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New blood vessels are formed through the assembly or sprouting of endothelial cells (ECs) and become
stabilized by the formation of perivascular matrix and the association with supporting mural cells. To
investigate the role of endothelial Smad4 in vascular development, we deleted the Smad4 gene specifically
in ECs using the Cre-LoxP system. EC-specific Smad4 mutant mice died at embryonic day 10.5 due to
cardiovascular defects, including attenuated vessels sprouting and remodeling, collapsed dorsal aortas,
enlarged hearts with reduced trabeculae, and failed endocardial cushion formation. Noticeably, Smad4-
deficient ECs demonstrated an intrinsic defect in tube formation in vitro. Furthermore, the mutant
vascular ECs dissociated away from the surrounding cells and suffered from impaired development of
vascular smooth muscle cells. The disturbed vascular integrity and maturation was associated with
aberrant expression of angiopoietins and a gap junction component, connexin43. Collectively, we have
provided direct functional evidence that Smad4 activity in the developing ECs is essential for blood vessel
remodeling, maturation, and integrity.

The cardiovascular system is the first organ to develop and
become functional during embryogenesis (23). For vascular
maturation and stabilization, endothelial cells (ECs) recruit
various types of mural cells to envelope the inner endothelial
monolayer (4). Several ligand-receptor systems have been im-
plicated in regulating vascular formation, stabilization, remod-
eling, and functioning through the interaction between ECs
and pericytes. Such signaling systems include angiopoietins
(Angs) and their Tie receptors, platelet-derived growth factor
B (PDGFB) and platelet-derived growth factor receptor �
(PDGFR-�), and the transforming growth factor � (TGF-�)
superfamily (4).

The TGF-� superfamily members transduce their signals
through transmembranous receptors (T�R) and intracellular
mediator Smads (43). TGF-� seems to regulate stabilization of
vessels in multiple ways, including stimulating synthesis and
deposition of extracellular matrix (ECM) components, induc-
ing the differentiation of mesenchymal cells to mural cells, and
regulating several cellular processes in both ECs and mural
cells (16, 23). Genetic studies in human beings and mice have
revealed pivotal roles of TGF-� signaling during angiogenesis
(7, 18, 22, 24, 29, 31, 32, 34, 48). Although mice deficient for
various TGF-� signaling components present an embryonic
lethality due to angiogenetic defects, there exist certain dis-
crepancies among the vascular phenotypes (7, 22, 24, 31, 32,
34, 48). It is presumably due to the different expression pattern
and the largely distinct target genes of the signaling compo-
nents (12, 33, 47).

Smad4 is a central mediator of TGF-� signaling. Clinically,
mutation in Smad4 causes a syndrome consisting of both juvenile
polyposis and hereditary hemorrhagic telangiectasia phenotypes
(11), emphasizing its pathological involvement in human vascular
disorders. Furthermore, controlling an angiogenic switch, other
than mediating TGF-�’s antiproliferative responses, has been as-
sumed for Smad4 to serve as an alternative mechanism of tumor
suppression (37). These findings strongly suggest a crucial role for
Smad4 signaling in adult angiogenesis. Nevertheless, the precise
roles of Smad4 in embryonic angiogenesis, in particular that as
the unique common Smad, how it balances the two distinct T�RI
pathways in ECs (12, 23), is by far unknown.

To address definitively the role of endothelial Smad4 in
vascular development, we deleted the Smad4 gene specifically
in ECs by using the Cre-LoxP system with a mouse strain that
specifically expressed Cre recombinase in ECs under the con-
trol of Tie2 promoter (26). Here we show that the deletion of
Smad4 in ECs results in embryonic lethality by embryonic day
10.5 (E10.5) due to cardiovascular defects, including attenu-
ated vascular sprouting, ruptured blood vessels, and defective
myocardial, as well as endocardial cushion development. No-
tably, Smad4-deficient ECs demonstrate an intrinsic defect in
tube formation in vitro. In addition, our data also suggest that
Ang2 and a gap junction component, connexin43 (Cx43), may
serve as candidate targets of endothelial Smad4 signaling for
maintaining intercellular interaction between ECs and sur-
rounding cells, and therefore protecting vascular integrity and
maturation.

MATERIALS AND METHODS

Mouse strains. Mice carrying conditional Smad4 alleles (Smad4Co/Co) (49)
were bred with Tie2-Cre transgenic mice, in which expression of Cre recombinase
is driven by promoter and enhancer of Tie2 (26). To visualize cells with recom-
bined alleles, mice bearing Tie2-Cre transgene were crossed with ROSA26 re-
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porter mice (39). Animals were handled in accordance with institutional guide-
lines. Littermate embryos were used in all experiments.

Whole-mount embryo immunostaining and LacZ staining. Whole-mount em-
bryo immunostaining with anti-CD31 antibody (BD Pharmingen) and whole-
mount LacZ staining were performed as described previously (26, 34). The
whole-mount preparations were documented by using a dissecting microscope
(SMZ1500; Nikon, Tokyo, Japan) with a digital camera (RT color; SPOT; Di-
agnostic Instruments, Sterling Heights, MI). Stained tissues were further paraffin
embedded, and sections were counterstained with nuclear fast red.

