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SUMMARY
Adherens junctions (AJs) provide adhesive properties through cadherins and associated cytoplasmic catenins and participate inmorpho-

genetic processes. We examined AJs formed between ISL1+ cardiovascular progenitor cells during differentiation of embryonic stem cells

(ESCs) in vitro and in mouse embryogenesis in vivo. We found that, in addition to N-CADHERIN, a percentage of ISL1+ cells transiently

formed vascular endothelial (VE)-CADHERIN-mediated AJs during in vitro differentiation on days 4 and 5, and the same pattern was

observed in vivo. Fluorescence-activated cell sorting (FACS) analysis extended morphological data showing that VE-CADHERIN+/ISL1+

cells constitute a significant percentage of cardiac progenitors on days 4 and 5. The VE-CADHERIN+/ISL1+ cell population represented

one-third of the emerging FLK1+/PDGFRa+ cardiac progenitor cells (CPCs) for a restricted time window (days 4–6). Ablation of VE-

CADHERIN during ESC differentiation results in severe inhibition of cardiac differentiation. Disruption of all classic cadherins in the

VE-CADHERIN+ population via a cadherin dominant-negative mutant’s expression resulted in a dramatic decrease in the ISL1+

population and inhibition of cardiac differentiation.
INTRODUCTION

Among the morphological changes taking place during

post-implantation embryogenesis, cell-cell adhesion

structures with different properties form to serve struc-

tural and functional requirements of emerging and

differentiating cell populations. Adherens junctions

(AJs) are cell-cell adhesion structures pivotal for morpho-

genetic processes, lineage specification, and prolifera-

tion. They provide mechanical support to forming tis-

sues while also being involved in segregation of various

cell types emerging during differentiation (Harris and Te-

pass, 2010). Classic cadherins and associated catenins are

AJ components providing strong adhesion and facilitate

signaling cues in proliferation and migration by direct

or indirect association with the actin cytoskeleton and

signaling receptors and their effectors. E-, N-, and VE-

cadherins are typical members of the classic cadherins

subfamily, predominantly expressed in epithelial,

neuronal, and endothelial tissues, respectively (Liang

and Yap, 2015). Differentiation of epiblast into meso-

dermal cells during gastrulation onset is an EMT (epithe-

lial-to-mesenchymal transition) process characterized by

an E- to N-CADHERIN switch (Acloque et al., 2009; Bar-

dot and Hadjantonakis, 2020). N-CADHERIN is the first
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cadherin expressed in mesoderm after epiblast cells un-

dergo EMT during gastrulation (Acloque et al., 2009),

and it has been shown to be essential for cardiovascular

system formation (Kostetskii et al., 2005; Radice et al.,

1997). The heart is formed from two distinct progenitor

populations, called the first and second heart field (FHF

and SHF, respectively), derived from a common ancestor

and characterized by expression of lineage-specific tran-

scription factors (Meilhac and Buckingham, 2018). FHF

progenitors are derived from the anterior splanchnic

mesoderm and form the cardiac crescent, which later

contributes to the left ventricle and inflow tract (IFT).

SHF progenitors are derived from the pharyngeal meso-

derm and contribute mainly to the right ventricle and

the outflow tract (OFT). Of interest, ISL1 is a hallmark

of SHF emergence, with ISL1+ cells differentiating further

into cardiomyocytes and endothelial, endocardial, and

smooth muscle cells.

There is little information about the nature and the role

of AJs between cardiovascular progenitors before their spec-

ification into mature phenotypes. SHF cells, however,

display epithelial characteristics and form an atypical, api-

cobasally polarized, epithelium-like cell monolayer in the

dorsal pericardial wall, expressing E-CADHERIN on embry-

onic day 9.5 (E9.5) (Francou et al., 2014). In other studies, it
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was found that N-CADHERIN is involved in cardiomyocyte

specification. Disruption of N-CADHERIN expression in

MEF2C+ anterior heart field (AHF) cardiac progenitor cells

(CPCs) results in low proliferation and premature differen-

tiation of the ISL1+/MEF2C+ SHF subset, causing embry-

onic lethality around E9.5–E10.5, and this phenotype can

be partially reversed by Wnt pathway activation (Soh

et al., 2014). N-CADHERIN AJs have also been detected in

cardiomyocyte progenitors during embryonic stem cell

(ESC) differentiation, and they can be detected in ISL1 pro-

genitors during mouse heart development on E9.5 (Honda

et al., 2006). VE-CADHERIN is an endothelial AJ molecule

and plays a crucial role in vasculogenesis and angiogenesis

(Szymborska andGerhardt, 2018). It is well established that

VE-CADHERIN is indispensable for endothelial cell-cell

adhesion regulation and vascular endothelial barrier func-

tion in the adult (Komarova et al., 2017). It also participates

in signaling pathways by association and activation of

intracellular partners (Maltabe and Kouklis, 2022). At the

onset of endothelial differentiation, VE-CADHERIN is ex-

pressed in a subset of the early mesodermal FLK1+ cell pop-

ulation that differentiates further into hematopoietic and

endothelial lineages (Nikolova-Krstevski et al., 2008). VE-

CADHERIN ablation is lethal in the mouse embryo on

E9.5 because of defects in endothelial cell survival and

vascular remodeling. Interestingly, abnormal cardiac devel-

opment has been observed in VE-CADHERINmutantmice,

possibly because of endocardial cell disorganization (Car-

meliet et al., 1999).

