
Introduction
Establishment of the mammalian vasculature is con-
trolled by a complex process involving differentiation
and assembly of multiple cell lineages. Rapid expansion
of blood vessels is necessary for the tissue growth
observed during embryonic development and tumor
growth. Dysregulation of vascular development can
result in excessive proliferation of vessels, as seen in
hemangiomas, retinopathy of prematurity, and venous
malformations (1). Because of the fundamental signif-
icance of vascular development to human biology and
disease, there has been much interest in understanding
the molecular mechanisms underlying the develop-
ment and proliferation of vessels.

Anatomically, formation of blood vessels can be divid-
ed into 2 distinct steps. Vasculogenesis, the initial step,
occurs when mesodermally derived angioblasts differ-
entiate into vascular endothelial cells and assemble into
vascular tubes (2). Subsequently, in a process known as
angiogenesis, preexisting vessels sprout new branches
that become remodeled into mature vessels (3). This step
requires recruitment of vascular mesenchymal cells that
encase endothelial tubes and differentiate into vascular
smooth muscle cells (VSMCs), pericytes, and fibroblasts
to promote the assembly and stabilization of the mature
blood vessel wall (4). Reciprocal endothelial-mesenchy-
mal interactions are essential for angiogenesis.

Recent studies have revealed several signaling pathways
important during vasculogenesis and angiogenesis (1, 4).
The secreted ligand angiopoietin-1 (Ang-1) and its recep-
tor tyrosine kinase Tie2 (5–8), and ephrinB2 and its
receptor EphB4 (9, 10), are critical for endothelial-mes-

enchymal interactions during angiogenesis. Within the
heart, Ang-1 secretion from the endocardium is also nec-
essary for trabeculation of the neighboring myocardium
(8). TGF-β and its receptors play a role in vascular stabi-
lization and remodeling and function through the Smad
family of transcription factors (11–14). In contrast to
these molecules that function mainly during angiogen-
esis, VEGF, a heparin-binding growth factor with high
specificity for endothelial cells, is a central mediator of
angiogenesis and vasculogenesis (4, 15). There are 5 iso-
forms produced from a single VEGF gene by alternative
splicing. VEGF induces endothelial proliferation, pro-
motes cell migration, and inhibits apoptosis (3). Inhibi-
tion of VEGF activity results in tumor regression, indi-
cating that VEGF is necessary for the neovascularization
associated with tumors (16). VEGF signals through its
receptor tyrosine kinases, VEGFR-1/Flt-1 and VEGFR-
2/KDR/Flk-1, which are expressed specifically on the
surface of vascular endothelial cells and are required for
both vasculogenesis and angiogenesis (17–20). Endothe-
lial cells of VEGFR-1 mutant mouse embryos differenti-
ate, but do not assemble properly into vessels (18),
whereas VEGFR-2 mutants display more severe defects
of vasculogenesis (17). Recently, another VEGF receptor,
VEGFR-3, has been shown to be important for the
remodeling and maturation of primary vascular net-
works into larger blood vessels (21). These data suggest
that VEGF controls unique steps of vascular develop-
ment through distinct receptors.

Neuropilin-1 is a specific receptor for the 165-amino
acid form of VEGF (VEGF165) and is a potential regula-
tor of VEGF-induced angiogenesis (22). Neuropilin-1
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was first identified in the Xenopus tadpole nervous sys-
tem (23) and found to play a role in semaphorin-medi-
ated axonal chemorepellence (24). Neuropilin-1 is
expressed in the endothelial and mesenchymal cells of
the murine vasculature (25) and may mediate interac-
tions between endothelial and mesenchymal cells.
Mouse embryos overexpressing neuropilin-1 exhibit car-
diovascular, peripheral nervous system (PNS) and limb
defects (25). Mice deficient in neuropilin-1 have defects
in PNS axonal guidance and die between embryonic day
10.5 and 12.5 from cardiovascular defects (26).

Despite recent progress in identification of signaling
molecules and cell-surface receptors that regulate
blood vessel formation, little is known currently about
the nuclear transcriptional pathways that regulate or
are regulated by the vascular signaling cascades. Tissue-
specific members of the basic helix-loop-helix (bHLH)
family of transcription factors are essential for devel-
opment of many cell lineages (27–29), but have not
been demonstrated to play a role in vascular develop-
ment. The bHLH transcription factor dHAND (decidu-
um, heart, autonomic nervous system, neural crest-
derived)/Hand2 is required for cardiac morphogenesis
(30–32). Mice lacking dHAND have a single ventricle
and aortic arch defects and die by embryonic day 11.0
(E11.0) from heart failure (31). Although the cardiac
defects of dHAND mutants are well characterized as
hypoplasia of the right ventricle segment and poor tra-
beculation of the remaining ventricle, the role of
dHAND in development of the vasculature has not
been examined previously. Here we demonstrate that
dHAND is expressed in the developing vasculature and
VSMCs and is required for normal vascular develop-
ment. The dHAND-null endothelial cells differentiate
but mesenchymal cells fail to differentiate into VSMCs.
The vascular defects in dHAND-mutant embryos are
similar to the angiogenic defects observed in VEGF and
Flt1 mutants. In a screen to identify dHAND-depend-
ent genes in the heart by suppressive subtractive
hybridization, we found that expression of the VEGF165

