observations, as well as a large number of other stud-
ies, suggest that during development, VE-cadherin is required to 
stabilize existing blood vessels as well as to attenuate extracellular 
proangiogenic signals (reviewed by (Giannotta et al., 2013). Interest-
ingly, abnormal cardiac development was observed in VE-cadherin 
mutant mice at E8.5, although it is not clear how VE-cadherin AJs 
affect cardiac differentiation (Carmeliet et al., 1999). 

VE-cadherin expression during Zebrafish development

VE-cadherin is expressed in Zebrafish, a system that provides 
powerful tools for dissecting early stages of cardiovascular dif-
ferentiation. VE-cadherin was found to be expressed before the 
establishment of cardiovascular system, 12 hpf at the edge of 
anterior and trunk mesoderm (Larson et al., 2004). Analysis of 
mutant Zebrafish offered several interesting phenotypes that they 
have been either confirmed in mammalian models or await further 
investigation. 

A prominent phenotype detected after VE-cadherin knockdown 
is the formation of supernumerous endothelial cell processes in the 
intersegmental vessels.  Increased sprouting in mutants is caused 
by activation VEGFR2 signaling, which VE-cadherin antagonize in 
wild type zebrafish (Abraham et al., 2009; Montero-Balaguer et al., 
2009).  This phenotype is similar to hypersprouting within the reti-
nal vasculature caused by tamoxifen-induced loss of VE-cadherin 
function in postnatal mice (Gaengel et al., 2012). 

Gene Mutant Animals Phenotype Refs
N-cadherin  mKO Lethal at Ε10 Developmental defects  

Cardiovascular heart tube deformation
Cardiovascular defects caused by cardiomyocyte inability to aggregate

(Radice et al., 1997)

mCardiac KO (αMHC) Lethal in few months Loss of intercalated disc structures. Electrical connectivity defects
N-cadherin is not required for cardiomyocytes formation but for proper alignment of myofibrils

(Kostetskii et al., 2005)

mEndothelial KO (tie2) Lethal at the middle of gestation Severe cardiovascular defects (Luo and Radice, 2005)
VE-cadherin mKO Lethal at Ε9.5 Cardiovascular abnormalities  

Inhibition of primary plexus maturation
Defects in endothelial cells survival and remodelling 
Cardiovascular abnormalities

(Carmeliet et al., 1999; 
Gory-Faure et al., 1999)

TABLE 1

VE-cadherin and N-cadherin KO or tissue specific KO in mice

Cardiac specific KO by aMHC (Myosin Heavy Chain locus a) and endothelial specific KO by tie2 promoter, respectively.
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In wild-type embryos, anastomosis of blood vessels in the 
head is initiated by the formation of a single intercellular junction 
between filopodia of two opposing tip cells (Paatero et al., 2018).  
When VE-cadherin function is lost, this adhesion is unstable, and 
as a result, numerous protrusions form between the tip cells, 
which however collapse. This demonstrates the importance of 
VE-cadherin in establishing the first junctional contact necessary 
for vessels anastomosis. Interestingly, vessels do not seem to be 
perfused in VE-cadherin mutants, possibly due to cardiac defects 
(Lenard et al., 2013).  