Here we studied, side by side, the expression pattern of

VE-, N-, and E-cadherins at the onset of cardiac differentia-

tion in the ISL1+ cell populations using an ESC differentia-

tion system. We report that the majority of ISL1+ cells

formed extensive N-CADHERIN AJs at the onset of their

emergence during ESC differentiation on day 4. However,
Figure 1. N- and VE-CADHERIN AJs during early mesodermal diffe
(A) N-CADHERIN AJs between FLK1+ cells in EBs on day 4.
(B–D) VE- and N-CADHERIN AJs on days 4, 5, and 6 show co-expression
5 (yellow).
(E–J) AJs between ISL1+ cells are mediated by N-cadherin and transien
on days 4 and 5. (F) Small ISL1+ cell clusters form VE- in addition to N-
ISL1+ cells form on rare occasions on day 5 (arrowhead) and day 6. No
(H) Flow cytometry analysis (pseudocolor dot plots) for expression of N
analysis of VE-CADHERIN in N-CADHERIN+/ISL1+ cells (right panel) o
frequencies of cell populations in the quadrants. Blue to red colors
CADHERIN AJs in ISL1+ cells on days 6 and 12.
(K–M) VE-CADHERIN AJs in CPCs. (K) Small GATA4+ cell clusters form N
were formed in MEF2c+ cells. (M) VE-CADHERIN AJs were detected on
(N) E-CADHERIN AJs were formed in some ISL1+cells. On rare occasio
these cadherins were not co-localized (magnification inset).
See also Figure S1 for separate immunostaining for (I)–(K), (M), and
trypsinization on day 3, and cells were attached on fibronectin and
performed at least three times, and representative data are shown.
E- and VE-CADHERIN AJs were detected in a fraction of

N-CADHERIN+/ISL1+ cells on days 4 and 5, and surpris-

ingly distinct VE- and E-CADHERIN AJs formed in

the same ISL1+ cell. Fluorescence-activated cell sorting

(FACS) analysis demonstrated that a significant percentage

of PDGFRa+/FLK1+/ISL1+ SHF cardiac progenitors are VE-

CADHERIN+ at that time window. Ablation of VE-

CADHERIN in ESCs by CRISPR negatively affected cardiac

progenitor specification and terminal differentiation.

Expression of an AJ’s dominant-negative mutant under

the ve-cadherin promoter resulted in ISL1+ population

elimination during ESC differentiation in vitro. Consistent

with this, VE-CADHERIN AJs formed transiently in cardiac

progenitors during mouse cardiac differentiation on E8.5.
RESULTS

Early ISL1+ cells form AJs mediated by N-, E-, and

transient VE-cadherins during ESC differentiation

Weexamined, side by side, the expression patterns ofN- and

VE-CADHERIN between day 4 and day 6 during ESCs differ-

entiation. N-CADHERINwas expressed in FLK1+cells on day

4 (Figure 1A), and at the same time, VE-CADHERIN+ cells

seem to emerge in a subset of theN-CADHERIN+ population

co-expressing both cadherins (Figure 1B). At this stage,

N-CADHERIN was uniformly distributed, whereas VE-

CADHERIN formed distinct punctate AJs. On day 5, the

VE-CADHERIN+ population increased (Figure 1Ca); howev-

er, co-localization between VE- and N-CADHERIN was

observed rarely in cells, surrounded by N-CADHERIN+/VE-

CADHERIN� cells (Figure 1Cb). VE-CADHERIN+ population

expanded further onday6, but from this timeon,N- andVE-

cadherins were expressed in a mutually exclusive manner

(Figure 1D).
rentiation

of these cadherins in small cell clusters predominantly on days 4 and

t VE-CADHERIN. (E) The majority of ISL1+ cells form N-CADHERIN AJs
CADHERIN AJs on day 4 (arrowheads). (G and I) VE-CADHERIN AJs in
te that high VE-CADHERIN expressors did not express ISL1 (arrow).
-CADHERIN and ISL1 in the total population of EBs (left panel) and
n days 4 and 5. Numbers in dot plots represent the percentage of
represent a low to high cell frequency, respectively. (I and J) VE-

- and VE-CADHERIN AJs on day 4 (arrowhead). (L) VE-CADHERIN AJs
rare occasions in TBX5+/ISL1+ cells (arrowhead).
ns, VE- and E-CADHERIN were detected in the same ISL1+ cells, but

(N). In (B), (Cb), (E)–(G), and (K), EBs were dissociated by mild
grown as a monolayer. Scale bars, 20 mm. All experiments were
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Next, we examined N- and VE-CADHERIN expression in

ISL1+ cardiac progenitors at the onset of their appearance.