receptor, neuropilin-1, was dHAND dependent in the
heart and portion of the vasculature. These data indi-
cate that dHAND plays a role in angiogenesis and may
function through a VEGF signaling pathway.

Methods
Section and whole-mount in situ hybridization. In situ
hybridization to mouse embryo sections was per-
formed with riboprobe labeled with 35S as described
previously (30). Antisense riboprobe was synthesized
with SP6 RNA polymerase (MAXIScript; Ambion
Inc., Austin, Texas, USA) from dHAND full-length
cDNA. Hybridization was performed on tissue sec-
tions of E9.5 and E10.5 mouse embryos. After
hybridization, sections were washed and dipped in
Kodak NTB-2 emulsion. Slides were exposed for 14
days and then developed in D19 (Eastman Kodak Co.
Scientific Imaging Systems, New Haven, Connecti-
cut, USA) for 3 minutes.

Whole-mount RNA in situ hybridizations for
dHAND, Ang-1, COUP-TFII, SM22α, and neuropilin-
1were performed using digoxigenin-labeled antisense
riboprobes. In situ hybridizations were performed as
described previously (31). Briefly, embryos were
hybridized with digoxigenin-labeled riboprobes at
60°C for 18 hours. After a series of washes, embryos
were incubated with alkaline phosphatase–conjugat-
ed anti-digoxigenin antibodies at room temperature
for 1 hour. After another series of washes, embryos
were incubated in a substrate color-reaction mixture
(Roche Molecular Biochemicals, Indianapolis, Indiana,
USA) for 10–12 hours in darkness. Color reaction was
terminated by fixing embryos in 4% paraformaldehyde
and 0.1% glutaraldehyde.

Breeding and genotyping of mice. Mice heterozygous for
the dHAND mutation were generated as described pre-
viously (31). To generate transgenic mice in a dHAND-
null background, male mice heterozygous for the Tie2-
lacZ transgene (33) and the SM22lacZ transgene (34)
were mated to dHAND heterozygous females. Male off-
spring that were heterozygous for dHAND and the lacZ
transgene were mated with dHAND heterozygous
females to obtain embryos that expressed the lacZ trans-
gene and were heterozygous or homozygous for the tar-
geted dHAND allele. Mothers were sacrificed and their
uteri dissected to harvest E8.0–10.5 embryos. Genomic
DNA was prepared from tail biopsies or from embry-
onic yolk sacs and subjected to PCR and/or Southern
blot for genotyping as described previously (31–34).

Immunochemistry. Whole-mount immunochemistry
was performed with mAb MEC13.3 (rat anti-mouse
platelet-derived endothelial adhesion molecule;
PharMingen, San Diego, California, USA), against
mouse platelet endothelial cell adhesion molecule-1
(PECAM-1) (35). Embryos were fixed in 4% para-
formaldehyde/PBS at 4°C overnight and dehydrated in
methanol. Embryos were bleached in 5% hydrogen per-
oxide in methanol for 4–5 hours at room temperature,
followed by rehydration and blocking in PBSMT (3%
skim milk and 0.1% Triton-X-100 in PBS) at room tem-
perature twice for 1 hour. Embryos were incubated in
10 µg/mL anti-mouse PECAM in PBSMT at 4°C over-
night, washed with PBSMT at 4°C and secondary
horseradish peroxidase–conjugated antibody in
PBSMT at 4°C overnight. Embryos were again washed
in PBSMT at 4°C and rinsed in PBST (0.1% Triton-X-
100, PBS) at room temperature for 20 minutes. For sig-
nal detection, embryos were incubated in 0.3 mg/mL
diaminobenzidine (Sigma Chemical Co., St. Louis, Mis-
souri, USA) in PBST for 20 minutes, and hydrogen per-
oxide was added to a final concentration of 0.03% and
incubated overnight. The staining reaction was termi-
nated by rinsing the embryos in PBST. Embryos were
postfixed in 4% paraformaldehyde/PBS at 4°C over-
night. To better observe the vasculature of the embryos,
embryos were dehydrated through graded steps into
100% methanol and cleared in a solution of benzyl ben-
zoate/benzyl alcohol (2:1).
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β- galactosidase staining. Embryos were dissected in 4°C
PBS and fixed in 2% paraformaldehyde/PBS with phe-
nol red for 30 minutes on ice. After rinsing with PBS,
embryos were incubated at room temperature over-
night in 0.1% X-gal, 5 mM potassium ferricyanide, 5
mM potassium ferrocyanide, 1 mM magnesium chlo-
ride, 0.002% NP-40, 0.01% sodium deoxycholate, PBS,
pH 7.0. After staining, the embryos were rinsed in PBS
and postfixed at 4°C overnight in 4% paraformalde-
hyde and 0.1% glutaraldehyde in PBS. Embryos were
dehydrated and cleared in a solution of benzyl ben-
zoate/benzyl alcohol (2:1).

