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Development of the cardiovascular system is critically dependent on the ability of endothelial cells (ECs) to reorganize their intracellu-
lar actin architecture to facilitate migration, adhesion, and morphogenesis. Nck family cytoskeletal adaptors function as key mediators
of actin dynamics in numerous cell types, though their role in EC biology remains largely unexplored. Here, we demonstrate an essen-
tial requirement for Nck within ECs. Mouse embryos lacking endothelial Nck1/2 expression develop extensive angiogenic defects that
result in lethality at about embryonic day 10. Mutant embryos show immature vascular networks, with decreased vessel branching,
aberrant perivascular cell recruitment, and reduced cardiac trabeculation. Strikingly, embryos deficient in endothelial Nck also fail to
undergo the endothelial-to-mesenchymal transition (EnMT) required for cardiac valve morphogenesis, with loss of Nck disrupting
expression of major EnMT markers, as well as suppressing mesenchymal outgrowth. Furthermore, we show that Nck-null ECs are un-
able to migrate downstream of vascular endothelial growth factor and angiopoietin-1, and they exhibit profound perturbations in cy-
toskeletal patterning, with disorganized cellular projections, impaired focal adhesion turnover, and disrupted actin-based signaling.
Our collective findings thereby reveal a crucial role for Nck as a master regulator within the endothelium to control actin cytoskeleton
organization, vascular network remodeling, and EnMT during cardiovascular development.

During embryogenesis, the cardiovascular system is the first
organ system to develop, and it is established through several

complex cellular processes involving embryonic endothelial cells
(ECs). Coordinated cycles of EC proliferation, migration, and ad-
hesion allow expansion of the primitive vascular network into a
hierarchy of large and small vessels by the process of angiogenesis
(1). Mesenchyme-derived pericytes and vascular smooth muscle
cells (SMCs) are then recruited to nascent vessels, where they
provide signals for vessel stabilization and maturation (2, 3). De-
velopment of the heart is also dependent on EC function, as en-
docardial ECs that line the primitive heart must undergo an en-
dothelial-to-mesenchymal transition (EnMT) and invade the
specialized extracellular matrix (ECM) known as the cardiac jelly
(4). Here, they differentiate and contribute to the cardiac cush-
ions, which are eventually remodeled into the valves and septa of
the partitioned adult heart.

Assembly of a functional cardiovascular system is guided by
molecular signal transduction pathways that mediate cross talk
between ECs and surrounding support cells and ECM, via reorga-
nization of the intracellular actin meshwork (5). Several classes of
EC surface receptors, including the vascular endothelial growth
factor receptor (VEGFR) and Tie receptor families, are essential
for discrete phases of early cardiovascular development (6). In
particular, Tie2 and VEGFR2 are principally implicated in the
control of EC migration and adhesion during vascular morpho-
genesis through their ability to directly alter actin signaling (7).
Upon ligand-induced activation of these receptors, autophos-
phorylation occurs on a specific set of tyrosine residues that serve
as binding sites for signaling molecules containing Src homology 2
(SH2) domains (8), such as the Nck family of cytoskeletal adaptor
proteins.

Nck proteins comprise a family of widely expressed intracellu-
lar adaptors with overlapping functions, consisting of Nck1/Nck�
and Nck2/Nck�/Grb4, and they have been identified to be key
mediators of actin dynamics in several cell types, including kidney

podocytes and spinal cord neurons (9, 10). In addition to an SH2
domain that can bind activated cell surface receptors, Nck pro-
teins contain three Src homology 3 (SH3) domains which associ-
ate with a variety of downstream effector proteins that regulate
cytoskeletal organization (11, 12). Interaction with the serine/
threonine kinase Pak connects Nck to Rac-based cell motility
pathways, while interaction with PINCH–integrin-linked kinase
(ILK) complexes and focal adhesion kinase (FAK) allows Nck2 to
bridge integrin and growth factor receptors, thereby affecting fo-
cal adhesion dynamics (13, 14). Nck also associates directly with
neuronal WASp (N-WASp), leading to its localization and activa-
tion at the plasma membrane, binding of Arp2/3, and stimulation
of actin polymerization (15–17). Within ECs, Nck has been shown
to bind phosphotyrosine residues directly on VEGFR1 and -2 (18–
20) as well as on Tie2 via the DokR scaffold protein (21), an inter-
action that promotes Pak-dependent cell migration (22). Several
additional Nck-associated proteins have also been shown to be
required for proper cardiovascular development, including FAK
(23), ILK (24), and WAVE2 (25).

Although Nck has been implicated in several signaling path-
ways that regulate EC motility, a direct physiological role for Nck
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in the endothelium has not yet been addressed. Previous studies
have demonstrated that Nck adaptors are essential to the develop-
ment of the embryo proper, as embryos lacking both Nck1 and
Nck2 fail to survive beyond embryonic day 9.5 (E9.5) (26). How-
ever, the early lethality in these embryos precluded a detailed in
vivo analysis of the cardiovascular system. In the study described
here, we selectively inactivated Nck in ECs by employing the Cre/
loxP system. In mouse embryos and primary cultured ECs, we
show that Nck proteins function in the endothelium to regulate
the dynamics of actin signaling, cell motility, EnMT, and angio-
genesis, thereby establishing Nck signaling as an indispensable
element of cardiovascular development.

MATERIALS AND METHODS
Mice and PCR genotyping. All work with transgenic laboratory mice was
predefined under Animal Utilization Protocol 07R009, which was reviewed
and sanctioned by the Animal Care Committee of the Senate Research Board,
University of Guelph. The Tie2-Cre and Nck1�/� Nck2flox/flox (Nck double
mutant [NckDM]) mouse lines were generously provided by Rong Wang
(University of California at San Francisco, San Francisco, CA) and Tony Paw-
son (University of Toronto, Toronto, ON, Canada), respectively (23, 26), and
Immortomouse mice were obtained from Charles River Laboratories. The
mice were maintained in a mixed background and genotyped as described
previously (9). Embryos were genotyped by PCR of genomic DNA prepared
from embryonic tissue or the yolk sac. Genomic DNA was prepared by treat-
ing tissue with 75 �l of 25 mM NaOH and 0.2 mM disodium EDTA for 30
min at 95°C, followed by cooling to 4°C and addition of 75 �l of 40 mM
Tris-HCl.