ISL1+cells expressed predominantly N-CADHERIN on

days 4 and 5 (Figure 1E), but, surprisingly, a subset of

them was VE-CADHERIN+ as well (Figures 1F and 1G). Tri-

ple staining of ISL1 and N- and VE-CADHERIN on days 4

and 5 captured a developmental stage where an ISL1+ cell

subpopulation formed AJs mediated by both cadherins in

the same adhesion structure (Figures 1F and 1G). We quan-

tified the co-expression of N-CADHERIN, VE-CADHERIN,

and ISL1 in embryoid bodies (EBs) on days 4 and 5 with

flow cytometry. This analysis revealed that the percentages

of VE-CADHERIN+ cells were 4.3% (day 4) and 24.9% (day

5) within N-CADHERIN+/ISL1+ cells (Figure 1H). VE-

CADHERIN/ISL1 co-expressing cells, although limited,

were also found on day 6 (Figure 1I) but not on day 12 (Fig-

ure 1J). VE-CADHERIN was also detected in a subset of

GATA4+ progenitors on day 4 (Figure 1K) as well as in the

MEF2C+ cell population on day 6 (Figure 1L). Next, we

examined VE-CADHERIN AJs in the FHF TBX5+ cell popu-

lation on day 5 and found that they formed in very rare

cases (Figure 1M). Because it has been reported that SHF

cells display epithelial characteristics, we examined the

possibility of E-CADHERIN AJs in ISL1+ cells on day 5. Un-

expectedly, we found that distinct E- and VE-CADHERIN

AJs formed in the same ISL1+ cells (Figure 1N).

VE-CADHERIN expression in CPCs

Immunostaining demonstrated that VE-CADHERIN AJs

formed in a limited number of cells. However, VE-

CADHERINcouldbeundetectable inmore cellsby immuno-

fluorescence, in the absence of mature AJ formation. To

assess progenitor cell populations where VE-CADHERIN

was expressed during early cardiac differentiation in vitro,

we employed two surface markers known to tag CPCs,

PDGFRa and FLK1, along with the SHF marker ISL1 in

FACS analysis. Cells expressing ISL1 and VE-CADHERIN

were detected on day 4 up to day 6, peaking on day 5 before

showing a vast decrease on day 6 (Figure 2). In more detail,

VE-CADHERIN+/ISL1+ cells were 8.2% on day 4, 29.4% on

day 5, and 3.7% on day 6. We then quantified CPCs (anno-

tated as FLK1+/PDGFRa+; Figure 2A) and found that their

respective percentages were 14.8%, 30.5%, and 12.5%. We

also performed an alternative analysis where we measured

the percentages of VE-CADHERIN+ cells within the ISL1+/

FLK1+/PDGFRa+ CPC population on days 4–6 (Figures 2C

and 2D). We found that VE-CADHERIN was expressed in

21.5%, 37.8%, and 9.5%, respectively.

Ablation of VE-CADHERIN in ESCs results in cardiac

deficiency during in vitro differentiation

To investigate the role of VE-CADHERINAJs upon early ESC

differentiation, the CRISPR-Cas9 system was used to
1830 Stem Cell Reports j Vol. 18 j 1827–1840 j September 12, 2023
generate a functional knockout-causing deletion in E14T

cells. Ninety clones were isolated, and 30 clones were tested

for VE-CADHERIN expression on day 7 by immunofluores-

cence. Genomic DNA was isolated from 14 clones with no

VE-CADHERIN staining, the genomic locus disruption

was verified by sequencing (Figure S3A), and homozygous

clones C12 and F12 (Figure S3B) were used for further anal-

ysis. Embryoid bodies from these clones formed normally

(data not shown), and VE-CADHERIN was undetectable in

knockout (KO) cells on day 10 by immunofluorescence

and by qPCR on days 4, 5, 7, and 13 (Figure 3A). The differ-

entiation potential of the C12 and F12 clones was tested

further in vitro by immunofluorescence, qPCR, and FACS

analysis. Interestingly, the ISL1+ and FLK1+ populations

seemed reduced at the onset of their emergence, on day 4,

aswell as on days 5 and 6 (Figure 3B). qPCR analysis showed

that isl1 and flk1 expression was decreased approximately

3-fold on day 5 (Figure 3D). At earlier stages of differentia-

tion, brachyury and n-cadherin expression was only slightly

affected compared with the control (Figure S3C and S3D),

but mesp-1 expression was unexpectedly reduced 9-fold in

the C12 KO clone and 13-fold in the F12 KO clone

comparedwith the control (Figure S3C). Further qPCR anal-

ysis for cardiac developmental markers revealed that tdx5

mRNA expression levels were reduced approximately

8-fold on days 6 and 7, and fgf8, a marker of anterior SHF

(aSHF), and nkx2.5 were moderately affected (Figure 3D).

MEF2c+, TBX5+, as well as GATA4+ cells were also reduced

on days 5 and 6 in KO clones, as indicated by immunofluo-

rescent analysis (Figure S3D–S3F). Relevant to the VE-

CADHERIN expression pattern (Figure 2), the PDGFRa+/

FLK1+population was substantially reduced in KO clones

ondays 4 and5, as shownby FACS analysis (Figure 3C).Car-

diac differentiation at later stageswas affected in KO clones,

as evident by the absence or severe reduction of beating EBs

on day 13 (0% in clone C12, 30% in clone F12), in contrast

to E14T EBs (90%) under the same conditions (Figure S3G).