Histology, immunohistology, and electron microscopy. Mouse tissues were
fixed in Bouin’s fixative, embedded in paraffin, sectioned at 5 �m, and stained
with hematoxylin and eosin by standard methods. Immunohistology was also
performed by standard procedures. The primary antibodies used were as follows:
anti-Smad4 (Santa Cruz), anti-�-smooth muscle actin (anti-�-SMA; Sigma),
anti-CD31, antilaminin (Zymed), and anti-Cx43 (Sigma). A Nikon (Tokyo, Ja-
pan) E600 microscope with a digital camera (RT color; SPOT; Diagnostic In-
struments) was used for documentation. Nikon 10�/0.30-numerical aperture
(NA), 20�/0.50-NA or 40�/0.75-NA Plan Fluor objective lenses were applied.
Electron microscopic analysis was performed as described previously (40). Ul-
trathin sections were stained in uranyl acetate and lead citrate and examined by
using a Philips EM400 electron microscope.

Flow cytometry, isolation of embryonic ECs, and cell culture. E9.5 embryonic
cells were harvested by trypsin-EDTA digestion. For flow cytometric analysis,
cells were stained with phycoerythrin-conjugated isotype or phycoerythrin-con-
jugated anti-mouse Tie2 antibodies (eBioscience) according to the manufactur-
er’s instructions. For Tie2-positive cells sorting, the dissociated cells were plated
on mouse embryonic fibroblasts in culture medium described previously (14).
After three passages of expansion on mouse embryonic fibroblasts, ECs were
isolated by using magnetic bead (MACS Anti-Biotin MicroBeads; Miltenyi Bio-
tec) purification with biotin-conjugated anti-mouse Tie2 antibody (eBioscience)
according to the manufacturer’s instructions. Selective transforming of ECs with
a retrovirus expressing the polyoma middle T (PmT) oncogene and maintaining
of the EC culture were performed as described previously (22). PmT-trans-
formed ECs were incubated in the presence or absence of 10 ng of TGF-�1
(R&D Systems)/ml for 20 h prior to harvest if needed.

DiI-Ac-LDL incorporation and immunofluorescence staining. The adherent
cells of the cultures were incubated with 10 �g of DiI-Ac-LDL (1,19-dioctadecyl-
3,3,39,39-tetoramethylindo-carbocyanine perchlorate acetylated low-density li-
poprotein; Biomedical Technologies, Inc.)/ml for 4 h at 37°C, fixed with 4%
paraformaldehyde–phosphate-buffered saline, and counterstained with DAPI
(4�,6�-diamidino-2-phenylindole). Immunofluorescence labeling of VE-cadherin
(BD Pharmingen) and Cx43 was performed as described previously (20). Phase-
contrast and fluorescence images were collected by using a Nikon TE2000-U
inverted microscope with Nikon 4�/0.13 NA, 10�/0.30 NA, or 20�/0.45 NA
Plan Fluor objective lenses. Images were acquired by using a digital camera
(Cool SNAP 5.0; Roper Scientific, Tucson, AZ). Adobe Photoshop 7 software
(Adobe Systems, Munich, Germany) was used for all of the figure preparation.

In vitro tube formation assay. After cultured for another 5 days, sorted
embryonic ECs were collected by trypsin-EDTA digestion, replated to 48-well
plates precoated with a thin layer of Matrigel (BD Biosciences), and allowed to
form tube-like structures. ECs were quantified by counting branches from each
EC and the length of the tube formed at 8 h. Measurement was performed in
four independent fields, and the experiment was repeated three times. Statistical
analysis was applied by using two-tailed Student t test.

Reporter gene assay. PmT-transformed ECs were seeded in 24-well plates and
transfected with different reporter constructs with Lipofectamine (Invitrogen)
according to the manufacturer’s instructions. After 24 h, the cells were incubated
in the presence or absence of BMP2 (R&D Systems) or TGF-�1 for another 16 h
prior to harvest for luciferase assay. Each experiment was performed with trip-
licate samples and repeated three times.

RT-PCR and real-time PCR. For reverse transcription-PCR (RT-PCR) anal-
ysis, total RNA from E9.5 embryos or isolated embryonic ECs was extracted by
using TRIZOL reagent (Invitrogen) and reverse transcribed by using an mRNA
selective PCR kit (TaKaRa). Sequences of specific primers and amplified prod-
uct sizes are listed in Table S1 in the supplemental material. Quantitative real-
time PCR analysis and related primers were as described previously (41).