Whole-mount immunostaining. Embryos were harvested, and either
yolk sacs or embryos were placed in 4% (vol/vol) paraformaldehyde
(PFA) in PBS for 48 h at 4°C. Samples were dehydrated in subsequent 0,
25, 50, 80, and 100% methanol washes, and internal peroxidases were
quenched in 2 ml of bleaching solution (methanol, dimethyl sulfoxide,
and 30% hydrogen peroxide [Sigma-Aldrich] at 4:1:1, respectively) for 90
min at room temperature with rocking. Yolk sacs were then rehydrated
with washes with 75%, 50%, and 25% methanol in phosphate-buffered
saline (PBS) with 0.1% (vol/vol) Triton X-100 (PBT) for 5 min each at
room temperature, followed by two washes with PBT for 30 min. For
fluorescence staining, yolk sacs were blocked in 2 ml of blocking solution
(2% skim milk in PBS, 2% Triton X-100, 0.2% bovine serum albumin
[BSA; Sigma-Aldrich], 1% heat-inactivated goat serum [Fisher]) for 60
min at room temperature and then incubated with primary antibody (1:
200 platelet endothelial cell adhesion molecule [PECAM]/CD31 [BD
Pharmingen] or 1:200 smooth muscle actin [SMA; Sigma]) in blocking
solution and incubated overnight at 4°C on a nutator. Samples were then
placed in secondary antibody solution (1:400 goat anti-rat antibody—
Alexa Fluor 488 [Invitrogen]) in blocking solution for 2 h at room tem-
perature on a nutator, followed by three washes with PBT for 10 min at
room temperature. Immunofluorescent images were taken using an up-
right multiphoton laser scanning confocal Leica DM 6000B microscope
connected to a Leica TCS SP5 system and Leica LAS AF imaging software,
as well as allied software provided by Becker and Hickl, according to the
manufacturer’s protocol. Nonfluorescent staining was achieved by the
same methods listed above, but with a horseradish peroxidase (HRP)-
conjugated secondary antibody (1:400 goat anti-rat antibody–HRP;
BD Biosciences). Staining was performed using 3,3=-diaminobenzi-
dine (Vector Laboratories) with nickel chloride, per the manufactur-
er’s protocol.

Fluorescence immunostaining and quantitation. Paraffin sections 5
�m thick were adhered to slides and washed three times for 10 min each
time in xylene, followed by sequential rehydration using ethanol washes,
including a wash with a methanol–3% H2O2 solution to quench internal
peroxidases and concluding with two 5-min washes in distilled water.
Antigen retrieval was accomplished in Tris-EDTA solution for 20 min at

95°C, and then the samples were allowed to cool for 15 min before two
5-min washes in PBS containing 0.2% BSA and 0.1% Tween 20. Samples
were blocked for 1 h in immunofluorescence buffer (PBS, 2% BSA, 2%
fetal calf serum [FCS]) in a humidified chamber, washed in PBS, and then
incubated with primary antibodies (VE-cadherin [catalog number
ab33168; Abcam], SMA [catalog number A.2547; Sigma], S100A4 [cata-
log number ab27957; Abcam], claudin 5 [catalog number SC-28670;
Santa Cruz], anti-Nck� [catalog number 07-099; Millipore], anti-Nck�
[catalog number 07-100; Millipore]) at a 1:200 dilution in blocking solu-
tion overnight at 4°C. Samples were then washed three times for 5 min
each time in PBS with the appropriate secondary antibody (Alexa Fluor;
Invitrogen), applied for 1 h at room temperature at a 1:400 dilution in
blocking solution. Coverslips were mounted using ProLong Gold antifade
reagent with DAPI (4=,6-diamidino-2-phenylindole; Life Technologies)
and imaged on a Leica DMIRE2 microscope using a 20� objective lens,
with Volocity software being used for image acquisition.

ImageJ software was used to quantify the staining intensity in DAPI-
positive cells within the endocardial cushions. Using a 5-pixel tracing
depth to outline either the endocardial or the myocardial regions, the
intensity of both the marker stain and DAPI within each cushion was
measured and expressed as a ratio.

Histological sectioning and hematoxylin and eosin staining. Histo-
logical sectioning and hematoxylin and eosin staining of embryos were
performed by the Advanced Bioimaging Centre at Mount Sinai Hospital
(Toronto, ON, Canada). Images were obtained using a Leica DM LB2
microscope and Leica Application Suite software following histological
preparation.

Atrioventricular cushion explant culture. Timed matings between
Tie2-Cre� males and NckDM females were established, with the morning
of detection of a vaginal plug being defined as E0.5. Pregnant dams were
euthanized using cervical dislocation, and embryos were harvested at E9.5
or E10.5 and somite matched (all were 21 to 25 or 32 to 38 somites,
respectively) as previously reported (27). Atrioventricular canal (AVC)
explants were established as previously described (28). The AVC and ad-
jacent myocardium were carefully dissected from embryos under a Leica
MZ12 dissecting microscope, explanted onto hydrated type I collagen gels
(BD Biosciences), and allowed to adhere for 12 h. AVC explants were
scored for mesenchymal cell invasion into the collagen matrix (�50 or
	50 cells) by phase-contrast microscopy at 24 and 48 h using a Leica
DMIRE2 microscope. Enumeration was conducted prior to determining
the genotypes of the respective embryos to maintain objectivity.

Endothelial cell isolation and adenovirus infection. Primary and
conditionally immortalized mouse lung endothelial cells (MLECs) were
isolated from postnatal day 10 (P10) NckDM pups using the magnetic
bead (Dynalbead M-450; Dynal Corporation) purification method with
anti-mouse PECAM/CD31 antibody (BD Biosciences), as described pre-
viously (29, 30). MLECs were positively identified by their characteristic
cobblestone morphology, via immunofluorescence microscopy with en-
dothelial markers PECAM/CD31 (1:100; BD Biosciences) and CD102 (1:
100; BD Biosciences) and via Western blot analysis (positive for endothe-
lial marker VE-cadherin, negative for mesenchymal marker SMA).
MLECs were cultured on 0.1% gelatin-coated (Sigma-Aldrich) polysty-
rene dishes in EC growth medium consisting of high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% (vol/vol)
FCS, 100 U/ml penicillin, and 50 �g/ml streptomycin, with primary
MLECs being further supplemented with 20 U/ml heparin, 1 mM nones-
sential amino acids, 1 mM sodium pyruvate, 0.5 �g/ml amphotericin B
(Gibco), and 175 �g/ml EC growth supplement isolated from bovine
neural tissue (Sigma-Aldrich). Primary MLECs were cultured at 37°C
with 5% (vol/vol) CO2. Conditionally immortalized MLECs were cul-
tured at 33°C and switched to 37°C at least 3 days prior to the experiments
to facilitate inactivation of large T antigen.