Also, cTNT+ cells were significantly decreased on day 10

(Figure 3E). In accordance cTNT expression levels were

clearly reduced, whereas MLC2v and MLC2a expression

was almost lost (Figure 3D). Formation of the endothelium

was assessed in KO clones on day 10, when extensive endo-

thelial networks form, using PECAM-1 and vonWillebrand

factor (vWF) as endothelialmarkers. Interestingly,we found

that, although both proteins were expressed, PECAM-1was

mostly cytoplasmic, and vWF was localized in large aggre-

gates instead of typical Palade bodies (Figures 3F and 3G).

Expression of a pan-cadherin dominant-negative

mutant in the Pvec+ population inhibits ISL1+ cell

specification

We found that VE-, N-, and E-CADHERIN AJs formed in

ISL1+ cells (Figure 1). To eliminate the possibility that



Figure 2. Flow cytometry analysis of EBs on days 4, 5, and 6
(A and C) Schematic of the gating strategy.
(B) Dot plots displaying expression of VE-CADHERIN and ISL1 in total cells (left panel) and expression of PDGFRa and
FLK1 in VE-CADHERIN+/ISL1+ cells (quadrant 2 [Q2] in A, right panel) on days 4, 5, and 6. (B) Density dot plots displaying
expression of PDGFRa and FLK1 in total cells (left panel) and expression of VE-CADHERIN and ISL1 in PDGFRa+/FLK1+ cells (Q2 in C,
right panel) on days 4, 5, and 6. Numbers in dot plots represent the percentage of frequencies of cell populations in the quadrants
(Q1–Q4).
Blue to red color in dot plots (pseudocolor) represents low to high cell frequency, respectively. Representative data from three inde-
pendent experiments are presented.
N-cadherin, E-cadherin, or other, still unidentified classic

cadherins might compensate for VE-CADHERIN loss of

function in CPCs, we stably expressed a well-characterized

pan-classical cadherin dominant-negative mutant (DEXD-

VEC; Figure S4A) under a 2.5-kb ve-cadherin promoter

(Pvec) (episomal construct pPvec-DEXD-VEC; Figure S4B)

during ESCs cardiovascular differentiation. Pvec activity

was detected in PECAM-1+ and ISL1+ cells by EGFP expres-

sion (Figures 4A and 4B). On day 4, 36%of ISL1+ cells co-ex-

pressed EGFP, whereas the percentage decreased to 15% on

day 5 and to less than 1% by day 6 (Figure 4C). The VE-

CADHERIN mutant was expressed stably under Pvec in

ESCs, and two mutant clones (6 and B4), a pool of mutant

clones (pool), and a mock-transfected clone (mock) were

used for further analysis.
VE-CADHERIN and N-CADHERIN AJs were severely

impaired in mutant EBs on days 4 and 5, as evident by

N-CADHERIN AJ disruption (Figure 4D). On day 4 and on-

ward, the growth of mutant EBs was inhibited compared

with mock EBs (Figure S4C). At the same time, VE- and

N-CADHERIN AJs were significantly reduced between

ISL1+ cells in mutant EBs (Figure 4D). qPCR analysis

showed that ve-cadherin and isl1 levels were dramatically

reduced in mutant clones on days 4–7 (Figure 4E).

BRACHYURY+ cells were comparable between the mutant

and mock EBs on day 4 (Figure S4D), implying that sur-

vival of BRACHYURY+ cells was not affected. MEF2c+ cells

were absent in mutant EBs on day 7, whereas GATA4 was

detected, possibly in non-cardiac cell types (Figure S4E).

At later stages of differentiation (days 7–15), beating
Stem Cell Reports j Vol. 18 j 1827–1840 j September 12, 2023 1831



Figure 3. Impaired differentiation of VE-cadherin-KO ESCs towards cardiac and endothelial cells
(A) VE-CADHERIN AJs in KO and E14T clones on day 10 shown by immunofluorescence and qPCR on days 4–13. Note the absence of VE-
CADHERIN in KO EBs.
(B) Immunofluorescence staining in KO and E14T EBs showing downregulation of ISL1 and FLK1 but not N-CADHERIN.
(C) Flow cytometry analysis (pseudocolor dot plots) for expression of PDGFRa and FLK1 in VE-CADHERIN KO EBs on days 4 and 5 compared
with control EBs.
(D) isl1, flk1, n-cadherin, tbx5, fgf8, nkx2.5, ctnt, mlc2v, and mlc2a mRNA expression levels in KO and control EBs quantified by real-time
qPCR during the indicated differentiation days (three independent biological experiments, n = 3). Data represent mean ± SEM. The
statistical significance of difference was determined by two-way ANOVA with Dunnett’s multiple comparisons as post hoc analysis.
(E) cTNT and VE-CADHERIN expression in KO and control EBs on day 10.
(F and G) Immunostaining for the endothelial markers PECAM-1 and vWF on day 10 in KO EBs compared with the control.
Scale bars, 20 mm. All experiments were performed at least three times, and representative data are shown.
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activity was abolished in mutant EBs, whereas it reached

only 20% in pool EBs compared with around 90% in

mock EBs (Figure 4F). In agreement, cTNT+ cells were ab-

sent in EBs from clones 6 and B4 and significantly

reduced in pool compared with mock EBs (Figures S4F

and S4G).