Western blotting. The total proteins from E9.5 embryos or cultured PmT-
transformed ECs were harvested. Portions (20 �g) of the proteins were subjected
to sodium dodecyl sulfate–12% polyacrylamide gel electrophoresis. Immunoblot-

FIG. 1. EC-specific deletion of Smad4 gene results in embryonic lethality at E10.5. (A and B) Whole-mount LacZ-stained ROSA26 transgenic
embryos without (A) or with (B) Tie2-Cre transgene at E9.5. (C) Cross section of LacZ-stained Tie2-Cre; ROSA26 double-transgenic mice at E9.5
shows blue-stained ECs. (D) Cross sections of LacZ-stained Tie2-Cre; ROSA26 double transgenic mice and whole-mount CD31-stained Smad4Co/�;
Tie2-Cre embryos at E9.5. The expression pattern between both stainings and the intensity of LacZ positive signals among the DAs, ACVs, and
hearts are comparable. Arrowheads denote representative positive signals in the ECs. (E) Whole-mount CD31 immunostaining of E9.5 embryos
shows apparent presence of major blood vessels in the mutant ones. Arrowheads denote DAs that are significantly narrowed in the mutant
embryos. An open arrowhead denotes a discontinuity in the mutant DAs. (F) A whole-mount view shows growth retardation and cardiovascular
defects in Smad4Co/Co; Tie2-Cre embryos at E10. Arrowheads point to focal hemorrhage; the open arrowhead points to enlarged edematous
pericardium. (G) Smad4 immunostaining of E9.5 embryos shows absent expression in the vascular ECs and endocardium of the mutant embryos.
Arrowheads denote representative ECs. V, ventricles; tb, trabeculae. Scale bar: 500 �m (A, B, and E), 125 �m (C), 45 �m (D), 700 �m (F), or
25 �m (G).
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ting was performed with anti-Smad4, anti-Ang2 (Chemicon), anti-Cx43, and
anti-actin (Sigma) according to the manufacturer’s instructions.

RESULTS

EC specific deletion of Smad4 gene resulted in embryonic
lethality. We used the Cre-LoxP strategy with a Tie2-Cre trans-
genic mouse we have previously generated (26). Whole-mount
LacZ staining for embryos proper at E9.5 of the Tie2-Cre;
ROSA26 double transgenic mice showed that blue-stained cells
constituted the inner layer of the heart and all of the vessels
throughout the cardiovascular system, whereas no LacZ stain-
ing was detected in mice without Tie2-Cre transgene (Fig. 1A
to C). The same staining pattern between LacZ and CD31, as
well as the equivalent intensity of LacZ-positive signals in
dorsal aortas (DAs), anterior cardinal veins (ACV), and
hearts, confirmed the specific and uniform expression of Cre
recombinase in virtually all of the ECs during early vascular
development (Fig. 1D).

To develop an endothelium-specific Smad4 knockout
mouse, we bred a mouse strain containing Smad4 conditional
alleles (Smad4Co/Co) (49) with the Tie2-Cre transgenic mice.

The acquired Smad4Co/�; Tie2-Cre mice were further mated to
Smad4Co/Co mice to generate Smad4Co/Co; Tie2-Cre mice. A
total of 72 offspring (from 13 litters) were genotyped, and no
Smad4Co/Co; Tie2-Cre pups were found, demonstrating the em-
bryonic lethality.

Subsequently, a total of 56 litters were examined between
E8.5 and E12.5. Conditional knockout embryos were morpho-
logically indistinguishable from their wild-type littermates at
E9 but were readily identifiable at E9.5 by their avascular yolk
sacs (YS) and smaller body size (Fig. 1E and 2B). Visualization
of endothelial networks with whole-mount CD31 staining dem-
onstrated the presence of major blood vessels in the mutant
embryos, but the DAs in the trunk manifested a decreased
diameter and were even discontinuous (Fig. 1E). At E10,
Smad4Co/Co; Tie2-Cre embryos showed severe growth retarda-
tion, focal hemorrhage, and enlarged pericardium (Fig. 1F) but
still had beating hearts. They died at E10.5, displaying severe
distortion and diminished vasculature, and were resorbed by
E11 (data not shown). Immunohistochemical staining verified
the efficient disruption of Smad4 gene in the endocardium and
ECs of all of the vessels, including aortas and veins (Fig. 1G).

FIG. 2. Disturbed vascular remodeling in Smad4Co/Co; Tie2-Cre YS and placentas. (A and B) Whole-mount view of E9.5 YS. (C and D)
Whole-mount view of LacZ-stained YS of Smad4Co/�; Tie2-Cre and Smad4Co/Co; Tie2-Cre embryos carrying a ROSA26 allele. Arrowheads denote
the major vessels extended from embryos proper. (E and F) Higher magnifications of panels C and D, respectively. There is proper remodeling
of vitelline vessels in control mice, which is absent in the mutants. (G and H) Hematoxylin-and-eosin-stained sections of E9.5 YS show EC layers
of mutant YS dissociate from surrounding cells. Red arrowheads denote the ECs away from the subjacent mesothelial layer. A black arrowhead
points to an EC detached from the endodermal layer. (I and J) Electron micrographs of E9.5 YS. Abnormal deposits of ECM (arrows) separate
ECs from subjacent mesothelial cells in the mutant YS. An arrowhead denotes a discontinuity in the ECs. (K and L) Hematoxylin-and-eosin-
stained placental sections at E9.5. Arrowhead shows leakage of embryonic nucleated erythrocytes in the maternal blood sinuses. (M and N)
Histological sections of LacZ-stained placentas of Smad4Co/�; Tie2-Cre and Smad4Co/Co; Tie2-Cre embryos carrying a ROSA26 allele at E10. The
mutant placentas have a thinner labyrinth with fewer fetal vessels compared to the controls. ec, endothelial cells; me, mesothelial cells; lbr,
labyrinth; cp, chorionic plate. Scale bar: 1,000 �m (A and B), 1,100 �m (C and D), 220 �m (E, F, M, and N), 43 �m (G and H), 2 �m (I and J),
or 55 �m (K and L).
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In the present study, the Smad4Co/�; Tie2-Cre mice were used
as controls because they appeared no different from Smad4Co/Co,
Smad4Co/�, or wild-type mice.