Histology. For histologic analysis, embryos were embed-
ded in paraffin after fixation. Transverse and sagittal sec-
tions were made at 7-µm intervals throughout the
embryos. Paraffin was cleared in xylene, and photographs
of sections were taken without counterstaining to illus-
trate color reaction after either immunochemistry, β-gal
reaction, or whole-mount in situ hybridization.

Electron microscopy. Embryos were fixed in 2.5% glu-
taraldehyde in PBS at 4°C overnight and post-fixed
with 1% osmium tetroxide for 1 hour. After washings,
embryos were dehydrated in increasing concentrations
of ethanol and infiltrated and embedded in LK-112
medium. Ultrathin transverse sections were cut with a
diamond knife, mounted on 200-mesh grids, and
stained with uranyl acetate and lead citrate. Sections
were viewed with and photomicrographs obtained
through an electron microscope.

RT-PCR. Total RNA was purified from whole body,
hearts, or yolk sacs of wild-type and dHAND-null
embryos at E9.5, and adult mouse heart, aorta, and
liver (Trizol; GIBCO BRL, Rockville, Maryland, USA)
and A10 cell line (ATCC #CRL-1476; American Type
Culture Collection, Rockville, Maryland, USA). After

RT reaction, PCR analysis of several endothelial mark-
ers was performed using oligonucleotides specific for
Flk-1, Tie-1, and Tie-2, described previously (17, 36),
and numerous other vascular markers (primer
sequences available upon request). PCR primers specif-
ic for dHAND (upper: 5′-TACCAGCTACATCGCCTACCT-3′;
lower: 5′-TCACTGCTTGAGCTCCAGGG-3′) and neu-
ropilin-1 (upper: 5′- TGAAAAATACCCCAACTG-3′; lower:
5′- CCTGAATGATGACACCTCTT-3′) were used under the
following conditions: 94°C, 5 minutes; cycles of 94°C,
1 minute; 60°C, 1 minute; 72°C, 1 minute; and 72°C,
7 minutes. PCR products were analyzed after serial
cycles in the linear range of amplification. RNA load-
ing was controlled by amplification of the housekeep-
ing gene, GAPDH. Negative controls were performed
for each sample using non–reverse transcribed RNA.

Suppressive subtractive hybridization. One microgram of
total RNA, after DNase treatment, from pooled wild-
type or dHAND-null E9.5 hearts was used for generation
of cDNA by the SMART cDNA synthesis kit (CLON-
TECH Laboratories Inc., Palo Alto, California, USA).
PCR-Select (CLONTECH) was used for subtractive
hybridization as described by CLONTECH. Briefly, 2
pools of RsaI-digested wild-type cDNA were used as
tester and ligated to unique adapters. RsaI-digested
dHAND-null cDNA was used as a driver and was not lig-
ated to any adapter sequences. Hybridization of the
tester population with excess driver and subsequent
amplification of subtracted species with the 2 unique
adapters present on the tester cDNA resulted in a pool
of PCR fragments theoretically present in wild-type, but
not dHAND-null, cDNA. TA cloning (Invitrogen Corp.,
San Diego, California, USA) of the PCR product and
subsequent DNA isolation and sequencing of selected
clones was performed. Forty clones were initially
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Figure 1
Expression of dHAND in the developing
vasculature. Whole-mount in situ
hybridization revealed dHAND expression
in the aortic arch arteries (aa) and aorta
(ao) of an E10.0 embryo (a). Expression in
the pharyngeal arches (pa), heart (ht), and
limb bud (lb) was also seen. Sagittal sec-
tion of an E9.5 embryo (b and c) showed
expression in the aorta and aortic arch
arteries. Sagittal section of an E10.5
embryo (d and e) demonstrated dHAND
expression in the mesenchyme (m) of the
third and fourth aortic arch arteries
(arrowheads) and in the pharyngeal arch
(pa) mesenchyme. b and d represent phase
images of c and e, respectively. Expression
of dHAND was also observed in the vascu-
lar smooth muscle cell line, A10, and in the
adult heart and aorta by RT-PCR (f). RNA
integrity was assayed by amplification of
GAPDH. Yolk sac expression of dHAND
was observed by RT-PCR in f and whole-
mount in situ hybridization (arrowheads
indicate vessels) (g). (h) Sense control.



sequenced. Basic local alignment search tool (BLAST)
was used for searching sequence homology to DNA and
expressed sequence tag (EST) databases.