AJ rescuewas attempted in a hybrid EB system formed be-

tween a wild-type ESC line (dsRed.MST, referred to as rES;

Vintersten et al., 2004) and B4 mutant ESCs. EBs from

rES, distinguished by red staining, showed beating activity

similar to mock. B4-ESCs and rESCs were mixed at various

cell ratios, and AJ formation was monitored. When hybrid

ESCs consisting of 20% rES+ and 80% clone B4 ESCs were

used for differentiation, AJ morphology was partially

restored inmutant-derived ISL1+ cells on day 5 (Figure 4G).

Also, the number of mutant-derived ISL1+ cells increased

�2.2-fold in B4/rES compared with B4 EBs (Figure 4H). At

later stages, cTNT+ mutant-derived cells were detected in

extended areas in B4/rES EBs (Figure 4J), and beating activ-

ity of hybrid EBs was observed in 10%–30%on days 8 and 9

and�60%on days 10–12 comparedwith 0% inmutant EBs

at the same time points (Figure 4I).

ISL1+/MEF2c+cell population forms VE-CADHERIN

AJs during embryogenesis

The unexpected finding that VE-CADHERIN AJs formed

transiently in ISL1+cells could mark a previously unidenti-
Figure 4. Inhibition of classical cadherins in Pvec+ cells severely
(A) Pvec activity is restricted to endothelial cells on day 8, as indica
(B) ISL1+ cells express EGFP in EBs on days 4–6. Note that Pvec activity
that Pvec is activated transiently during ISL1+ cell specification.
(C) Statistical analysis of ISL1+/EGFP+ cells on days 4–6. Approximatel
experiments were performed. ****p < 0.0001.
(D) VE- and N-CADHERIN AJs in clone B4 and mock EBs on days 4 and 5
of N-CADHERIN, and significant decrease of ISL1+ cells in clone B4 EB
(E) Endogenous ve-cadherin and isl1 mRNA levels in clones B4 and 6
ferentiation days (n = 2).
(F) Statistical analysis of beating activity in clones B4, 6, pool, and m
when it contained one or more beating areas). The numbers of EBs cou
217 (three independent biological experiments, n = 3). ****p < 0.00
(G) N-CADHERIN, dsRed, and ISL1 triple staining in EBs from clone B
under mild trypsinization on day 3, and cells were left to attach o
ISL1+ cells in hybrid B4/rES EBs are substantially increased compa
(arrow).
(H) ISL1+ cell fold change between mutant B4 and hybrid B4/rES and m
specifically frommutant and mock ESCs and not from rES. For this exper
cells per field were counted in three independent experiments. Statist
values set to 1. *p < 0.05, ***p < 0.001, ****p < 0.0001.
(I) Statistical analysis of beating activity in hybrid EBs during differe
3). ***p < 0.001.
(J) Rescue of cTNT expression in hybrid EBs (B4/rES) on day 12 (max
Scale bars, 20 mm. In (C), the clone B4 EB day 5 N/VE-CADHERIN scale b
supplemental information. All experiments were performed at least th
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fied cardiac developmental stage.We performed, for the first

time, a morphological analysis of ISL1+cardiovascular pro-

genitors inmouse embryos during the developmental stages

of the linear heart tube (E8.5), cardiac looping (E9.5), and

after chamber formation (E11.5) with respect to VE-

CADHERIN AJ formation. Confocal images taken from

whole-mount embryos on E8.5 showed VE-CADHERIN

junctions formation in a subset of ISL1+ cells, although AJs

werepunctate (Figures5AandS6). Interestingly, apercentage

of VE-CADHERIN+/ISL1+cells was also MEF2c+ (Figures 5Aa

and 5Ad). Quantification in two whole-mount immuno-

stained embryos showed that approximately 20% of

MEF2c+ cells were VE-CADHERIN+ on E8.5 (details in

Figures S5A). Inaddition, adistinctVE-CADHERIN+ cell layer

emerged between the ISL1+ and MEF2c+ cell layers on E8.5

(FigureS5A;VideoS1).OnE9.5,weobserved that ISL1+ endo-

cardial cells formed extensive VE-CADHERINAJs (Figure 5B,

right panel, arrow) and that, on rare occasions, VE-

CADHERIN AJs formed between MEF2c+ cells (Figure 5B,

left panel, arrow). Interestingly, it seems that N- and VE-

CADHERIN AJs formed in a mutually exclusive manner in

ISL1+ cells. On E11.5, the ISL1+/VE-CADHERIN+ population

diminished, and the ISL1+/N-CADHERIN+ population was

found predominantly (Figure S5B). These findings demon-

strate that VE-CADHERIN AJs form transiently in the ISL1+

population on E8.5 and that they represent adhesive struc-

tures of the AHF specifically on E9.5.
affected cardiac differentiation of ESCs
ted by PECAM-1/EGFP co-expression.
was high in low ISL1 expressors and, conversely, on day 5, implying

y 1,000 ISL1+ cells were counted per experiment. Three independent

. Note the absence or disruption of VE-CADHERIN, partial disruption
s compared with mock.
and mock quantified by real-time qPCR during the indicated dif-

ock during differentiation days 7–15 (an EB was considered beating
nted were as follows: mock, 260; clone B4, 185; clone 6, 210; pool,
01.
4 (a), mock/rES (b), and B4/rES(c) on day 5. EBs were dissociated
n fibronectin and grow as a monolayer. Note that the number of
red with B4 and form extensive AJs comparable with mock/rES

ock/rES. The number of ISL1+ cells counted in each case was derived
iment, 10 random fields were photographed, and approximately 400
ical analysis shows the fold change of ISL1+ cells compared with B4

ntiation days 7–12 (three independent biological experiments, n =

imum projection of confocal image series).
ar represents 40 mm. Statistical analysis details are described in the
ree times, and representative data are shown.