Disturbed vascular remodeling in Smad4Co/Co; Tie2-Cre YS
and placentas. Whereas control embryos had a well-perfused
and hierarchically structured YS vasculature with branching
vitelline vessels at E9.5 (Fig. 2A, C, and E), Smad4Co/Co; Tie2-
Cre embryos exhibited hemorrhage in the YS without obvious
vascular structures (Fig. 2B). The mutant YS plexus failed to
generate distinct vitelline vessels to connect with those vessels
extended from embryos proper, remaining a meshwork of in-
terconnected and homogeneously oversized EC-lined tubes
(Fig. 2D and F). Histologically, the EC layer of mutant YS
displayed ill-defined contact with mesothelial and endodermal

layers by E9.5 (Fig. 2G and H). Electron microscopic evaluation
confirmed the detachment and revealed abnormal deposits of the
ECM in gaps separating mesothelium from the endothelium in
Smad4 mutants (Fig. 2I and J).

Vascular defects were also observed in the placental laby-
rinth. At E9.5, the labyrinth region in the control placentas
contained a network of extra-embryonic capillaries inter-
spersed with maternal sinuses, where two kinds of erythrocytes
were separated (Fig. 2K). Of note, in the mutant labyrinth,
clusters of embryonic nucleated erythrocytes were detected in
the maternal sinuses, indicating the impaired integrity of mu-
tant vessels (Fig. 2L). By E10, although the chorionic plate and
trophoblast giant cells appeared normal, the labyrinth layer
was reduced in thickness and less vascularized, as shown by

FIG. 3. Abnormal vasculature and impaired VSMC/pericytes development in Smad4Co/Co; Tie2-Cre embryos. (A to D) Whole-mount CD31
immunostaining of E10 embryos. The mutant embryos show a coarse vascular plexus and significantly reduced capillary vessels in the intersomitic
(A and B) and head region (C and D). Arrowhead indicates blind ending vessels. (E and F) Histological sections of whole-mount CD31-stained
E9.5 embryos. The mutant embryos manifest an irregularly narrowed DA lumen. An arrowhead denotes the rupture of DA. (G and H) Histological
sections of LacZ-stained Smad4Co/�; Tie2-Cre and Smad4Co/Co; Tie2-Cre embryos carrying a ROSA26 allele at E9.5. The mutant embryos show
remarkably narrowed DAs (black arrowheads) and moderately dilated ACV (arrows). A red arrowhead denotes vessels sprouted into the neural
tissue of the control mice, which is absent in the mutant embryos. (I and J) Electron micrographs of inter-endothelial junctions (arrowheads) at
E9.5 show a reduced junctional overlapping in the mutant vascular ECs. (K to N) �-SMA immunostaining of E9.5 embryos. Dramatically reduced
expression around DAs in the mutant embryos is in contrast to the controls in which perivascular walls are lined with �-SMA-positive
VSMC/pericytes. Black arrowheads denote DAs, and arrows denote the comparable �-SMA expression at the somites. A red arrowhead denotes
the only �-SMA-positive cell in the field but detached from the EC layer. (O) Laminin immunofluorescence staining of E9.5 DAs shows a
comparable expression level but abnormal deposition around the DAs of the mutant embryos. Scale bar: 420 �m (A through D), 100 �m (E and
F), 150 �m (G, H, K, and L), 500 nm (I and J), 75 �m (M and N), or 40 �m (O).
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LacZ staining of placentas carrying a ROSA26 allele (Fig. 2M
and N).

Abnormal vasculature and impaired vascular smooth mus-
cle cells (VSMC)/preicytes development in Smad4Co/Co; Tie2-
Cre embryos. Globally, Smad4Co/Co; Tie2-Cre embryos at E10
exhibited a coarse vascular plexus and a significant reduction of
capillary vessels (Fig. 3A and B). Oversized and blind-ending
vessels were easily observed in the mutant heads (Fig. 3C and
D). Histologically, E9.5 mutant embryos had collapsed DAs
with irregularly narrowed lumens (Fig. 3E to H and K to O),
while the venous system such as the ACV showed moderately
increased lumen diameters (Fig. 3H). Moreover, the parallel
capillary branching from DA to somites diminished, showing
nonorganized EC clusters around the DA instead (Fig. 3F).
Although vessels sprouting into the neural tissue could easily
be seen in E9.5 control embryos (Fig. 3G), the perineural
vascular plexus of the mutant embryos was dilated and failed to
invade the neuroepithelium (Fig. 3H). In addition, electron
microscopy demonstrated fewer junctions with numerous in-
tervals between adjacent mutant vascular ECs (Fig. 3I and J).