Type 5 recombinant adenoviruses in which E1 and E3 were deleted
and whose genomes encoded the Cre recombinase (Adeno-Cre) or green
fluorescent protein (GFP) control (Adeno-GFP) were purchased from

Clouthier et al.

1574 mcb.asm.org May 2015 Volume 35 Number 9Molecular and Cellular Biology

http://mcb.asm.org


Vector Biolabs. Infection of MLECs was performed as previously de-
scribed by our group for mouse embryonic fibroblasts (31). A multiplicity
of infection of 500 was used for MLECs, and no detectable toxicity was
observed. Adenovirus-infected MLECs were used by at least 72 h postin-
fection, with Nck2 deletion being confirmed by Western blotting and
immunostaining.

Western blotting. Lysates were prepared from MLEC cultures following
adenovirus infection using phospholipase C lysis buffer supplemented with
fresh protease inhibitors (leupeptin and aprotinin), sodium pervanadate, and
phenylmethylsulfonyl fluoride (9). The primary antibodies used were anti-
Nck (1:500; catalog number 610100; BD Biosciences), anti-FAK (1:1,000; cat-
alog number 04-591; Millipore), anti-FAK pY397 (1:1,000; catalog number
05-1140; Millipore), anti-Rac1 (1:1,000; catalog number 05-389; Millipore),
anti-RhoA (1:1,000; catalog number sc-418; Santa Cruz), �-actin (1:5,000;
catalog number A1978; Sigma), and anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase; 1:1,000; catalog number G041; Applied Biological
Materials Inc.). Nck1- and Nck2-specific antibodies (1:1,000) were a kind gift
from Louise Larose (McGill University, Montreal, QC, Canada) (32).

GTPase activation assays. Glutathione beads bound to glutathione
S-transferase (GST)–Pak1 (for active Rac1 pulldown) or GST-rhotekin
(for active RhoA pulldown) (both from Cytoskeleton Inc.) were incu-

bated for 1 h at 4°C with 500 �g of lysate from uninfected (no adenovirus)
or Adeno-Cre-infected MLECs. Cells had been serum starved for 24 h
prior to stimulation with 100 ng/ml Ang1 or vascular endothelial growth
factor (VEGF) (both from Peprotech) for 15 min at 37°C. The beads were
then washed three times, and eluted proteins were subject to Western blot
analysis. Densitometry was performed on a ChemiDoc XRS� imaging
system (Bio-Rad), and data were analyzed using ImageLab software (Bio-
Rad). The proportion of active Rac1 or RhoA present within each treat-
ment was determined as the ratio of the signal in the pulldown versus that
in the input lysate samples.

Wound closure cell migration assay. The wound closure assay was
performed as previously described by others (33). Uninfected (no adeno-
virus), Adeno-Cre-infected, or Adeno-GFP-infected primary MLECs
were plated on 0.1% sterile gelatin-coated dishes and serum starved for at
least 24 h. Confluent cultures were then wounded with a sterile micropi-
pette tip, and serum-free DMEM with 100 ng/ml angiopoietin-1 (Ang1)
or VEGF (both from Peprotech) was added. Cultures were imaged at
consistent locations at 0, 2, 6, 12, 18, and 24 h. Images were acquired using
a Leica DMIRE2 microscope and Leica CTR MIC camera.

Boyden chamber cell migration assay. Cell migration assays were
performed using 24-well Transwell inserts (Corning). Primary MLECs

FIG 1 Generation and characterization of embryos lacking Nck expression in endothelial cells. (A) Breeding strategy used to generate conditional CNKO
embryos with Nck deleted in the embryonic endothelium. The mutant genotype is Tie2-Cre� Nck1�/� Nck2flox/flox (Nck2ff), and control genotypes are
collectively Tie2-Cre� Nck1�/� Nck2flox/flox, Tie2-Cre� Nck1�/� Nck2flox/flox, and Tie2-Cre� Nck1�/� Nck2flox/flox. (B) The efficiency of Cre-mediated Nck2
excision specifically within the vasculature of E10.5 CNKO embryos is shown via immunohistochemical analysis of Nck expression. Nck (green) is observed in
the cardiac cushions (asterisks) and endocardial layer (arrows) of control but not CNKO embryos. (Insets) Images of the boxed areas highlighting the loss of Nck
staining exclusively within the CNKO endocardium. Residual staining in CNKO embryos represents nonendothelial expression of Nck2. Cells are highlighted
using DAPI (blue). (Bottom row) An adjacent section showing the endothelial marker claudin 5. Bar, 100 �m. (C) Proportion of viable versus nonviable CNKO
embryos at E9.5, E10.5, and E11.5, as determined by the presence versus the absence of a heartbeat. The loss of endothelial Nck results in embryonic lethality
between E10 and E11.
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were serum starved for 24 h and then trypsinized and subsequently treated
with a trypsin inhibitor isolated from Glycine max (Sigma-Aldrich) to
avoid adding serum. Cells (1 � 105) were added to the upper well, and the
bottom well contained either 100 ng/ml Ang1 or murine VEGF (both
from Peprotech) in serum-free DMEM with 100 U/ml penicillin and 50
�g/ml streptomycin. After 6 h of incubation at 37°C with 5% (vol/vol)
CO2, cells were fixed in 4% (vol/vol) PFA in PBS for 15 min at room
temperature, rinsed, stained with modified Meyer’s hematoxylin, and im-
aged under an upright Leica DM1000 scope. The cells within 10 random
high-power fields were enumerated, and experiments were performed in
triplicate.

Cell adhesion and spreading assays. Adeno-Cre- and Adeno-GFP-
infected MLECs were trypsinized and plated on coverslips coated with
0.1% sterile gelatin in DMEM supplemented with 10% FCS, 100 U/ml
penicillin, and 50 �g/ml streptomycin. Slides were fixed in 4% (vol/vol)
PFA in PBS for 15 min at room temperature. Samples were then fluores-
cently immunostained with Nck2 (1:100; Abcam), Texas Red phalloidin
(1:40; Invitrogen), and/or paxillin (1:50; Santa Cruz) in PBS. Slides were
fixed in DAPI ProLong Gold mounting medium (Invitrogen). Samples
were observed under a Leica DMIRE2 epifluorescence microscope, and
the cell surface area was quantified using ImageJ freeware.

Proliferation assay. Adeno-Cre- and Adeno-GFP-infected MLECs
were trypsinized and counted such that 5,000 cells were plated per well in

triplicate on a 96-well plate with 100 �l of medium. Cells were allowed to
adhere for 12 h prior to addition of 100 �l of 0.05 mM resazurin blue
(Sigma). Plates were incubated at 37°C in 5% CO2, and the fluorescence
was measured 4 h later (designated time zero) on a BioTek FLX100 mi-
croplate reader. Similar measurements were taken at 24-h intervals for 96
h. The fold change was calculated by dividing the fluorescence reading at
each time point by that at time zero for each condition.