Figure 5. VE-CADHERIN is expressed in a subpopulation of SHF cells during murine heart embryonic development on E8.5 and E9.5
(A) Stacked confocal microphotographs of a representative whole-mount embryo on E8.5 (somite stage 5) (a and b) phase-contrast image
(c), and magnified areas from sections z2–z4 (c). All stacks are presented in Figure S5A and Video S1.
(B) Cryosections of heart development on E9.5, indicative of VE-CADHERIN (green) being expressed in SHF cell populations (ISL1+, red)
destined to form future endocardial and pharyngeal endothelial structures. VE-CADHERIN+ cells were shown to co-localize with a sub-
population with MEF2c+ cells (left panel, blue) but not with cTNT+ (blue, center panel) cardiomyocytes or N-CADHERIN (blue, right panel).
Arrows depict ISL1+/VE-CADHERIN+ cells. Scale bars, 20 mm.
DISCUSSION

Differentiating cells are equipped with a repertoire of cad-

herins that determine their associations between the

same or different cell types. AJs mediated by classical cad-
herins associate with the actin cytoskeleton via b- and

a-catenin complexes to regulate cell shape as well as cyto-

skeletal and mechanical properties (Mege and Ishiyama,

2017). These complexes form platforms at cell-cell junc-

tions that regulate actin cytoskeleton rearrangement and
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migration through activation of Rho GTPases (Braga,

2018). AJs have roles beyond just cell-type-specific glue

because they are involved in cell fate decisions through

interactions with signaling pathways. The E- to

N-CADHERIN switch occurs in early embryogenesis and

is a hallmark of EMT. Similarly, the N- to VE-CADHERIN

switch takes place during endothelial-to-mesenchymal

transition (EndMT) during cardiac valve formation (Al-

vandi and Bischoff, 2021). Surprisingly, we observed for-

mation of distinct VE- and E-CADHERIN AJs in the same

ISL1+ cell. This implies that a similar cadherin switch pro-

cess might be taking place in a fraction of ISL1+/E-CAD-

HERIN+ SHF progenitors.

In mouse embryos, ve-cadherin transcripts have been de-

tected at the earliest stages of vascular development (E7.5)

in mesodermal cells of the yolk sac mesenchyme, and on

E9.5, expression of VE-CADHERIN is restricted to the

peripheral cell layer of blood islands that gives rise to endo-

thelial cells (Breier and Risau, 1996). Co-expression of VE-

CADHERIN with ISL1 has been described in cells found

in the lower portion of the OFT septum in human fetal

hearts at gestation week 9 (Lui et al., 2013), and ISL1-

derived cells contribute to the endothelium of the dorsal

aorta and cardinal vein of mouse embryos on E11.5

(Keenan et al., 2012).

In our ESC differentiation system, VE-CADHERIN was

transiently co-expressed in a subset of ISL1+ cells when

they first emerged on day 4 and formed AJs in small cell

clusters mixed with N-CADHERIN. FACS analysis quanti-

fied morphological data showing that VE-CADHERIN+/

ISL1+ cells constitute a significant percentage of CPCs on

days 4 and 5. The double-positive VE-CADHERIN/ISL1

cell population represented one-third of the emerging

FLK1+/PDGFRa+ CPCs and for a restricted time window

(days 4–6). These relatively high percentages cannot be

compared with fluorescence-based morphological data

that depict formation of mature AJs only. In agreement,

VE-CADHERIN AJs appeared in small numbers of ISL1+

and MEF2c+ cells in mouse embryos on E8.5. The transient

presence of that VE-CADHERIN/ISL1 cell population in the

SHF on E8.5 demonstrates the emergence of an early SHF

CPC subpopulation in vivo. Of interest, transient VE-

CADHERIN expression has also been detected in hemato-

poietic progenitor populations, the ‘‘hemogenic endothe-

lium,’’ indicative of a potential function of this SHF CPC

subpopulation in priming formation of the cardiac endo-

thelium (Chen et al., 2009; Lancrin et al., 2009; Oberlin

et al., 2010).

VE-CADHERIN is expressed in endocardial cells lining

the myocardium (Neri et al., 2019; Zhang et al., 2018),

and the ISL1+ SHF population can differentiate to endocar-

dium and OFT endothelium (Meilhac et al., 2015) This

could imply that the ISL1+/VE-CADHERIN+ population
1836 Stem Cell Reports j Vol. 18 j 1827–1840 j September 12, 2023
gives rise to endocardial and endothelial but not myocar-

dial cells. However, in our previous studies, we isolated

and characterized the ISL1+ subpopulation where the ve-

cadherin promoter (Pvec) is active. This population differ-

entiated into cells with endothelial and cardiac phenotypes

(Maltabe et al., 2016).

