The orphan nuclear receptor COUP-TFII
is required for angiogenesis

and heart development
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The embryonic expression of COUP-TFII, an orphan nuclear receptor, suggests that it may participate in
mesenchymal-epithelial interactions required for organogenesis. Targeted deletion of the COUP-TFII gene
results in embryonic lethality with defects in angiogenesis and heart development. COUP-TFII mutants are
defective in remodeling the primitive capillary plexus into large and small microcapillaries. In the COUP-TFII
mutant heart, the atria and sinus venosus fail to develop past the primitive tube stage. Reciprocal interactions
between the endothelium and the mesenchyme in the vascular system and heart are essential for normal
development of these systems. In fact, the expression of Angiopoietin-1, a proangiogenic soluble factor
thought to mediate the mesenchymal-endothelial interactions during heart development and vascular
remodeling, is down-regulated in COUP-TFII mutants. This down-regulation suggests that COUP-TFII may be
required for bidirectional signaling between the endothelial and mesenchymal compartments essential for

proper angiogenesis and heart development.

[Key Words: Angiogenesis; heart defects; COUP-TFII; nuclear receptors]

Received January 28, 1999; revised version accepted March 1, 1999.

The entire inner surface of blood vessels and the heart is
lined with mesodermally derived endothelial cells.
These specialized epithelial-like cells regulate essential
vascular functions such as blood-tissue exchange, blood-
—tissue barriers, fibrinolysis and coagulation, and activa-
tion of the circulating immune system. Interestingly,
both the vascular system and heart require cross-talk
between endothelial cells and the surrounding mesen-
chymal cells for proper development (Dumont et al.
1994; Lee et al. 1995; Meyer and Birchmeier 1995; Suri et
al. 1996). However, little is known about the underlying
genetic and molecular determinants that control cardiac
chamber formation (Fishman and Olson 1997) or blood
vessel formation (Risau 1997). Vertebrate embryonic vas-
cular system development involves two distinct pro-
cesses (for reviews, see Risau and Flamme 1995; Folk-
man and D’Amore 1996; Hanahan 1997; Risau 1997).
Vasculogenesis is the process by which mesodermal pre-
cursor cells commit to the endothelial lineage as angio-
blasts. These cells adhere and differentiate into endothe-
lial tubes that are first organized into a primitive vascu-
lar plexus and then into larger blood vessels including
the dorsal aorta. In contrast, angiogenesis involves the
sprouting of new vessels from pre-existing vessels or
splitting of larger vessels to form a microcapillary net-
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work (Risau 1997). Subsequently, vascular remodeling
converts the primary capillary plexus into large and
small vessels of the mature vasculature. The assembly of
mature blood vessels, whether via vasculogenesis or an-
giogenesis, is dependent on bidirectional signaling be-
tween the endothelial cells and the surrounding mesen-
chymal cells (Folkman and D’Amore 1996). Many genes
have been identified that regulate the processes of vas-
culogenesis, angiogenesis, or both. In addition, some
genes have been shown to maintain the integrity of ves-
sels by recruitment and formation of the periendothelial
layer or by interactions between arteries and veins (Folk-
man and D’Amore 1996; Hanahan 1997; Risau 1997;
Wang et al. 1998).

The Angiopoietin-1 (ANG1)-TIE2 signal transduction
pathway involves a ligand-receptor tyrosine kinase
(RTK) interaction important for development of both the
vascular system and heart (Sato et al. 1995; Suri et al.
1996; Maisonpierre et al. 1997). ANGI is a potent angio-
genic factor that binds to and activates the endothelial-
specific RTK, TIE2/TEK (Davis et al. 1996). ANGI1 is
expressed in the myocardium and in mesenchymal cells
adjacent to developing endothelia of the intersegmental
vessels, in the peritoneum and in the periocular mesen-
chyme (Davis et al. 1996). In the embryo, TIE2 is ex-
pressed in all endothelial cells (Yamaguchi et al. 1993).
Ablation of either Angl or Tie2 results in profound vas-
culature and heart defects (Dumont et al. 1994; Sato et
al. 1995; Suri et al. 1996). Angl mutants have an abnor-
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mal vasculature characterized by decreased branching
and impaired recruitment of periendothelial smooth
muscle and pericyte cells (Suri et al. 1996). In addition,
these mutants show prominent endocardial and myocar-
dial defects resulting in a reduced complexity of the ven-
tricular endocardium and an almost collapsed atrial en-
dothelial lining (Suri et al. 1996). Similar to mutants of
its ligand ANG1, Tie2 mutants have deficiencies in an-
giogenesis and development of the heart (Dumont et al.
1994; Sato et al. 1995). ANG2, which antagonizes TIE2
signaling, is expressed in a distinct but overlapping pat-
tern to that of ANGI, and ectopic overexpression results
in similar defects in angiogenesis and heart development
(Maisonpierre et al. 1997). Interestingly, enhanced TIE2
activity in humans results in venous malformations
characterized by vasodilation and a lack of smooth
muscle cells (Vikkula et al. 1996). Thus, any perturba-
tion of the ANGI1-TIE2 signal transduction pathway re-
sults in angiogenic defects in remodeling the primitive
vascular plexus and heart defects due to inappropriate
myocardial-endocardial interactions. Taken together,
these studies demonstrate that multiple steps are in-
volved in establishing the mature cardiac and vascular
system and that normal development requires a balance
of positive and negative factors (Folkman and D’Amore
1996).