We used �-SMA immunostaining to illustrate the matura-
tion of embryonic vessels. Transverse sections of DA revealed
the development of VSMC/pericytes around the ECs of nor-
mal embryos at E9.5 (Fig. 3K and M). Nevertheless, �-SMA-
positive cell around DA was hardly detected in comparable
sections of the mutant embryos and failed to make close con-
tact with adjacent ECs if any appeared (Fig. 3L and 3N).
Furthermore, �-SMA expression in the somites was equivalent
between the mutant and the control embryos (arrows in Fig.
3K and L), indicating that the loss of �-SMA expression was
specific for VSMC/pericytes. Of note, the expression of lami-

nin, a constituent of ECM, was unaltered in the mutant em-
bryos, although the distribution was discontinuous due to the
rupture of vascular lumens (Fig. 3O).

Defective myocardial development and endocardial cushion
formation in Smad4Co/Co; Tie2-Cre embryos. We further deter-
mined whether Smad4 deficiency in the endocardium affected
embryonic heart development. Smad4Co/Co; Tie2-Cre embryos
had enlarged hearts and showed edematous pericardium (Fig.
4A and B). Dilated ventricles with reduced trabeculae of the
mutant hearts were in sharp contrast to the controls (Fig. 4C to
F). In some serious cases, the endocardial layer of the mutant
hearts was collapsed into disorganized multiple layers and de-
tached from myocardial trabeculae (Fig. 4G and H).

Morphogenetic process of normal endocardial cushion for-
mation is characterized by endocardial-mesenchymal transfor-
mation with downregulating CD31 expression of cushion cells
at E9.5 to 10.5 (3). However, at E9.5, atrioventricular canal
endocardial cushion was totally absent in the mutant hearts
(data not shown). At E10, the endocardial cushion of mutant
embryos showed a dramatically decreased cellularity, and the
cushion cells showed more intensively positive CD31 staining
than did the controls (Fig. 4I and J). This indicated a reduced
or largely missed ability of mutant endocardial cells to invade
the cardiac jelly and to undergo endocardial-mesenchymal
transformation.

Reduced in vitro tube formation of ECs derived from
Smad4Co/Co; Tie2-Cre mice. Since vessels of the mutant em-
bryos were devoid of sprouting into placental labyrinth and
neural tissue, we further investigated in vitro tube-forming
capacity on Matrigel of mutant embryonic ECs to determine
whether an intrinsic functional defect existed. Two strategies

FIG. 4. Defective myocardial development and endocardial cushion formation in Smad4Co/Co; Tie2-Cre embryos. (A and B) Whole-mount
CD31 immunostaining of embryonic hearts at E9.5. (C and D) �-SMA immunostaining of E9.5 ventricles. (E and F) Cross sections of whole-mount
CD31-stained E9.5 ventricles. Compared to the controls, the mutant embryos have enlarged hearts, dilated ventricles, and reduced trabeculae. (G
and H) Cross sections of LacZ-stained hearts of Smad4Co/�; Tie2-Cre and Smad4Co/Co; Tie2-Cre embryos carrying a ROSA26 allele at E9.5 show
the disorganized endocardial layers of the mutant hearts. (I and J) Cross sections of a whole-mount CD31-stained atrioventricular canal at E10.
The mutant embryos demonstrate significantly reduced endocardial cushion cellularity, while the cushion cells have more intensive CD31
expression than that of controls. A, atria; V, ventricles; *, endocardial cushion. Scale bar: 200 �m (A and B), 105 �m (C and D), 80 �m (E and
F), 140 �m (G and H), or 55 �m (I and J).
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were used to obtain purified ECs from embryos. For sorted
Tie2-positive cells, the purity of ECs was �90%, as evaluated
by Dil-Ac-LDL incorporation (Fig. 5A). As for PmT-trans-
formed ECs, both Dil-Ac-LDL uptake and VE-cadherin im-
munostaining verified their endothelial property and demon-
strated unaltered expression in the Smad4-deficient ECs (Fig.
5A and data not shown). The absence of Smad4 expression in
the mutant ECs was confirmed by RT-PCR and Western blot
analysis (Fig. 5B). Eight hours after being plated on Matrigel,
the Smad4-dificient ECs exhibited significantly attenuated ca-
pacity of forming two-dimensional tube-like structures, al-
though they were able to change their shape and form tubes to
some extent (Fig. 5C). We observed a 35% decrease in the
number of tubes and a 44% reduction in the total tube length
(Fig. 5D). The results strongly suggested the disrupted intrinsic
function in the tube formation of Smad4-deficient ECs in vitro,
corroborating the abnormal vessel sprouting and remodeling in
vivo.