Ablation of VE-CADHERIN in ESCs byCRISPR-Cas9 tech-

nology caused profound changes in myocardial differenti-

ation. Most importantly, beating activity was severely

affected because of a dramatic decrease in expression of car-

diomyocyte-specific proteins. We postulate that this is a

result of a progenitor population decrease, characterized

by major cardiac transcription factor expression, at the

onset of emergence and not due to endothelial disruption.

There is evidence that the endothelium positively affects

cardiac differentiation; however, this has been shown to

occur at later time points (Chen et al., 2010; Kado et al.,

2008). In addition, in our wild-type EBs, endothelial struc-

tures were barely detected on day 4.

Lack of VE-CADHERIN in KO mice is lethal because of

cardiac and endothelial maturation defects. Specifically,

although the primary vascular plexus forms initially, in-

ter-endothelial structures aremaintained, possibly through

compensatory adhesionmolecules, in early stages, and VE-

CADHERIN is required later for VEGF signaling and

vascular remodeling (Carmeliet et al., 1999; Crosby et al.,

2005). Interestingly, cardiac differentiation is also affected

in VE-CADHERIN KO mice because of endocardial detach-

ment occluding the ventricular lumen in theOFTon E8.75,

leading to myocardial disorganization (Carmeliet et al.,

1999). N-CADHERIN expression was not addressed in the

developing heart of VE-CADHERIN KO mice. In our ESCs

differentiation system, it seems that N-CADHERIN AJs

formed, although their expression was affected slightly.

Ablation of N-CADHERIN has been shown to cause

embryonic lethality because of cardiovascular defects

caused by cardiomyocytes’ inability to aggregate by gesta-

tion day 10 (Radice et al., 1997). Heart-specific KO of

N-CADHERIN in the adult heart was lethal not because of

cardiomyocyte formation failure but because of interca-

lated disc disruption (Kostetskii et al., 2005), and normal

cardiac looping morphogenesis could be partially reversed

when E-CADHERIN substituted N-CADHERIN (Luo et al.,

2001). This demonstrates that cadherins can function

redundantly when expressed ectopically. As a matter of

fact, the role of N- and VE-CADHERIN-mediated AJs was

studied in the developing embryo by knocking out these

molecules individually or in a tissue-specific manner in

the adult. It seems that both cadherins were not indispens-

able for initial specification of progenitor cells but required

later during embryonic tissue formation (Carmeliet et al.,

1999; Luo and Radice, 2005; Radice et al., 1997). In line

with this, we found, quite unexpectedly, that VE- and



E-CADHERIN formed distinct AJs in an ISL1+ subpopula-

tion at the same time.

To address cadherin redundancy inVE-CADHERIN+ cells,

we used a well-established approach and took advantage of

the temporally strict activation pattern of the ve-cadherin

promoter (Pvec) characterized previously (Maltabe et al.,

2016). Pvec drove the expression of a disruptive VE-

CADHERIN mutant (DEXD-VEC) lacking the extracellular

adhesive domain (Kouklis et al., 2003). Numerous studies

have established that such mutants inhibit all classic

cadherin-mediated AJs even when expressed ectopically.

It is suggested that their expression ‘‘poisons’’ endogenous

classic cadherins, possibly through competition for associ-

ation for b-catenin and p120 catenin, necessary for AJ func-

tion (Hermiston and Gordon, 1995; Horikawa and Takei-

chi, 2001; Kintner, 1992). DEXD-VEC expression in Pvec+

cells disrupted AJs mediated by VE-CADHERIN,

N-CADHERIN, and presumably other, still unidentified

classic cadherins expressed on days 4 and 5. Remarkably,

the ISL1+ population’s dramatic decrease in mutant EBs as

early as day 4 could be the result of AJ dysfunction caused

by the mutant’s expression. These results are in agreement

with a recent study demonstrating that ISL1 mutant em-

bryos fail to form mesoderm because of reduced BMP4

signaling from the amnion (Yang et al., 2021). In other

studies, BMP4 activation of p38 mitogen-activated protein

kinase (MAPK) signaling controls ISL1 protein function

(Jing et al., 2021).

We saw VE-CADHERIN AJs first appear in PDGFRa+/

FLK1+/ISL1+ CPCs, and their presence could indicate

participation in signaling events or represent a beacon for

cells originating from different sources to incorporate in

the developing heart or regulate cell migration. VE-

CADHERIN participates in density-dependent inhibition

of endothelial growth by maintaining vascular endothelial

growth factor receptor 2 (VEGFR2) at the plasma mem-

brane, resulting in MAPK negative regulation (Grazia

Lampugnani et al., 2003; Lampugnani et al., 2006) and,

on the other hand, promoting antiapoptotic signaling by

positive regulation of the phosphatidylinositol 3-kinase

(PI3K)/Akt pathway via b-catenin (Carmeliet et al., 1999).