Results
Vascular expression of dHAND. The expression of dHAND
in the vasculature has not been examined in detail pre-
viously. Whole-mount in situ hybridization at E10.0
revealed dHAND expression in the aorta and aortic arch
arteries in addition to the pharyngeal arches and heart
(Figure 1a). Expression of dHAND was enhanced in the
rostral, compared with the caudal, vasculature. Histo-
logically, dHAND was expressed in the walls of the dor-
sal aorta and aortic arch arteries at E9.5 (Figure 1, b and
c) and in the heart (endocardium and myocardium) and
pharyngeal arches. The hybridization signal in the
blood vessels was wider than the thickness of the
endothelium, suggesting that the mesenchymal cells
surrounding the vessels expressed dHAND. At E10.5,
dHAND expression was localized to the vascular mes-
enchyme between the third and fourth aortic arch arter-
ies (Figure 1, d and e), which later gives rise to VSMCs
and to the mesenchyme of the pharyngeal arch. The vas-
cular expression of dHAND was subsequently down-
regulated and became undetectable by in situ hybridiza-
tion around E12.5. However, dHAND expression was
detectable by RT-PCR in the adult mouse aorta (Figure
1f). Consistent with aortic expression of dHAND, we

found that dHAND mRNA was present in a vascular
cell line (A-10; ATCC #CRL-1476) that is derived from
rat aortic smooth muscle cells (Figure 1f). In addition
to expression in the embryo proper, dHAND was also
detectable in the developing yolk sac. In situ hybridiza-
tion detected dHAND expression along the yolk sac ves-
sels during the process of remodeling at E9.5–10.0 (Fig-
ure 1, g and h). RT-PCR confirmed dHAND expression
in the yolk sac at E9.5 (Figure 1f).

Abnormal vascular development in dHAND mutants.
Mouse embryos homozygous-null for dHAND lack a
right ventricle and have a poorly trabeculated left ven-
tricle, resulting in death by E11.0 from heart failure
(31). Although dHAND is also thought to play a role
in the neural crest component of aortic arch develop-
ment, we sought to determine its role during vasculo-
genesis and/or angiogenesis. Because heart failure
might cause secondary vascular defects, all analyses of
dHAND mutants were performed at E9.5, before any
evidence of cardiac or growth failure. Unlike wild-type
E9.5 embryos that had a grossly visible vascular pat-
tern, dHAND mutants did not have an apparent vas-
culature, but rather had pooling of blood in extravas-
cular regions of the embryo. Whole-mount immuno-
chemical staining of E9.5 dHAND-null embryos using
a mAb against the endothelial-specific marker
PECAM-1 (Figure 2, a and b) revealed the presence of
differentiated endothelial cells. However, the vascula-
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Figure 2
Endothelial development in dHAND mutants. Whole-mount immunochemistry revealed that endothelial cells expressed PECAM-1 protein
appropriately in wild-type (a) and mutant (b) E9.5 embryos, but displayed a disorganized pattern in dHAND mutants (b). The rostral por-
tion of dHAND-null embryos was more severely affected than the caudal region, where the aorta (ao) and somitic arteries (arrowheads) were
visible. Sagittal section of PECAM-1 antibody–stained wild-type (e) and mutant (f) embryos revealed disorganization of the dorsal aorta of
dHAND-null embryos, where the aortic lumen was evident. Note patency of the aortic arch artery (aa) in the mutant (f). β-galactosidase
activity in wild type (c) and mutant (d) embryos harboring lacZ under control of the Tie2 promoter revealed disorganization of lacZ expres-
sion in dHAND-null embryos compared with wild-type embryos. Transverse sections of wild-type (g) and mutant (h) embryos in the caudal
region demonstrate the dilated nature of caudal vessels of dHAND-null embryos. ht, heart; as, aortic sac; h, head; nt, neural tube; fg, foregut.



ture was grossly disorganized throughout the embryo
with the more rostral vessels being more severely
affected. Histological analysis of E9.5 mutant embryos
showed that the aortic arch arteries were patent but
the rostral aorta was poorly patterned, without an
apparent lumen (Figure 2, e and f).