Altered Ang2 and Cx43 expression in Smad4-deficient ECs.
To confirm whether Smad4-mediated signaling transduction
was disturbed, the expression of the downstream targets was
analyzed. As shown in Fig. 6A, the expression of Id1, a specific
downstream target gene of ALK1-Smad1/5/8 signaling in the
TGF-� pathway (12, 33), and PAI-1, which is specifically in-

duced by ALK5-Smad2/3 (12, 33), were both clearly decreased
in the mutant ECs. The results were further approved by the
reporter assay using the reporters (CAGA)12-luciferase and
BRE-luciferase that are specifically responsive to Smad2/3 and
Smad1, respectively (6, 13). In the control ECs, TGF-�1 stim-
ulated the expression of both (CAGA)12-luciferase and BRE-
luciferase, whereas BMP2 activated BRE-luciferase. Neverthe-
less, all of the responsiveness was remarkably reduced in
Smad4-deficient ECs (Fig. 6B). Unexpectedly, the expression
of fibronectin 1 (Fn1) remained unchanged and even increased
in the mutant ECs, although it has been considered as a direct
target of ALK5 signaling (33) (Fig. 6A).

We further examined the expression of a set of genes known
to be involved in blood vessel stabilization. Comparable Tie2
and PDGFB expression, but a remarkable increase of Ang2,
were detected by RT-PCR and/or real-time PCR in isolated
mutant ECs (Fig. 6C and D). Moreover, TGF-�1 treatment
downregulated Ang2 and increased PDGFB expression, cor-
roborating previous reports (28, 42). Nevertheless, no tran-
scriptional change upon TGF-�1 treatment was detected in the
Smad4-deficient ECs, a finding indicative of Smad4-dependent
regulation of both molecules by TGF-�1 (Fig. 6D). The dra-
matic increase of Ang2 was also the case in the mutant em-
bryos at both RNA and protein levels (Fig. 6E, F, and H). Flow

FIG. 5. Reduced in vitro tube-forming capacity of Smad4-deficient ECs. (A) Morphology and purity of isolated embryonic ECs. The upper
panels show the typical cobblestone-like shape of sorted Tie2-positive cells in culture. The middle panels show �90% EC purity as verified by
DiL-Ac-LDL uptake. The lower panels show the endothelial property of PmT-transformed ECs by VE-cadherin (CD144) immunostaining.
(B) RT-PCR and Western blot analysis of Smad4 expression in E9.5 YS, embryos proper, sorted Tie2-positive cells, and PmT-transformed
embryonic ECs is shown from left to right in the upper part of the panel. In the lower part of the panel, “�T” indicates stimulation by 10 ng of
TGF-�1/ml for 20 h. Smad4 expression is reduced in the mutant embryos and absent in the mutant ECs. (C) Tube-like structures of isolated ECs
on Matrigel observed after 8 h of incubation. The mutant ECs exhibit less tube formation than that of controls. (D) Quantification shows a
significant 35% reduction of tube number (left) and a remarkable 44% decrease of total tube length (right) in the mutant ECs. The data are means �
the standard error of the mean. Scale bar: 27 �m (top images of panel A), 14.5 �m (middle and lower images of panel A), or 150 �m (C).
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cytometric analysis further approved the equivalent embryonic
Tie2 expression at protein level (Fig. 6G). In addition, being
mesenchyme derived and important for stabilizing vessel walls
(4), Ang1 showed modestly reduced expression in the mutant
embryos (Fig. 6E and F).

Given that Cx43-mediated gap junctional communication
between endothelial and mesenchymal cells is crucial for mural
cell differentiation (15), we examined the expression of Cx43,
which is also involved in mouse vascular development (25).
Cx43 expression was reduced in cultured Smad4-deficient ECs
(Fig. 7A). Upon TGF-�1 treatment, Cx43 expression was up-
regulated in the control ECs as previously reported (21). How-
ever, we demonstrated at both RNA and protein levels that the

expression of Cx43 hardly increased but rather decreased in
the mutant ECs when treated with TGF-�1 (Fig. 7B and C).
Importantly, a remarkable reduction of Cx43 expression was
detected in the vascular ECs of E9.5 mutant embryos in vivo
(Fig. 7D).

DISCUSSION

Targeted disruption of Smad4 in mice results in early em-
bryonic lethality with multiple defects on epiblast proliferation,
egg cylinder formation, and mesoderm induction. Thus, a sys-
tematic and precise analysis of vascular development is un-
available (50). Here, disruption of Smad4 specifically in ECs

FIG. 6. Increased Ang2 expression in Smad4-deficient ECs. (A and C) RT-PCR analysis of molecular expression in isolated embryonic ECs.
The data are representative of three repeats in sorted Tie2-positive cells and PmT-transformed embryonic ECs, respectively. (B) Reporter assays
of PmT-transformed embryonic ECs. The cells were transfected with (CAGA)12-luciferase or BRE-luciferase and then treated with 10 ng of
TGF-�1 (�T) or 100 ng of BMP2 (�B)/ml. Inactivation of Smad4 attenuated BMP-2 and TGF-�1-stimulated luciferase activities. A representative
experiment is shown. (D) Real-time PCR analysis of Ang2 and PDGFB expression using RNA extracts from PmT transformed ECs. “�T”
indicates stimulation by 10 ng of TGF-�1/ml for 20 h. The mutant ECs show increased expression of Ang2 and fail to downregulate Ang2
expression upon TGF-�1 treatment. (E) RT-PCR analysis of E9.5 whole-embryo RNA extracts. The data are two representatives of four
independent experiments. (F) Real-time PCR analysis of Ang1, Ang2, and PDGFB expression using E9.5 whole-embryo RNA extracts. (G) Flow
cytometric analysis of Tie2 expression in whole embryos. A representative experiment is shown. (H) Western blot analysis of E9.5 whole embryos
demonstrates increased Ang2 expression in the mutants. The data are expressed as means � the standard error of the mean. *, P 	 0.05; **, P 	
0.01 (significantly different from the untreated controls in panels D and F).