In endothelial cells, VE-CADHERIN has been found to be

associated with ALK2/BMPRII, resulting in stabilization of

the BMP receptor complex and, therefore, support of

BMP6-mediated signaling (Benn et al., 2016). Homophilic

VE-CADHERIN adhesion and the actomyosin cytoskeleton

play central roles in endothelial mechanotransduction

properties linked to signaling (Barry et al., 2015). VE-

CADHERIN AJs control YAP transcriptional activity/or sub-

cellular localization, phosphorylation, and activity

through VE-CADHERIN/PI3K/Akt activation (Choi and

Kwon, 2015). VE-CADHERIN forms junctional mechano-

sensory complexes with PECAM-1, VEGFR2, and
VEGFR3, which sense and transmit mechanical forces

modulating signaling pathways in adult endothelial cells

(Conway et al., 2013; Coon et al., 2015; Dejana and Vest-

weber, 2013; Tzima et al., 2005). It remains to be seen

whether VE-CADHERIN could also be involved in actomy-

osin-induced tension mechanical properties linked to the

epithelial phenotype of SHF cells (Francou et al., 2017).

VE-CADHERIN is involved also in cell shape and polarity,

studied in endothelial cells (Iden et al., 2006), and in cell

migration processes through VEGFR2 and Rho-family

GTPase activation (Abu Taha and Schnittler, 2014; Cao

et al., 2017). Its cytoplasmic domain can activate regulators

of actin cytoskeleton dynamics in endothelial cells (Bro-

manet al., 2006;Kouklis et al., 2003). Studies in zebrafish re-

vealed that myocardial precursors form a polarized epithe-

lium, which migrates as a coherent population (Trinh and

Stainier, 2004). Knockdown of CADHERIN-5 (VE-

CADHERINortholog) in zebrafish results in early cardiovas-

cular defects, reminiscent of delayed cardiac migration

(Mitchell et al., 2010;Montero-Balaguer et al., 2009). Future

studies will investigate VE-CADHERIN’s involvement in

signaling pathways during the earliest stage of mammalian

cardiovascular differentiation by lineage tracing.
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Cell culture
E14T ESCs were kindly provided by Prof. A. Smith andDr. I. Cham-

bers (MRC Center for Regenerative Medicine, Edinburgh, UK).

E14T cells were propagated on gelatin (0.1% swine skin) in high-

glucose Glasgow modified Eagle’s medium (Sigma) supplemented

with LIF conditioned medium, 15% fetal bovine serum (FBS; Bio-

chrom), 1 mM sodium pyruvate (Invitrogen), 2 mM L-glutamine

(Invitrogen), 0.1 mM non-essential amino acids (Invitrogen),

0.05 mM b-mercaptoethanol (Sigma), 100 U/mL penicillin, and

0.1 mg/mL streptomycin (Invitrogen).

ESC differentiation by ‘‘hanging drops’’ was performed as follows.

ESCs were seeded at 500 cells/20-mL drop in IMDM containing

50 ng/mL human VEGF, 100 ng/mL human bFGF, and 10 ng/mL

murine interleukin-6 (IL-6; Immunotools, Germany), 2 U/mL hu-

man erythropoietin (Life Technologies), and 10 mg/mL human in-

sulin (Sigma) and cultured in hanging drops for 2 days. EBs were

then collected and plated on bacterial Petri dishes for further

differentiation.
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Flow cytometry
EBs were harvested on days 4, 5, and 6. The immunostaining pro-

cedure for flow cytometry is described in the supplemental infor-

mation. Stained cells were acquired on a FACSAria III flow cytom-

eter (BD Life Sciences, Franklin Lakes, NJ, USA). Flow cytometry

analysis was performed using FlowJo v.10.8 software (BD Life Sci-

ences). Data clean-up analysis was performed prior to analysis of

marker expression and included gating for doublet exclusion and

live-dead discrimination (see the gating strategy for flow cytometry

analysis in Figure S2). All FACs experimentswere performed at least

three times, and representative data are shown. Detailed experi-

mental methodology is provided in the supplemental experi-

mental procedures.

CRISPR-Cas9-mediated gene deletion
The CRISPR-double nickase Cas9 system was used for VE-

CADHERIN KO clone creation. Specifically, E14T cells were trans-

fected with two plasmids carrying the double Cas9 nickase and

the ve-cadherin sgRNAs (sc-419596-NIC-2, Santa Cruz Biotech-

nology). The gRNAs used to create the ve-cadherin KO are shown

in Figure S3A. Transfections were carried out using the UltraCruz

transfection reagent (sc-395739, Santa Cruz Biotechnology). 24 h

after transfection, 2 mg/mL puromycin was added to the medium

for 72 h. The cells were left to recover and to form new colonies

for approximately 2 weeks. Newly formed single colonies were

picked, transferred into separate wells, and expanded. The

screening for positive clones was first performed by VE-

CADHERIN staining during clones’ differentiation on day 7.

Genomic DNA was isolated from clones with no VE-CADHERIN

staining according to a standard protocol. The region of interest

was amplified with Kapa HiFi Hot Start (Roche, KK2601) and the

following primers: 5ʹ-GCAAGATCTTCGGGGTCGAT-3ʹ (forward)

and 5ʹ-AGGATCAAGGCCCAGGCTAT-3ʹ (reverse). PCR products

were sequenced, and the results are shown in Figure S3B.

Additional detailed experimentalmethods are provided in the sup-

plemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.07.002.
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