Statistics. Comparisons between treatments and biological groups
were achieved by employing a one-way analysis of variance with the
Tukey-Kramer multiple-comparison test with data assumed to be sam-
pled from populations that follow Gaussian distributions. Statistical sig-
nificance is indicated in the appropriate figures and figure legends. The
statistical software used was Prism (version 6; GraphPad).

RESULTS
Endothelial cell-specific Nck deletion in mice results in embry-
onic lethality. To investigate the role of Nck expression during
cardiovascular development, mice expressing Cre recombinase
under the control of the endothelial cell-enriched Tie2 promoter
and enhancer were intercrossed with mice homozygous for the
Nck1-null allele (Nck1�/�) and homozygous for a floxed allele of
Nck2 (Nck2flox/flox), to facilitate deletion of Nck2 in embryonic

FIG 2 Conditional deletion of Nck in the endothelium results in embryonic lethality. Representative whole-mount images of control and CNKO embryos at E9.5
and E10.5 are shown. (A) At E9.5, CNKO embryos show underdevelopment of the heart, characterized by a reduced heart size, abnormal looping, and dilation
of the pericardial cavity (arrow) compared to the findings for control embryos. (B) By E10.5, CNKO embryos are smaller than those of their control littermates,
with hemorrhage and blood congestion being found throughout the body. The image on the right is an enlarged image of the boxed area highlighting severe
pericardial edema (arrow) and disrupted cardiac chamber formation (asterisk). Bars, 1 mm.

TABLE 1 Genotypic frequency of embryos

Stage
No. of
litters

No. of embryos

Tie2-Cre� Nck1�/�

Nck2flox/flox

Tie2-Cre� Nck1�/�

Nck2flox/flox

Tie2-Cre� Nck1�/�

Nck2flox/flox

Tie2-Cre� Nck1�/�

Nck2flox/flox Total

E9.5 7 21 20 17 23a 81
E10.5 10 21 26 26 30a 103
E11.5 4 15 20 13 18a 66
P21 11 31 24 24 0 79
a Some embryos were found dead; see Fig. 1C for details.
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endothelial cells of Nck1-null mice (Fig. 1A). Only male Tie2-
Cre� mice were used in breedings, as Tie2 regulatory sequences
have been reported to drive the expression of Cre in the female
germ line, thus resulting in global gene deletion (34). Of the viable
offspring obtained at weaning (n 
 79), none were of the mutant
conditional Nck-knockout (CNKO) genotype, and the remaining
three control genotypes of Tie2-Cre� Nck1�/� Nck2flox/flox, Tie2-
Cre� Nck1�/� Nck2flox/flox, and Tie2-Cre� Nck1�/� Nck2flox/flox

were observed at approximately equal frequencies (Table 1). This
suggests that Nck1 and Nck2 have overlapping and mutually com-
pensatory functions within the endothelium and that the loss of
Nck expression therein during mouse development results in em-
bryonic lethality.

To determine the precise developmental time point at which
CNKO embryos succumb to lethality, timed matings were set up
and embryos were analyzed at gestational ages of E9.5 to E11.5. All
four possible genotypes were represented with a normal Mende-
lian frequency of approximately 25% (Table 1). Loss of Nck ex-
pression specifically within the endothelium was confirmed via
Nck immunostaining on E10.5 embryos, using antibodies that
recognize both Nck1 and Nck2 (Fig. 1B). The presence or absence
of a heartbeat was used to assess whether the embryos were alive or
nonviable. By E11.5, no CNKO embryos had a heartbeat, whereas
63% of E10.5 CNKO embryos and 87% of E9.5 CNKO embryos
had a heartbeat (Fig. 1C). At E9.5, the majority of CNKO embryos
were similar to those of their control littermates, though CNKO
embryos occasionally displayed pericardial edema, abnormal

heart looping, and a reduced heart size (Fig. 2A). By E10.5, CNKO
embryos were noticeably smaller than their control littermates,
and there were obvious developmental defects in the heart, head,
and neural tube regions, as well as the corresponding yolk sacs
(Fig. 2B and 3A). Specifically, most E10.5 CNKO embryos showed
a reduction in head size as well as dilation of the pericardium and
fewer heartbeats (Fig. 2B). Blood was present within major arter-
ies and the heart, although in both E9.5 and E10.5 CNKO em-
bryos, hemorrhage and blood congestion could be observed
within various locations throughout the body (Fig. 2A and B). By
E11.5, the CNKO embryos were markedly smaller than their lit-
termates and showed extensive tissue deterioration throughout
the body (data not shown). There were no observable differences
among the non-CNKO control embryos, and all were viable. To-
gether these results suggest that the CNKO embryos succumb to
lethality between E10 and E11.

Widespread vascular defects exist within CNKO yolk sacs
and embryos. The extent of vascular perfusion of the yolk sac was
readily apparent in freshly dissected embryos. At E10.5, control
yolk sacs had a well-developed vascular tree with a thick vitelline
vessel and numerous other large vessels (Fig. 3A). In contrast,
CNKO yolk sacs were pale with a poorly defined vasculature, al-
though blood perfusion was still evident (Fig. 3A). Immunofluo-
rescent whole-mount microscopy using the EC marker anti-PE-
CAM (also known as CD31) revealed that the major vitelline
vessel and surrounding large vessels of the CNKO yolk sacs had
formed but were of much lower caliber than the vessels of control