To further examine endothelial development in
dHAND mutants, transgenic mice containing a lacZ
marker under control of the endothelial-specific Tie2
promoter (33) were crossed into the dHAND-null
background. As observed with PECAM expression,
Tie2 expression was intact, but vascular development
was disrupted in the dHAND-null embryos at E9.5
(Figure 2, c and d). Interestingly, histologic analysis
revealed that the vasculature was formed but dilated
in the caudal portion of the embryo (Figure 2, g and
h). The disorganization of the rostral vasculature and
dilation of caudal vessels were similar to that seen in
VEGF-deficient or MEF2C homozygous-null embryos,
although the etiology of this observation in either
model is unclear (19, 20, 37).

Because endothelial differentiation appeared rela-
tively normal in dHAND mutants, we examined the
expression of several endothelial markers, as well as
other factors implicated in vasculogenesis and angio-
genesis. By semiquantitative RT-PCR, transcripts of
VEGF and its receptors Flk-1 and Flt-1, and Ang-1 and
its receptors, Tie1 and Tie2, were detected at similar lev-
els in wild-type and dHAND mutant embryos at E9.5
(Figure 3). Similarly, expression of the bHLH tran-
scription factor, ARNT (38), and the transcription fac-
tor, MEF2C (37), both implicated in vascular develop-
ment, were unaffected in dHAND mutants (Figure 3).
These results suggest that the vascular defects of
dHAND-null embryos do not result from altered
expression of the factors examined, although we can-
not eliminate the possibility of subtle changes in gene
expression in specific regions of mutant embryos.

Abnormal vascular remodeling in dHAND-null yolk sacs.
The vitelline circulation in the embryonic yolk sac rep-
resents the earliest circulatory system and is the first
site of vasculogenesis and angiogenesis in the embryo.
Normally, a honeycomb-like vascular plexus is evident
by E8.5; subsequent remodeling of the vasculature
(angiogenesis) results in defined vessels by E9.5 (Figure
4a). However, dHAND-null yolk sacs failed to form a
normal vasculature at E9.5 (Figure 4b). Expression of
lacZ under control of the Tie2 promoter revealed that
endothelial cells were present in both wild-type and
dHAND-null yolk sacs at E9.5 (Figure 4, c and d). In
wild-type yolk sacs, lacZ expression demarcated the for-
mation of large vitelline vessels and a fine network of
smaller vessels (Figure 4c). In contrast, lacZ expression
in yolk sacs lacking dHAND displayed a honeycomb-
like plexus pattern of endothelial cells with no remod-
eling into a vascular network (Figure 4d). Histologic
analyses revealed that although capillary-like vessels
containing blood cells with an endothelial cell lining
(Figure 4e) were seen in the wild-type yolk sac, no dis-

tinct blood vessels were evident in the dHAND-mutant
yolk sac (Figure 4f). Large cavities containing blood
cells and lined by endothelial cells (Figure 4f) were
observed in dHAND mutants suggesting that vasculo-
genesis proceeds, but angiogenesis is blocked in the
mutant yolk sac.

Vascular mesenchyme cells fail to differentiate into VSMCs
in dHAND mutants. Mesenchymal cells begin to invade
the vasculature around E9.0 and later differentiate
into VSMCs. Because dHAND was expressed in vas-
cular mesenchymal cells and VSMCs, we examined the
development of vascular mesenchymal cells in
dHAND mutants. Ang-1 and COUP-TFII are expres-
sed in mesenchymal cells and play a role in angiogen-
esis, possibly in a common molecular pathway (9, 39).
Transcripts of these 2 genes were examined in
dHAND-null embryos by RT-PCR and whole-mount
in situ hybridization, and no difference was found
between wild-type and dHAND-null embryos (Figure
3 and Figure 5, a and b; data not shown).

SM22α is an early marker for differentiated VSMCs
and marks the developing vasculature only after vas-
cular mesenchymal cells differentiate into VSMCs
around E9.0 (40, 41). Unlike Ang-1 and COUP-TFII,
SM22α was not detected in the dHAND-null vascula-
ture by in situ hybridization (data not shown). To
genetically confirm the absence of SM22α expression,
transgenic mice containing a lacZ marker under con-
trol of a SM22α arterial VSMC-specific promoter (34)
were crossed into the dHAND-null background. No
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Figure 3
Normal endothelial cell differentiation in dHAND-null embryos.
Semiquantitative RT-PCR analysis of wild-type (+/+) and dHAND-null
(–/–) embryos using primers specific to the endothelial cell markers
Flk-1, Tie1, Tie2, Flt-1, and VEGF revealed equal levels of expression
suggesting normal differentiation and quantity of endothelial cells in
dHAND mutants. Similarly, the mesenchymal marker, Ang-1, was
unaffected in dHAND mutants, as were the transcription factors
MEF2C and ARNT. GAPDH expression indicates equal RNA loading.