VOL. 27, 2007 ENDOTHELIAL Smad4 IN CARDIOVASCULAR DEVELOPMENT 7689



led to embryonic lethality by E10.5 due to multiple cardiovas-
cular defects, demonstrating a pivotal role of endothelial
Smad4 in vascular remodeling and stabilization.

We revealed an indispensable function of endothelial Smad4
in angiogenesis. Smad4-deficient ECs were able to assemble
into a primary vascular plexus, suggesting that vasculogenesis
was intact in the mutant mice. However, the Smad4-deficient
primary vessels failed to undergo remodeling and efficient
spouting in vivo, indicating that angiogenesis is definitely ab-
normal in Smad4 mutants. The angiogenesis defects largely
mimicked the phenotypes of the loss-of-function mutant mice
in which a variety of other members of TGF-� signaling path-
way were globally disrupted (7, 22, 24, 31, 32, 48), a finding
indicative of an essential cell-autonomous role of Smad4 sig-
naling in ECs during vascular development. Most recently, a
conditional Smad4 knockout mouse driven by a Flk1 promoter
has been reported to manifest similar angiogenesis defects in
the YS, whereas the influence on embryos proper is not known
(34). Since Flk1 expression marks a broad spectrum of meso-
dermal progenitors besides ECs in the early mouse embryos (9,
30), it may further emphasize the endothelium as the predom-
inant cell type responsible for Smad4-related vascular defect.
Actually, the Smad4Co/Co; Tie2-Cre embryos also exhibited
some distinct phenotypes. The DAs of Smad4Co/Co; Tie2-Cre
embryos displayed irregularly narrowed lumen and were rup-
tured. It was much more outstanding than the changes in veins
with moderate dilatation only. In the TGF-�1, T�R2, ALK5,
and endoglin knockout embryos, the lumen size and shape of
the DAs are comparable to those found in wild-type mice (7,
22, 24, 32), whereas in the ALK1 and Smad5 knockout mice,
the blood vessels are greatly dilated at E9.5 (31, 48). In con-
trast to a recent study showing that the Tie2 promoter is much
more active in the arterial system than in the venous system
(1), the Tie2 promoter in combination with the enhancer frag-

ment we used in the present study ensured the equivalent Cre
expression throughout the cardiovascular system (19, 36).
Since Smad4 was authentically deleted in all vascular ECs (Fig.
1G and 5B), the phenotypic discrepancy between the DA and
the venous system in the mutant E9.5 embryos presumably
resulted from distinct roles rather than different knockout ef-
ficiency of Smad4 in arterial versus venous vessels. Notably,
ALK1 is predominantly expressed in arteries over veins (12,
38), suggesting that Smad4-mediated ALK1 signals might play
somewhat more significant roles in arterial ECs. It requires
further clarification as to how Smad4 deficiency in ECs exerts
different influences on the structure of arterial versus venous
vessels.

Disrupted remodeling of embryonic vasculature in Smad4
mutants was largely due to intrinsic functional defects of
Smad4 mutant ECs. Gain-of-function studies show that,
whereas ALK1 via Smad1/5 stimulates EC migration and tube
formation (12, 47), ALK5 via Smad2/3 inhibits EC migration
and tube formation (12, 33, 47). Hence, TGF-� exerts bifunc-
tional effects on EC via a fine balance between ALK5 and
ALK1 signaling (12). Moreover, the opposite effects on EC
migration mediated by ALK1 and ALK5 are Smad4 dependent
(12). Nevertheless, ALK5-deficient ECs demonstrate intact
tube-forming properties in vitro (22), and up-to-date, few ev-
idence has shown EC defect in tube formation in vitro by
loss-of-function studies on TGF-� signaling components.
Here, we demonstrated the intrinsic defect in tube formation
of Smad4-defecient ECs, which was a little unexpected since
exogenous TGF-� also inhibits the formation of tube-like
structures of ECs on Matrigel (33). The defect presumably
resulted from a disturbed balance between the ALK1 and
ALK5 pathways. Except for TGF-�1, the significance of BMP
signaling in EC behavior has been elucidated in vitro and in
vivo (34, 46). The Smad4-deficent ECs remarkably reduced the