FIG 3 CNKO yolk sacs exhibit decreased vessel remodeling and vessel integrity. (A) At E10.5, the yolk sacs of CNKO embryos appear pale in comparison to those
of control embryos, owing to the underdevelopment of major and minor vessels (arrow). Bar, 1 mm. (B) Immunofluorescent PECAM staining of E10.5 yolk sacs
demonstrates the reduced caliber of the vitelline vessel in CNKO yolk sacs compared to that of the controls, as well as poorly remodeled microvascular networks.
Bar, 100 �m. (C) Dual immunofluorescence staining of E10.5 yolk sacs with PECAM and SMA shows an altered recruitment and association of smooth muscle
cells with the vitelline vessel and major branches in CNKO yolk sacs compared to the findings for the controls (arrows and insets). Bar, 100 �m.
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littermate embryos (Fig. 3B). In areas of microvasculature net-
works, control yolk sacs displayed a hierarchical pattern of remod-
eled large and small vessels, whereas the microvessels in the
CNKO yolk sacs were more uniform in size (Fig. 3B). Further-
more, these vessels remained associated with the surrounding
honeycomb-like primary capillary plexus, which had already re-
gressed by this time point in the control yolk sacs, thereby indi-
cating a failure to remodel the yolk sac vasculature in the absence
of endothelial Nck expression. To next examine the structural
integrity of the CNKO yolk sac vessels, we performed double im-
munofluorescence staining with PECAM and smooth muscle ac-
tin (SMA) antibodies to visualize ECs and support cells, respec-
tively. At E10.5, which is the time point at which SMC progenitors
begin to invest the vessel wall (35), SMCs were readily detected to
be surrounding the major vitelline vessel wall of both the control
and CNKO yolk sacs (Fig. 3C). However, compared to the uni-
form organization of SMCs in the embryos of their control litter-
mates, a discontinuous staining pattern was observed in the
CNKO yolk sac vitelline vessel, such that the SMCs did not appear
to be properly aligned along the vessel wall (Fig. 3C). These results
suggest a defect in reciprocal signaling between ECs and the newly
recruited SMCs in CNKO embryos.

To visualize EC patterning in the embryo proper, we per-
formed whole-mount anti-PECAM-1 immunostaining on E9.5
and E10.5 embryos. At E9.5 and E10.5, control embryos exhibited
highly organized vascular network formation in the developing
head region, with a hierarchy of large and small branches extend-
ing from major cephalic vessels (Fig. 4). In addition, several
branched vessels extended from the dorsal aorta between somites,

and along the midline of the embryo, an extensive perineural vas-
cular plexus formed in control embryos (data not shown). In con-
trast, at E9.5 and E10.5 the CNKO embryos showed severe defects
in both the degree of vessel branching and the organization of the
vascular networks of the head and between somites, with under-
developed major vessels and a chaotic vascular network being
found (Fig. 4 and data not shown). Taken together, these results
reveal an essential role for the Nck adaptor proteins in ECs during
angiogenic remodeling and vascular maturation.

Inactivation of Nck in endothelium results in defects in myo-
cardial trabeculation and endocardial cushion formation. To
examine the cardiac defects in more detail, histological analysis of
CNKO and control embryos was performed on E10.5. Control
heart sections revealed a continuous endocardial lining along both
the ventricular and atrial chambers, and trabeculated myocar-
dium within the ventricle could also be seen (Fig. 5). These sec-
tions also showed prominent bulges consistent with endocardial
cushions between the myocardium and endocardial lining (Fig.
5). In contrast, sections from CNKO hearts indicated a discontin-
uous endocardial lining with a thin myocardium and reduced tra-
beculation (Fig. 5). The CNKO heart sections also showed a dra-
matic reduction in size, organization, and cellularity of the
endocardial cushions in the atrioventricular canal (AVC) and out-
flow tract (OT) (Fig. 5). Nck expression in the endothelium is
therefore essential for proper heart development.

Endothelial Nck expression is required for EnMT. Previous
studies have established that formation of the endocardial cush-
ions is dependent on endothelial-to-mesenchymal transition
(EnMT) (reviewed in reference 36). One hallmark of EnMT is the

Control

CNKOControl

CNKO E10.5

E9.5

* *

AA

B

FIG 4 Defects in vascular remodeling in CNKO embryos. Whole-mount immunostaining of control and CNKO embryos for PECAM at E9.5 (20 to 25
somites) (A) or E10.5 (31 to 38 somites) (B). Control embryos show large-caliber major vessels in the head (arrows) at E9.5 with extensive branching
(asterisks) by E10.5, while cranial vessels are underdeveloped and poorly organized in CNKO embryos. The images shown are representative of those for
14 embryos at E9.5 and 8 embryos at E10.5 for controls and of those for 5 embryos at E9.5 and 3 embryos at E10.5 for CNKO embryos. Bars, 500 �m (A)
and 250 �m (B).
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downregulation of endothelial markers and upregulation of mes-
enchymal markers (37). To further characterize the endocardial
cushion defect observed in CNKO embryos, we performed fluo-
rescent immunohistology of several molecular markers of EnMT
at E10.5, a time point at which EnMT is complete in the normal
mouse embryo. Staining of E10.5 embryos revealed a significantly
higher intensity of the endothelial markers VE-cadherin and clau-
din 5 within the AVC of CNKO embryos than within the AVC of
control embryos (Fig. 6A and B). In contrast, CNKO embryos
displayed reduced levels of the mesenchymal markers S100A4
(also known as fibroblast-specific protein 1 [FSP1]) and SMA
within the AVC compared to their control littermates (Fig. 6A and
B). Taken together, CNKO embryos showed aberrant retention of
endothelial markers and failed to express mesenchymal markers
within the AVC, thereby confirming that the loss of Nck within the
endothelium disrupts the molecular program that induces EnMT.

A second hallmark of EnMT is the acquisition of migratory and
invasive properties. Between E9.5 and E10.5, the endocardium
responds to signals from the myocardium, instructing the cells to
lose cell-cell contacts and adopt an elongated morphology, allow-
ing subsequent invasion and migration through the underlying
ECM (cardiac jelly). To validate the potential requirement for Nck
during EnMT, we next employed an ex vivo endocardial cushion
explant assay, in which mesenchymal cells grow out from micro-
dissected AVCs and invade a three-dimensional collagen matrix
akin to cardiac jelly (28). At E9.5, a time point marking the onset
of EnMT, AVC explants from control or CNKO embryos were
cultured on hydrated type I collagen gels, and mesenchymal out-

growth was quantified by viewing explant cultures under a phase-
contrast microscope at 24 and 48 h following plating (Fig. 6C).
After 24 h, 30% of control explants and 0% of CNKO explants had
	50 cells growing out into the collagen gel (Fig. 6D). By 48 h,
�80% of the control explants and �20% of the CNKO explants
had 	50 cell outgrowths (Fig. 6D). At both times at which the cells
were evaluated, cells from control explants that had migrated into
the collagen gels exhibited a mesenchymal morphology with sev-
eral cytoplasmic projections. In contrast, outgrowths from the
CNKO explants had fewer and ill-defined cell projections that
simply grew longer and into the collagen gels with time. Both
control and CNKO endocardial cushion explants successfully ad-
hered to the collagen gels at approximately similar proportions
(80% and 82%, respectively). Endocardial cells from CNKO em-
bryos therefore show a marked reduction in migration and inva-
sion, highlighting a role for Nck in normal mesenchyme forma-
tion in the developing heart.