expression of lacZ was detected in the vasculature of
mice lacking dHAND at E9.5 or E10.5 (Figure 5, c and
d). Ventricular expression of SM22α was not detected
in dHAND mutants, although atrial expression was
present (Figure 5, c and d). Histologic analysis con-
firmed absence of SM22α-expressing cells around the
vasculature of mutants (Figure 5, e and f). These results
suggest that mesenchymal cells were present in the
absence of dHAND, but fail to differentiate into
SM22α-expressing VSMCs.

To more accurately determine if vascular mesenchy-
mal cells had migrated to the developing vasculature
and to assess the relationship of vascular endothelial
cells with mesenchymal cells, we performed electron
microscopy of wild-type and dHAND-null E9.5 embryos.
Transverse sections revealed that mesenchymal cells had
migrated around the aorta of dHAND mutants, similar
to wild-type (Figure 5, g and h). However, dHAND-null
mesenchymal cells remained rounded without cyto-
plasmic processes that normally make contact with
endothelial cells. Endothelial cells also began to appear
abnormal at this stage, possibly secondary to insuffi-
cient interactions with the mesenchyme. Together, these
observations suggest a role for dHAND in promoting
vascular mesenchyme development and possibly
endothelial-mesenchymal interactions.

Neuropilin-1 functions downstream of dHAND. To gain
insight into potential mechanisms through which
dHAND might function, we sought to identify dHAND-
dependent genes by subtraction cloning. Subtraction

cloning was performed by suppressive-subtrac-
tive hybridization in which E9.5 dHAND-null
heart cDNA was subtracted from wild-type E9.5
heart cDNA, resulting in isolation of genes that
were expressed in wild-type, but not dHAND-
mutant, hearts (Figure 6a). Whereas numerous
genes were identified and will be described else-
where, one of the dHAND-dependent factors
represented neuropilin-1, the VEGF165 receptor
(22). Downregulation of neuropilin-1 in
dHAND-mutant hearts was confirmed by semi-
quantitative RT-PCR (Figure 6b).

The expression pattern of neuropilin-1 in
early embryonic development has not been
described previously. In addition to its expres-
sion in the heart, neuropilin-1 mRNA was
found to be most prominent in the aorta, aor-

tic arch arteries, pharyngeal arches, and limb bud of
wild-type embryos by whole-mount in situ hybridiza-
tion (Figure 6, c and d). The expression of neuropilin-
1 described previously in the PNS and placenta and
that described here is very similar to that of dHAND
expression. Because neuropilin-1 was downregulated
in the hearts of dHAND mutants, we examined the
spatial regulation of neuropilin-1 expression in
dHAND-null embryos. Neuropilin-1 was downregu-
lated in the ventricle of the heart, as expected (Figure
6e). Interestingly, neuropilin-1 mRNA was severely
downregulated in the rostral aorta and pharyngeal
arches but was still detectable in the caudal aorta, cor-
relating with the expression pattern of dHAND.
Expression in the limb buds and septum transversum
was normal in dHAND mutants (Figure 6e), providing
internal controls for RNA integrity within the embryo.
Histologic analysis also demonstrated downregulation
of neuropilin-1 expression in the rostral dHAND-null
vasculature (Figure 6, f and g). Neuropilin-1 expres-
sion was also seen in the yolk sac of E9.5 wild-type
embryos (Figure 6b). Transcripts of neuropilin-1 were
downregulated in the dHAND-null yolk sac by semi-
quantitative RT-PCR (Figure 6b).

Discussion
The results in this study demonstrate that dHAND is
expressed in the developing vasculature and VSMCs
and plays a role in vascular development. Whereas
endothelial cell differentiation and vasculogenesis
were relatively unaffected in dHAND mutants,
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Figure 4
Yolk sac vascular defects in dHAND-null embryos. Unlike
wild-type yolk sacs at E9.5 (a), dHAND-null yolk sacs at
E9.5 display absence of visible vessels (b). Expression of lacZ
under control of the Tie2 promoter in wild-type (c) and
mutant (d) yolk sacs revealed a honeycomb-like vascular
plexus in dHAND-mutants rather than the remodeled ves-
sels present in the wild-type (e) and (f) represent histologic
sections of c and d, respectively. Arrowheads indicate ves-
sels; arrows indicate endothelial cells.



endothelial cell patterning was disrupted. Defects in
angiogenesis were observed with failure of VSMC dif-
ferentiation. Finally, by subtraction cloning, the
VEGF165 receptor, neuropilin-1, was found to be down-
regulated in dHAND mutants, suggesting one poten-
tial mechanism through which dHAND may function
in cardiac and vascular development.