FIG. 7. Reduced expression of Cx43 in Smad4-deficient ECs. (A) Immunofluorescence labeling of Cx43 in PmT-transformed ECs. The
Smad4-deficient ECs demonstrate notably reduced expression. (B) Representative RT-PCR analysis of Cx43 expression using RNA extracts from
isolated Tie2-positive cells (left side) and PmT-transformed ECs (right side). (C) Western blotting analysis of Cx43 expression in PmT-transformed
ECs. “�T” indicates stimulated by 10 ng of TGF-�1/ml for 20 h. The mutant ECs fail to upregulate the expression of Cx43 upon treatment of
TGF-�1. (D) Cx43 Immunofluorescence staining of E9.5 DAs shows reduced expression in the mutant vascular ECs in vivo. Scale bar: 12 �m
(A) or 25 �m (D).
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responsiveness to BMP2 and manifested a significant decrease
in Id1 expression, which is a direct target of both TGF-�1–
ALK1 and BMP signaling. Therefore, disruption of Smad4-
mediated BMP signaling may synergistically account for the
attenuated tube-forming capacity of Smad4-deficient ECs and
the vascular abnormalities of mutant embryos.

TGF-�1 is thought to have a direct stimulatory effect on the
synthesis and deposition of ECM components by ECs, induc-
ing Fn and laminin production through ALK5 signaling (33,
45). Unexpectedly, the expression of Fn and laminin demon-
strated hardly reduced in the Smad4-deficient ECs, although
ALK5-Smad2/3 signaling was indeed attenuated. These results
suggested that Smad4 is not required for the expression of
some ECM components in developing ECs. Supportively,
TGF-� can modulate the expression of Fn gene in a Smad4-
independent manner in some non-EC cell types (17, 44).

Deletion of Smad4 exclusively in ECs might provide abnormal
signals for impaired cellular interaction between endothelial
and surrounding cells. Angiopoietins promote vessel stability
by activating (Ang1) or antagonizing (Ang2) signaling via the
Tie2 receptor (4). The disturbed balance between Ang1 and
Ang2, especially the remarkable increase of Ang2, in the
Smad4Co/Co; Tie2-Cre embryos was inclined to destroy the ves-
sel stability. In mid-gestational mouse embryos, Ang2 expres-
sion was abundant in the DA and major aortic branches, spe-
cifically in the VSMC beneath the vessel endothelium (10, 27).
However, its expression was induced within the ECs of small
vessels at sites of vascular remodeling (8, 10). Although in-
creased expression of Ang2 in the mutant embryos could be a
secondary response to the remodeling defects in vivo, most
importantly, we revealed that lack of Smad4 in ECs lead to a
cell-autonomous increase of endothelial Ang2 expression. In
vitro, exogenous Ang2 destabilizes quiescent endothelium and
leads to prominent EC detachment in a three-dimensional
coculture model (35). It is noteworthy that some of the vascu-
lar defects in Smad4Co/Co; Tie2-Cre embryos were highly rem-
iniscent of those observed in Ang2 overexpression transgenic
mice, particularly the notable vessel discontinuities and the
apparent collapse of endocardium (27). Interestingly, although
neither ALK1 nor ALK5 alone modulates Ang2 expression
(33, 47), TGF-�1 downregulated Ang2 expression in a Smad4-
dependent manner, implying somewhat complicated regula-
tory mechanisms. It is possible that Smad4 signaling influences
EC behavior partially through modulating angiopoietin signals
or that there exists a cross talking between the two pathways,
but further investigation is required.

By virtue, dissociation of ECs away from the surrounding
cells in Smad4Co/Co; Tie2-Cre embryos was universal and prom-
inent. Here we highlighted a candidate molecule, Cx43, as a
structure basis for the intercellular disassociation. The de-
creased expression of Cx43 in the Smad4-deficient ECs was
most likely cell autonomous because the results shown both in
situ and in the cultured ECs were coincident. Interestingly, the
responsiveness of Cx43 expression to TGF-�1 treatment in the
mutant ECs was converse to that in the controls, suggesting
that Smad4-independent regulation of endothelial Cx43 ex-
pression by TGF-�1 might exist. Functionally, Cx43-mediated
gap junctional communication between endothelial and mes-
enchymal cells is crucial for latent TGF-�1 activation and
subsequent endothelium-induced mural cell differentiation

(15). Hence, it is conceivable that cell contact-dependent ac-
tivation of TGF-�1 may be largely disturbed in the Smad4
mutant embryos (2), although TGF-�1 transcription remained
unchanged. Supportively, it is suggested that disruption of
TGF-� signaling exclusively in vascular ECs results in reduced
availability of TGF-�1 protein to adjacent cells, whereas the
transcription of TGF-�1 is unaltered (5). Thus, cell-autono-
mous downregulation of Cx43 in the Smad4-deficient ECs,
which probably results in impaired gap junctional communica-
tion between ECs and surrounding cells, might contribute to
the impaired VSMC recruitment and destabilized vasculature
in the mutant embryos.

In summary, we have provided direct functional evidences
that Smad4 activity in the developing ECs is essential for em-
bryonic cardiovascular development. Further studies investi-
gating the detailed molecular basis of Smad4 signaling in ECs,
possibly including angiopoietins and gap junction molecules,
are required to understand definitely the role of Smad4 signal-
ing in vascular remodeling and integrity in embryonic devel-
opment, as well as in adult tissues and tumor models.
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