Defective cell migration in response to proangiogenic
growth factors in Nck-null endothelial cells. Our finding that
embryos lacking Nck expression in ECs display severe defects in
cardiovascular development, including EnMT and sprouting an-
giogenesis, prompted us to investigate whether this might be due
to defective cell migration processes. To this end, we isolated and
cultured primary mouse lung ECs (MLECs) from Nck1�/�

Nck2flox/flox mice. In parallel, we established immortalized MLECs
following intercrossing of Nck1�/� Nck2flox/flox mice with Immor-
tomouse mice. To delete Nck2 from Nck1-null MLECs, cultures
were transduced with recombinant type 5 adenovirus encoding
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FIG 5 Characterization of cardiac defects in CNKO embryos. Hematoxylin-and-eosin-stained sagittal sections of control and CNKO embryos at E10.5 show the
atrioventricular canal and outflow tract of the developing heart. CNKO embryos show a discontinuous endocardial lining (arrows), as well as reduced myocardial
trabeculation (Tr), compared to the findings for the controls. Also, the well-defined cardiac cushions (CC) seen in the control embryos are hypoplastic in the
CNKO embryos. Bar, 100 �m.
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Cre recombinase (Adeno-Cre) or GFP (Adeno-GFP) or left un-
treated (no adenovirus). Western blot analysis shows the effi-
ciency of Nck2 deletion in Adeno-Cre-infected MLECs, while
Nck2 expression remained in Adeno-GFP-infected and unin-
fected control cells (Fig. 7A and B). We then used these cells to
examine whether the loss of Nck would affect the migration me-
diated by Tie2 and VEGFR2, as signaling by these receptor ty-
rosine kinases plays a central role in EC motility. Primary MLECs
were subjected to a wound closure assay in the presence or absence
of Tie2-activating ligand Ang1 or VEGF. After 24 h, both Ang1
and VEGF induced the nearly complete closure of Adeno-GFP-
infected MLEC scratch wounds, while Adeno-Cre-infected
MLECs displayed reduced wound closure, even in the presence of
Ang1 or VEGF (Fig. 7C).

To better quantify the effect of Nck on EC migration in re-
sponse to proangiogenic signaling, we performed Boyden cham-
ber assays using Ang1 and VEGF. Primary MLECs infected with
Adeno-GFP exhibited increased migration in response to Ang1
and VEGF compared to the overall migration under conditions
without chemoattractant (Fig. 7D). In contrast, MLECs infected
with Adeno-Cre showed a significant decrease in migration po-
tential under all conditions compared to that of Adeno-GFP-in-
fected cells (Fig. 7D). Interestingly, VEGF stimulation was able to
produce a modest yet significant increase in cell migration in Ad-
eno-Cre-infected MLECs compared to that with no chemoattrac-
tant, but this effect was not seen with Ang1 (Fig. 7D). We further
verified that these migration defects were not simply due to dif-
ferences in the proliferation rate between MLECs with or without

FIG 6 CNKO embryos show altered EnMT. (A) Immunofluorescent analysis of the endothelial markers VE-cadherin and claudin 5 (both green) and mesen-
chymal markers S100A4 and SMA (both red) within the AVC in serial sections obtained from E10.5 control and CNKO embryos, using DAPI (blue) counterstain.
Bar, 50 �m. (B) Quantitative analysis of EnMT markers shows increased expression of VE-cadherin and claudin 5 and decreased expression of S100A4 and SMA
in CNKO embryos compared to their levels of expression in the controls. The number of embryos analyzed is indicated below each histogram bar. **, P � 0.01;
***, P � 0.0001. (C) Phase-contrast images of AVC explants from E9.5 control or CNKO embryos at 24 and 48 h after plating on a collagen matrix. Bar, 100 �m.
(D) Quantitative analysis of EnMT in AVC explants shows decreased cell outgrowth from CNKO explants compared to that for the controls at both time points.
Individual explants were scored according to whether greater than or fewer than 50 cells had migrated into the collagen gels after plating.
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FIG 7 Endothelial cells lacking Nck display defects in directed cell migration. (A) Immunoblots (IBs) of lysates obtained from primary MLECs transduced with
Adeno-GFP or Adeno-Cre or left uninfected (�), showing a loss of Nck protein expression specifically within Adeno-Cre-infected cells (first lane). GAPDH
shows equal protein loading of all MLEC samples. (B) Western blots of lysates obtained from conditionally immortalized MLECs transduced with Adeno-GFP
or Adeno-Cre or left uninfected (�), showing that specific Cre-mediated Nck2 deletion results in the complete absence of Nck proteins (first lane). �ve, positive
control. In panels A and B, numbers to the left of the blots are molecular masses (in kilodaltons). (C) Wound closure assay on confluent monolayers of primary
MLECs transduced with either Adeno-GFP or Adeno-Cre and cultured on gelatin in the presence or absence of Ang1 or VEGF. Images of the same fields were
taken at 0 and 24 h after wounding, and those shown are representative of the images from three independent experiments. Adeno-Cre-infected cells showed
reduced wound closure under all conditions tested. Bar, 70 �m. (D) Boyden chamber assay on primary MLECs transduced with either Adeno-GFP or Adeno-Cre
using either 100 ng/ml Ang1, 100 ng/ml VEGF, or no stimulus. The cells within at least seven random high-power fields were enumerated, and experiments were
performed in triplicate. Adeno-Cre-infected cells showed a highly significant reduction (P � 0.001) in migration compared to Adeno-GFP-infected cells under
all conditions tested, though a modest yet significant increase (P � 0.01) in migration of Adeno-Cre-infected cells could be seen with addition of VEGF compared
to that seen with no chemoattractant. **, P � 0.01; ***, P � 0.0001; n.s., nonsignificant. (E) Proliferation assay on immortalized MLECs transduced with either
Adeno-GFP or Adeno-Cre showing a nonsignificant difference in the growth rate in the presence or absence of Nck. Each time point represents data for 9 assays.
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Nck expression (Fig. 7E). Together, these studies indicate that
directed EC motility is impaired in the absence of Nck adaptors
and that Nck in ECs is required within angiogenic signaling path-
ways induced by Ang1 as well as VEGF.