Null mutations in the zebrafish VE-cadherin gene also resulted 
in impaired junctional remodeling and endothelial cell membrane 
protrusions formation in mutant embryos. It seems that VE-cad-
herin not only organizes the cortical actin cytoskeleton via α- and 
β- catenins anchorage, but also induces actin polymerization in 
endothelial progenitors by an unknown mechanism (Sauteur et 
al., 2014).  In another study, VE-cadherin expression was linked 
to a mechanism leading to large caliber vessel aggregation, 
alignment and finally vascular lumen formation referred to as 
“lumen ensheathment”. Specifically, in order to form common 
cardinal veins (CCV), endothelial cells migrate, delaminate in a 
VE-cadherin-dependent manner and then align around an existing 
luminal space. VE-cadherin is also important for the directionality 
of the collective endothelial cells migration to extend the CCV 
at a later point when circulating blood cells are already passing 
through (Helker et al., 2013).  In addition to vascular defects, 
zebrafish VE-cadherin knockdown embryos show profoundly 
impaired cardiac development.  Although initial formation of 
the heart proceeds normally in knockdown embryos, loss of 
VE-cadherin caused myocardial thinning, abnormal separation 
of the endocardial and myocardial layers and abnormalities in 
cardiac looping.  Endocardial cell junctions did not form properly, 
endocardial permeability increased, and the density of the car-
diac jelly was reduced. Primitive hematopoiesis, vasculogenesis, 
and sprouting were unaffected in these mutants (Mitchell et al., 
2010). The role of VE-cadherin in this phenotype has not been 
investigated. It is possible that unknown signaling pathways are 
impaired, such as shear stress induced pathways, involving VEGF2 
receptor or the Hippo pathway. Other possibilities could be the 
impairment in cell migratory processes and/or the recruitment 
of progenitor populations due to VE-cadherin knockdown (Haack 
and Abdelilah-Seyfried, 2016; Duchemin et al., 2019).  

    
VE-cadherin promoter and isolation of  cardiovascular 
progenitors

Although KO studies showed that VE-cadherin plays major 
roles in the development of cardiovascular vertebrate tissues, 
there is little information about the nature of VE-cadherin AJs 
between cardiovascular progenitors before their specification 
into mature phenotypes. VE-cadherin’s transient expression has 
been described in the haemogenic endothelium lineage progeni-
tors (Oberlin et al., 2010; Costa et al., 2012; Park et al., 2013; Gritz 
and Hirschi, 2016).  Results from the Zebrafish system led us to 
the working hypothesis that VE-cadherin could possibly be ex-
pressed transiently in cardiac progenitors at some unidentified 
stage.  To this end, we employed a genetic approach to isolate 
and characterize cardiovascular progenitor cell populations based 
on the activity pattern of VE-cadherin promoter.  

The heart is formed from two distinct progenitor populations, 
called the first and second heart fields (FHF and SHF respectively), 
derived from a common ancestor and characterized by the expres-
sion of lineage-specific transcription factors  (Vincent and Buck-
ingham, 2010; Kelly et al., 2014). FHF progenitors are derived from 
the anterior splanchnic mesoderm and form the cardiac crescent 
that subsequently contributes to left ventricle and inflow tract. SHF 
progenitors are derived from the pharyngeal mesoderm and con-
tribute mainly to right ventricle and the outflow tract (OFT) (Garry 
and Olson, 2006). Particularly, Isl1 is hallmark of SHF emergence 
and Isl1+ cells differentiate further to cardiomyocytes, endothelial, 
endocardial, and smooth muscle cells (Moretti et al., 2006). 

Wnt signaling is pivotal for progenitor cell proliferation in a 
variety of tissues, such as skeletal, neuronal, hemopoietic and 
cardiac muscle.  Its role during cardiac differentiation has been 
studied in detail and its activation was found to be essential for 
proper cardiac specification, progenitor expansion and myocardial 
growth. Specifically, activation of Wnt/β-catenin at the emergence of 
Isl1+ cells resulted in the clonal expansion of these cardiovascular 
progenitors. At a later stage, when Wnt/β-catenin is downregulated, 
Isl1+ cells differentiated to cardiac and endothelial cells. Interest-
ingly, it was reported that N-cadherin AJs prevent the premature 

Fig. 1. Generation and characterization of Pvec genetically modified ES 
clones (A) Schematic representation of the location of the 12 exons and the 
VE-cadherin/Cdh5 mouse promoter. (B) Schematic representation of epi-
somal construct pPvec-EGFP, used for generation of ES clones. (C) Statistical 
analysis of the percentage of VE-cadherin+ cells co-expressing EGFP at d8 
from three independent experiments. ***P< 0.001. (from Maltabe et al., 2016). 
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differentiation of anterior heart field progenitors, a subset of the 
SHF population, by modulating b-catenin’s stability and nuclear 
translocation (Soh et al., 2014). 