Reciprocal interactions between vascular endothelial
cells and mesenchymal cells are essential for angio-
genesis and maintenance of the vasculature. Based on
a model of endothelial-mesenchymal interaction pro-
posed by Folkman and D’Amore, vascular mesenchy-
mal cells are recruited to endothelial cells through
Ang-1-Tie2 signaling, then differentiate into VSMCs
or pericytes, possibly being induced by TGF-β signal-

ing (1). In dHAND mutants, numerous markers of
endothelial cell development were normally expressed
and the mesenchymal cells surrounded endothelial
tubes, suggesting that the step of mesenchymal re-
cruitment is intact. This observation is consistent with
the results of marker analysis showing that Ang-1,
Tie2, and COUP-TFII, which is a putative upstream
regulator of the Ang-1-Tie2 signaling pathway (39), are
expressed normally in dHAND-null embryos. Howev-
er, in the absence of dHAND, VSMC differentiation
was arrested based on the lack of expression of SM22α.
The failure of vascular mesenchymal cells to express
the VSMC marker SM-22α could be a result of inade-
quate interactions with endothelial cells or could be a
direct effect of dHAND transcriptional regulation. A
proximal CArG box in the SM-22α promoter is essen-
tial for smooth muscle–specific gene expression, but
no binding sites for bHLH proteins (E-boxes) are
required for SM-22α transcription (42). Therefore,
SM-22α is unlikely to be a direct target of dHAND, but
more likely serves as a marker for abnormal vascular
smooth muscle differentiation.

TGF-β signaling pathways are also important for
angiogenesis. Mouse embryos lacking endoglin, a TGF-
β–binding protein expressed on the surface of endothe-
lial cells, have vascular defects similar to those described
here. Specifically, endoglin-null embryos have poor
VSMC development and arrested endothelial remodel-
ing, whereas vasculogenesis was normal (43). Targeted
deletion of a number of other genes involved in the
TGF-β signaling pathways have defects in remodeling
of the yolk sac vasculature (11–14). It will be interesting
to determine if dHAND-related pathways and TGF-β
signaling converge during vascular development.

Similar to the endothelial-mesenchymal interaction
in angiogenesis, reciprocal interactions between the
endocardium and myocardium are essential for car-
diogenesis. Development of myocardial trabeculations
is dependent upon secreted signals from the endo-
cardium, many of which are common to the vascula-
ture, including VEGF, Ang-1, and their respective recep-
tors. The phenotype of dHAND-null embryos was
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Figure 5
Failure of vascular smooth muscle differentiation in dHAND mutants.
Mesenchymal cells in wild-type (a) and dHAND mutants (b) expressed the
mesenchymal marker, COUPTFII, throughout the embryo. Expression of
lacZ under the control of the SM-22α promoter was seen in the aortic arch
arteries (aa), aorta (ao), conotruncus (ct), and ventricle (v) of the heart
of an E9.5 transgenic embryo (c). In the dHAND-null background, the SM-
22-lacZ transgene expressed in the atrium (a) of the heart, but not in the
vasculature (d) at E9.5. Embryos are shown in lateral views focusing on
the cardiac and vascular areas. Histologic analysis of wild-type (e) and
mutant (f) embryos revealed absence of lacZ expression in the cells sur-
rounding the aorta in dHAND-null embryos. Electron microscopy of trans-
verse sections through the rostral part of E9.5 wild-type (g) and dHAND-
null (h) embryos revealed vascular mesenchymal (m) cells surrounding
endothelial (e) cells. Wild-type mesenchymal cells developed cytoplasmic
processes to contact endothelial cells, whereas dHAND-null mesenchymal
cells remained rounded without contacting endothelial cells.



similar to VEGF-heterozygous embryos (19), not only
in the vasculature, but also in the myocardium where
trabeculations failed to form. An unbiased search for
genes downstream of dHAND in the heart resulted in
cloning of neuropilin-1 and demonstration of neu-
ropilin-1 downregulation in the hearts of dHAND
mutants. Further evidence of neuropilin-1 downregu-
lation in the yolk sac and other portions of the dHAND-
null vasculature suggests a possible link between VEGF
signaling and dHAND function in the heart and ves-
sels. Neuropilin-1 potentiates binding of VEGF165 with
Flk-1, and mice lacking neuropilin-1 die from cardio-
vascular defects between E10.5 and E12.5, similar to
dHAND. Thus, it is tempting to speculate that regula-
tion of neuropilin-1 is important for dHAND’s role in
not only cardiac but also vascular development.