Endothelial cells lacking Nck show defects in actin organiza-
tion, cell spreading, and focal adhesion remodeling in response
to proangiogenic stimuli. As EC motility is facilitated by signaling
pathways that regulate actin polymerization, we next sought to
determine whether the absence of the Nck adaptor proteins might
induce alterations in the EC actin cytoskeleton. Adeno-Cre-in-
fected primary MLECs were stained with fluorescent phalloidin,
to monitor the morphology of the actin cytoskeleton, in addition
to Nck, to confirm cell-specific Cre-based excision of Nck2. Com-
pared to the findings for noninfected neighboring cells expressing
Nck2, which possessed well-defined lamellipodia and peripheral
actin spikes, MLECs devoid of Nck lacked substantial lamellipodia

and extended short, haphazardly organized projections (Fig. 8A).
Furthermore, the cells exhibited a loss of stress fiber uniformity
and were smaller. These findings led us to question whether sim-
ilar abnormalities would be observed during cell spreading, which
involves dynamic actin remodeling. Adeno-GFP-transduced and
nontransduced cells showed very similar patterns of spreading: by
1 h postseeding, both cell types established lamellipodia as well as
prominent radial stress fibers that extended into the periphery
(Fig. 8B). In contrast, Adeno-Cre-infected MLECs lacked distinct
lamellipodia until 18 h postseeding and developed fractal-like
protrusions rather than symmetric radial projections (Fig. 8B),
which likely contributed to the delayed spreading and, ultimately,
the reduced surface area observed in these cells (Fig. 8C).

Lastly, we examined the induction of stress fibers as well as the
organization of focal adhesions in immortalized MLECs in re-
sponse to Ang1 and VEGF stimulation. Similar to observations

FIG 8 Altered actin organization and decreased cell spreading within Nck-deficient endothelial cells. (A) Representative fluorescence micrographs from a pool
of Adeno-Cre-infected primary MLECs stained with anti-Nck2 antibodies (green), fluorescent phalloidin to show the morphology of F actin (red), and DAPI to
highlight the position of the nucleus position (blue). Prominent parallel stress fibers and lamellipodial protrusions can be seen in Nck-expressing cells, while
Nck-deficient MLECs are smaller, with stress fibers appearing short, disorganized, and highly bundled (inset). Bar, 30 �m. (B) Time course images of phalloidin-
stained MLECs from panel A following 0.5, 1, 2, 4, 6, and 18 h of spreading on 0.1% gelatin-coated coverslips. Cells were simultaneously immunostained with Nck
antibodies to confirm Nck2 excision. Adeno-Cre-infected MLECs show a reduced cell size with an altered actin morphology. Bar, 30 �m. (C) Quantitation of the
results shown in panel B demonstrating that Adeno-Cre infection results in decreased cell spreading in comparison to that for Adeno-GFP-infected and
uninfected (No Adeno) control cells. The histogram represents the mean cell surface area � SEM for a minimum 6 to 10 cells per replicate. **, P � 0.01; ***, P �
0.0001; n.s., nonsignificant.
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in primary MLECs, unstimulated Nck-deficient immortalized
MLECs were smaller than control cells and lacked oriented stress
fibers (Fig. 9, Vehicle). Notably, a diffuse interior accumulation of
punctae representing the focal adhesion protein paxillin was also
observed in Cre-infected (�Cre) cells, while punctae representing
paxillin in uninfected control (�Cre) cells were organized at the
periphery at stress fiber tips (Fig. 9, Vehicle). Upon stimulation
with Ang1, control cells displayed a clear polarized morphology,
characterized by the assembly of robust unidirectional lamellipo-
dia and filopodia which were accompanied by posterior stress fi-
bers, and focal adhesion structures were localized to the tips of
these projections, consistent with their migratory phenotype (Fig.
9, �Ang1). In contrast, lamellipodia and filopodia extended in
multiple directions in Cre-infected cells stimulated with Ang1,
and intriguingly, large focal adhesions appeared to encircle the
entire cell periphery (Fig. 9, �Ang1), suggesting that altered focal
adhesion disassembly could underlie the defect in migration seen
under these conditions. Stimulation with VEGF produced a sim-
ilar, albeit less pronounced effect (Fig. 9, �VEGF), in keeping
with the ability of VEGF to weakly induce migration in Nck-defi-
cient MLECs (Fig. 7D). Collectively, these studies demonstrate
that Nck plays a critical role in the organization and dynamic
remodeling of the EC cytoskeletal network.

Endothelial Nck deficiency alters Rho GTPase activity and
FAK signaling. To explore the mechanistic basis for altered actin
remodeling and focal adhesion formation associated with Nck defi-
ciency, we investigated the signaling properties of immortalized
MLECs in response to angiogenic stimuli. Given the central role of
FAK activation in promoting focal adhesion turnover (38), we first
examined its autophosphorylation following treatment with Ang1 or
VEGF. We noted a striking decrease in FAK phosphorylation on the

major site Y397 in Cre-infected MLECs under both treatment condi-
tions compared to that in control cells (Fig. 10A to C), consistent with
the unusually mature appearance of focal adhesion structures in these
cells following growth factor stimulation. Next, we investigated
whether aberrant activation of Rho family GTPases, which function
as molecular switches to facilitate changes in cell shape and motility,
might contribute to this phenotype. Using standard GST pulldown
assays, we found decreased activity of RhoA and increased activity of
Rac1 following Ang1 stimulation in Cre-infected MLECs compared
to their activities in control cells (Fig. 10D to F). Similar findings of
decreased RhoA activity and increased Rac1 activity were obtained
upon VEGF stimulation (Fig. 10G to I). The extent of FAK and
GTPase activation was comparable in unstimulated cells with or
without Cre transduction (Fig. 10A and data not shown). These re-
sults regarding RhoA and Rac1 support our prior observations of
fewer stress fibers and an increased frequency of lamellar protrusions,
respectively, in Ang1 or VEGF-stimulated Nck-deficient MLECs
(Fig. 9). Together, our findings reveal defects in core signaling path-
ways required for cell migration, adhesion, and EnMT in the absence
of Nck expression, thereby underscoring the role of Nck as an essen-
tial organizer in ECs during cardiovascular development.