Since VE-cadherin is considered endothelial specific, its promoter 
has been used widely for tissue-specific expression in mouse 
models. A number of VE-cadherin promoter fragments have been 
isolated and its activity characterized (Gory et al., 1999; Hisatsune 
et al., 2005; Prandini et al., 2005).  They show activity in the yolk 
sac first, at E7.5, and in the embryo proper by E8.5.  A 2.5kb region 
upstream of the mouse Cdh5 transcriptional initiation has been 
used to drive Cre recombinase in various strains of Tg(Cdh5-cre) 
mice (Alva et al., 2006) and it represents one of the most popular 

endothelial specific expression vehicles (Payne et al., 2018; Kilani 
et al., 2019).

We isolated a 2.510kb mouse VE-cadherin promoter region 
(-2486, + 24 in relation to transcription initiation) (Pvec) (Fig. 
1A) and generated Pvec-EGFP modified mouse ESC cells for 
differentiation experiments (Fig. 1B). The activation of Pvec was 
studied during ESCs in vitro differentiation by monitoring EGFP 
expression. Pvec was faithfully activated in endothelial cells and 
more than 90% of EGFP + cells were also VE-cadherin+ at D8 (Fig. 
1C).   Activation of Pvec was initiated at approximately D4 of 
mouse ES differentiation (our unpublished data). This prompted 
us to isolate the Pvec+ cells early mesodermal population by 
puromycin selection.  FACS analysis for EGFP+ cells during ESCs 
differentiation in selection medium showed that they were 26% 
at d4.5, increased to 40% at d6, 60% at d7 and d8 of the total 
cells (Maltabe et al., 2016). EGFP + selected cells co-expressed, 
in addition to VE-cadherin and PECAM-1, cardiac developmental 
stage-specific markers Isl1, GATA4 at D7 (Fig. 2).

Pvec+ cells were expanded by addition of SB-216763, a GSK3 
inhibitor that induces the Wnt/β-catenin pathway (Fig. 3A, see 
(Maltabe et al., 2016) for details). As a result, the percentage of 
Isl1+ cells were found to exceed 60% of total cells at d12 (Fig. 
3 B,C). These cells were propagated for at least eight passages 
up to 30 days and multiple freeze and thaw cycles. Afterwards, 
their growth declined substantially. (Fig. 3D). Pvec+/Isl1+ cells 
self-renew evident by co-expression of cardiac progenitor markers 
GATA4 and Mef2c (Fig. 3 A-C). Further cardiac differentiation was 
inhibited as indicated by the absence of MLC2v, MLC2a and cTnT 
expression (Maltabe et al 2016).  In addition to cardiac, prolifera-
tion of endothelial cells was achieved in Pvec+ selected cells, 
evident by extensive VE-cadherin-mediated AJs and PECAM-1 

Fig. 2. Pvec+/EGFP+ selected cells co-express Isl1 (red) (A) and GATA4 
(red) (B) at d7. Scale bar 20μm. (From Maltabe et al., 2016). EGFP, enhanced 
green fluorescent protein.

Fig. 3. Cell culture conditions for Expansion of Pvec+ cells. (A-B) Schematic representation of Pvec+ cell expansion strategy. (B) Wnt/ β-catenin activa-
tion induce propagation of Pvec+ cells expressing Isl1 at d12. (C) Pvec+/Isl1+ cells percentage in SB-216763 from three independent experiments. (D) 
Pvec+ cell growth curve. The doubling -time of Pvec + cells in the presence of SB-216763 calculated after growth curve generation between day 1 to day 
28 was ~4.5 days. Scale bar 20μm.
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Fig. 4. Characterization of endothelial and cardiac progenitor populations in CEDPs. (A-F) 
Propagated cells consist of cell populations expressing markers of cardiac (Isl1, Mef2C, GATA4) 
and/or endothelial (Flk-1, PECAM-1, VE-cadherin) progenitors. Scale bar 20μm. (from Maltabe 
et al., 2016).