Although our data indicate that vascular defects in
dHAND-null embryos may be partly mediated by dys-
regulation of neuropilin-1, deficiencies in many yet

unknown genes downstream of dHAND likely con-
tribute to the phenotype. In addition, we cannot for-
mally eliminate the possibility that a subtle hemody-
namic change from the cardiac defect might contribute
to some part of the dHAND-null phenotype, although
all our analyses were performed before any signs of car-
diac failure was apparent. Hemodynamic forces (shear
stress of blood flow) are important for vascular main-
tenance (44), but its role in early vascular development
remains unclear. Classic experiments in chick embryos
suggest that hemodynamic forces may not be essential
for initial development of the vasculature in vivo (45).
Further studies are required to elucidate how gene
defects and hemodynamic changes, respectively, could
contribute to defects of early vascular development.

Although little is known about transcriptional regu-
lation of vascular development, several recent reports
have described mouse mutants harboring vascular
defects overlapping those described here (37–39, 46, 47).
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Figure 6
Neuropilin-1 is downregulated in dHAND mutants. Neuropilin-1 was isolated
as a dHAND-dependent gene by subtractive hybridization between dHAND-
mutant and wild-type hearts (a). Quantitative RT-PCR of neuropilin-1 in wild-
type (+/+) and dHAND-null (–/–) hearts confirmed downregulation of neu-
ropilin-1 in dHAND-mutant heart and yolk sac RNA (b). Cycles of PCR
amplification are shown. RNA loading was controlled by assaying GAPDH
expression. Whole-mount in situ hybridization demonstrated neuropilin-1
expression in the heart (ht) and aorta (arrowheads) of an E9.0 embryo in right
lateral view (c). At E9.5 (d), neuropilin-1 expression, viewed from the left lat-
eral side, was seen in the aorta and aortic arch arteries (arrowheads), heart,
pharyngeal arch (pa), limb bud (lb), and septum transversum (st). In dHAND
mutants, neuropilin-1 was downregulated in the rostral aorta, pharyngeal arch-

es, and heart (e). Expression in the caudal aorta (arrowhead), limb bud, and septum transversum was intact. Transverse sections
through the rostral part of embryos in d and e revealed neuropilin-1 expression in the endothelial (e) and mesenchymal (m) cells of
the wild-type aorta (f), but no expression of neuropilin-1 in the dHAND-null aorta (g). h, head.



A member of the myocyte enhancer factor-2 family of
transcription factors, MEF2C, is required for VSMC dif-
ferentiation and vascular morphogenesis (37). Embryos
lacking MEF2C or dHAND have overlapping pheno-
types in the heart (48) and vasculature (37). The MyoD
family of bHLH proteins and the MEF2 family of tran-
scription factors interact with one another and function
synergistically during skeletal myogenesis (49). Because
dHAND, rather than MyoD family members, is
expressed in smooth and cardiac muscle, it is possible
that dHAND functions together with MEF2 factors
during cardiovascular development. The phenotypes
after genetic alteration of dHAND and MEF2C in mice
is consistent with such a model warranting further
studies of direct interaction among these proteins.

The studies here showed that an unbiased screen for
potential mediators of dHAND function in the cardio-
vascular system may have provided potential insight into
the mechanism through which dHAND might support
cardiovascular development. Subtraction of dHAND-null
heart from wild-type heart cDNA provided a tractable
approach to screening for many genes in molecular path-
ways regulated by dHAND (50). This type of screen
selects genes that may be one or several molecular steps
downstream. Taking advantage of this approach, we
found neuropilin-1 as one of many genes downstream of
dHAND. This could be a powerful method for function-
al genomics and can be used for any genes that are tar-
geted in mice. Whether neuropilin-1 is a direct or indirect
target for dHAND transcriptional activation remains to
be determined and awaits identification and analysis of
the neuropilin-1 promoter. Given the important role of
VEGF signaling pathways in development and disease, it
will be interesting to determine how neuropilin-1 and
other dHAND-dependent genes are involved in vascular
maintenance during embryogenesis, tumorigenesis, and
other pathologic conditions.

After submission of this manuscript, a detailed analy-
sis of the vascular defects in neuropilin-1 mutant embryos
was reported (Kawasaki, T., et al. 1999. A requirement of
neuropilin-1 in embryonic vessel formation. Development.
126:4895–4902). The vascular abnormalities overlapped
those described here and those observed in endothelin-1
mutants where dHAND is downregulated.
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