DISCUSSION

In this study, we have determined that deletion of the Nck family
of adaptor proteins within the endothelium leads to defective an-
giogenic remodeling, resulting in impaired cardiovascular devel-
opment and embryonic lethality at about E10.5. This phenotype is
strikingly similar to that observed in the absence of Tie2 or Ang1,
including the simplified head and intersomitic vasculature and
reduced cardiac trabeculation (39, 40). Additionally, perivascular
cell recruitment is similarly perturbed, as seen in the disorganized

FIG 9 Aberrant focal adhesion remodeling in response to angiogenic stimuli in Nck-null MLECs. Representative fluorescence micrographs from immortalized
MLECs that were transduced with Adeno-Cre (�Cre) or left uninfected (�Cre) and treated with 100 ng/ml Ang1 or 100 ng/ml VEGF for 15 min or vehicle alone.
Fixed cells were stained with antipaxillin antibodies to highlight focal adhesion structures (green), fluorescent phalloidin to show the morphology of F actin (red),
and DAPI to indicate the position of the nucleus (blue). Paxillin staining is found throughout the interior and periphery of unstimulated Nck-deficient MLECs,
whereas it localizes exclusively to the periphery of control cells. Upon stimulation with Ang1 or VEGF, control cells assembled robust unidirectional lamellipodia
(arrowheads) in the direction of cell movement (yellow arrows) which were accompanied by posterior stress fibers (asterisks), and focal adhesion structures were
restricted to the tips of these projections (insets on merged images). In contrast, processes extended in multiple directions in Cre-infected cells (white arrows),
and focal adhesions appeared larger, with paxillin punctae being localized around the entire cell periphery. Bar, 30 �m.
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myocardial layering, impaired SMC investment in the yolk sac
vasculature, and widespread hemorrhaging. Tie2 kinase activity is
critically important for its function (39), and it has been hypoth-
esized that the DokR-Nck binding site on phosphorylated Tie2

contributes to vascular stability by facilitating aspects of reciprocal
signaling between ECs and Ang1-expressing SMCs which lead to
SMC recruitment and attachment (41). Accordingly, our in vivo
observations coupled with our in vitro findings that Nck-null

FIG 10 Endothelial Nck deficiency alters Rho GTPase and FAK activation. (A to C) Lysates obtained from immortalized MLECs (with or without Cre
transduction) were treated with 100 ng/ml Ang1 or VEGF for 15 min and immunoblotted with antibodies recognizing pFAK Y397, FAK, Nck, or �-actin.
Densitometric quantitation of the results in panel A demonstrates a significant decrease in FAK activation in Nck-null MLECs in response to Ang1 (B) and VEGF
(C). �-Actin shows equal protein loading of all MLEC samples, and specific deletion of Nck upon Adeno-Cre transduction can also be observed. Results shown
are representative of those from three to five independent experiments. In panel A, the numbers to the left of the blots are molecular masses (in kilodaltons). (D
to I) Parallel lysates from panel A were incubated with GST-rhotekin or GST-Pak1 and immunoblotted with antibodies recognizing RhoA or Rac1. Densitometric
quantitation of the results in panels D and G demonstrates a decrease in RhoA activation in Nck-null MLECs in response to Ang1 (E) and VEGF (H) and an
increase in Rac1 activation in Nck-null MLECs in response to Ang1 (F) and VEGF (I). The relative amount of active Rac1 or RhoA in the Cre-transduced MLECs
is represented as the percentage of the amount of active Rac1 or RhoA in control cells. Results are representative of those from three independent experiments.
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MLECs show defective cell adhesion and morphology imply that
indirect binding of Nck to Tie2 contributes to the maintenance of
EC shape, allowing proper SMC attachment and vessel matura-
tion (42).

We also provide evidence that implicates Nck in the develop-
mental process of EnMT, which is central to heart valve morpho-
genesis. EnMT has been further hypothesized to play a role in
vessel sprouting by enabling directional migration of specialized
ECs known as tip cells at the angiogenic front (37). While it is
possible that the defects observed in CNKO embryos are a result of
reduced hemodynamic forces acting to remodel the developing
heart (43), our collective results provide evidence for a direct role
of Nck during EnMT. First, via immunoanalysis of the cardiac
cushion regions, we found that CNKO embryos were unable to
properly acquire the mesenchymal cell marker SMA or S100A4 or
lose the endothelial cell marker VE-cadherin or claudin 5. Second,
in an ex vivo AVC explant assay, we demonstrated that the loss of
endothelial Nck impaired mesenchymal outgrowth. Lastly, the in
vitro migration assays verified the defect in cell motility in Nck-
deficient ECs. Nck may thus be required to first direct ECs to the
appropriate location for formation of the cushion structures and
subsequently allow the completion of transformation to mesen-
chymal cells.

Interestingly, several Nck-associated signaling molecules have
also been linked to mesenchymal transformation, including FAK
and the Rho GTPase family of downstream effectors. Correspond-
ingly, we identified defects in regulation of these proteins in Nck-
null ECs, including decreased FAK phosphorylation, decreased
RhoA activity, and increased Rac1 activity. FAK and its autophos-
phorylation on Y397 are required for expression and stabilization
of the transcription factor Snail (44), which is a major regulator of
the epithelial-to-mesenchymal transition (45). Of note, it has
been proposed that many of the cytoskeletal defects in FAK-null
cells may in fact be due to altered mesenchymal lineage commit-
ment (44), and given the similar phenotypes of embryos lacking
Nck and FAK in ECs, it is plausible that Nck could exert a compa-
rable effect. The small GTPases RhoA, Rac1, and Cdc42 are all
regulated by Nck signaling (46, 47), and coordinated activation of
these proteins is a common element in the switch to a mesenchy-
mal phenotype. Activation of RhoA is intimately linked to the
increased expression of SMA (48), as well as the phosphorylation
events on claudin 5 that lead to its internalization (49). Similarly,
opposing actions of RhoA and Rac1 also lead to VE-cadherin in-
ternalization (50), thereby reducing cell adhesion and promoting
the acquisition of mesenchymal characteristics (51). Lastly, RhoA
is required for activation of STAT transcription factors (52),
which can in turn upregulate S100A4 expression and thus influ-
ence mesenchymal transformation (53). Taken together, our data
provide a putative molecular mechanism to allow retention of
endothelial markers and failure to acquire mesenchymal markers
during valve morphogenesis in the CNKO embryos.

We have further determined that ECs lacking Nck expression
display alterations in actin cytoskeleton organization, having a
reduced capacity to spread and migrate in response to VEGF and
Ang1. These phenotypes are accompanied by profound defects in
stress fiber formation, cell polarity, focal adhesion turnover, and
regulation of FAK, RhoA, and Rac1. Our findings complement
those of Rivera and colleagues, who employed short hairpin RNA-
mediated knockdown of Nck in human umbilical vein endothelial
cells and live-cell microscopy to elegantly establish a mechanism

by which Nck guides cell polarization and the stabilization of cell-
substrate adhesions to facilitate directional cell migration (54).
We now extend this model in vivo to propose that in the context of
angiogenic sprouting, Nck further modulates the function of en-
dothelial tip cells and other ECs, allowing them to physically ex-
tend from the leading edge of nascent vessels and guide their
movement in response to chemotactic gradients of growth factors
(55).

In summary, the results presented here clearly identify Nck to
be a critical adaptor protein during cardiovascular development,
and its central role in cytoskeletal signaling and motility down-
stream of proangiogenic factors underscores its potential signifi-
cance in the broad range of diseases manifesting altered angiogen-
esis and EnMT.
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