Fig. 5. Survival and differentia-
tion of CEDPs after transplanta-
tion in adult rat heart. (A) Isl1 
and MLC2v expression after 3, 
7 and 14 days of transplantation 
by RT-PCR analysis. mRNA from 
saline-injected immunosup-
pressed (N1) or untreated (N2) 
LV of adult rats were used as 
negative controls and mRNA 
from E12 mouse embryos (P) 
as positive control. (B, D) The 
LV areas from CEDPs or saline 
recipient rats were dissected 
and examined after 7 and 14 
days by immunocytochemical 
for survival and differentiation of 

CEDPs. Immunostaining of frozen sections demonstrated in all cases that Isl1+ cell populations appeared specifically in CEDPs-, but not in saline-injected 
animals. (C) All Isl1+ cells from two non-sequential sections were photographed and counted with Fiji cell-counter. Draq5 used for DNA staining. The total 
Isl1+ cell number found in 2.8mm tissue was calculated after Spline interpolation.  (Scale bar 20μm. From (Maltabe et al., 2016).

junctions (Fig. 4 D-F). Endothelial cells also did not 
differentiate further, as indicated by the absence of 
markers of mature endothelium like vWF (Maltabe 
et al 2016). This finding that implies a positive role 
of Wnt signaling in endothelial progenitor propa-
gation. Thus, under these culture conditions, a 
cardiac and endothelial dual-progenitor population 
able to self-renew was isolated (called CEDPs).

      
Survival and differentiation of CEDPs after 
transplantation in vivo 

Transplantation of CEDPs in the left ventricle 
(LV) of immunosuppressed rats showed that 
CEDPs survived and differentiated in vivo for at 
least 14 days (Fig. 5 A,B,D). Transplanted CEDPs 
differentiated to cardiomyocytes in vivo shown by 
MLC2v expression, a cardiac myocytes marker not 
expressed in CEDPs. Differentiation of CEDPs was 
first detected 3 days after transplantation, shown 
by MLC2v expression on the 3rd, 7th and 14th day 
post-transplantation (Fig. 5A). CEDP-derived cells 
were discriminated from endogenous cardiac cells 
based on Isl1 expression present only in CEDPs and 
their progeny, but not in the LV of the adult heart. 
Quantification of Isl1+ cells that survived seven 
days post-transplantation dissected LVs showed 
that surviving Isl1+ cells represent ~22% of the 

initially injected cells (Fig. 
5C), considering that Isl1+ 
cells percentage is ~60% of 
CEDPs (Fig. 1C).

The endothelial specific 
activity of the Pvec fragment 
of mouse VE-cadherin pro-
moter has been demonstrat-
ed in transgenic animals and 
during ESCs differentiation. 
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It has been further utilized for endothelial lineage tracing, endo-
thelial specific knock-out mutant mice generation and isolation of 
ES-derived endothelial cells. However, transient activation of Pvec 
was also found in hemogenic endothelium, a progenitor population 
that differentiated to endothelial and definitive hemopoietic cells 
lineages (Chen et al., 2009). This demonstrates that precise timely 
evaluation of Pvec activity is crucial for selection experiments. In 
our laboratory, we have studied in detail the Pvec activity pattern 
during ESC differentiation. Surprisingly, perhaps, we found that 
it was transiently activated in a subset of Isl1+ multipotent car-
diovascular progenitors between days 4-5; based on this finding, 
we selected cells surviving at this time-window. This genetically 
based approach resulted in isolation of the Pvec+ cell population 
with specific endothelial- and cardiac- progenitor phenotypes, an 
indication of specific selection.

In conclusion, based on VE-cadherin’s promoter activity pattern 
during early differentiation, a novel cardiovascular progenitor cell 
population was isolated and characterized, which has the capacity 
to self-renew and further differentiate to endothelial, cardiac, and 
smooth muscle cells in vitro and in vivo. 

These cells can be used in a cell-based therapy for myocardial 
infarct and in drug screening. 
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