The present studies reveal a novel effector that con-
tributes to heart and blood vessel formation. Chicken
ovalbumin upstream promoter-transcription factor II
(COUP-TFII) is a member of the steroid/thyroid hor-
mone receptor superfamily (for review, see Tsai and Tsai
1997). This nuclear receptor superfamily consists of a
large group of ligand-activated transcription factors. No
known ligands have been identified for more than half of
the members, which have a well-defined putative ligand-
binding domain (LBD; for review, see Tsai and O’Malley
1994). Although COUP-TFs are well characterized bio-
chemically, the precise physiological roles of COUP-TFs
are largely undefined. The two mouse genes, COUP-TFI
and COUP-TFII, are typical orphan receptors that share
an exceptional degree of homology at the amino acid
level [98% identity in the DNA-binding domain (DBD)
and 96% identity in the putative LBD; Qiu et al. 1994].
Furthermore, their expression patterns are distinct but
overlap in many regions (Jonk et al. 1994a; Qiu et al.
1994; Pereira et al. 1995), suggesting that they may serve
redundant functions. Sequence comparisons of the mul-
tiple COUP-TF homologs from invertebrates and verte-
brates (Tsai and Tsai 1997) also revealed an exceptional
evolutionary conservation, as exemplified by the >89%
amino acid identity of the fruit fly and human COUP-TF
LBDs. This identity suggests a conservation of function.
The expression patterns of vertebrate homologs are simi-
lar in the developing central nervous system, suggesting
that they are also involved in neurogenesis (Fjose et al.
1993, 1995; Lutz et al. 1994; van der Wees et al. 1996).
Indeed, COUP-TFI is required for axon guidance, arbori-
zation, and morphogenesis of the ninth cranial ganglion
and nerve (Qiu et al. 1997), and the Drosophila homolog
seven-up (Mlodzik et al. 1990) is required for photore-
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ceptor cell fate determination. Taken together, these re-
sults demonstrate clearly that COUP-TFI and its ho-
mologs are critical factors involved in neurogenesis.

In contrast, COUP-TFII is highly expressed in mesen-
chymal cells during organogenesis (Pereira et al. 1995;
Tsai and Tsai 1997). This expression led us to hypoth-
esize that COUP-TFII is required for mesenchymal-epi-
thelial signaling during organogenesis. To assess the
physiological function of COUP-TFII in vivo we now
have disrupted COUP-TFII by targeted recombination in
embryonic stem (ES) cells. Two-thirds of the heterozy-
gote COUP-TFII mice die before weaning, and homozy-
gous deletion of COUP-TFII is lethal around 10 days of
gestation. Embryos are growth retarded, and have severe
hemorrhage and edema by E9.5. Histological analyses
revealed enlarged blood vessels, a lack of normal devel-
opment of the atria and sinus venosus, and malformed
cardinal veins. Immunological and molecular analyses of
the vascular system show a decrease in the extent and
complexity of the microvasculature in the head and
spine regions, suggesting that angiogenesis and vascular
remodeling are defective in COUP-TFII mutants. These
defects are consistent with a loss of COUP-TFII function
in the mesenchymal compartments of the head, spine,
and heart. Analyses of multiple ligand-RTK pathways
known to regulate primitive vascular development re-
vealed that Angl is down-regulated in COUP-TFII mu-
tants. Perturbations of the ANGI-TIE2 pathway may
contribute to the heart and vasculature defects observed
in COUP-TFII mutants. These results suggest that
COUP-TFII may modulate embryonic heart and vascu-
lature patterning via mesenchymal-endothelial signal-
ing.

Results

COUP-TFII expression during mouse development

The early expression of COUP-TFII is consistent with a
role in mesenchymal-endothelial interactions during
embryonic heart and vascular development. COUP-TFII
was detected in the visceral mesoderm and differentiat-
ing myocardium of the sinus venosus as the heart under-
goes a rightward looping and in the mesoderm surround-
ing the umbilical veins (Fig. 1A). The inflow tract is then
shifted dorsally and superiorly, and the atrial segment
and a part of the sinus venosus are taken up into the
pericardial cavity (Ulrich 1995). By E9, COUP-TFII ex-
pression is up-regulated during expansion of the com-
mon atrium and enlargement of the bilaterally sym-
metrical sinus venosus (Fig. 1B). COUP-TFII transcripts
are also found in the mesenchyme of the developing um-
bilical veins, somite, otocyst, eye, and hindbrain. Thus,
the early expression of COUP-TFII is consistent with a
role in patterning the sinus venosus, the common
atrium, and parts of the vascular and organ systems,
which are dependent on mesenchymal-epithelial inter-
actions.

During mid-gestation, COUP-TFII is expressed in the
mesenchymal cells of the frontonasal process, sense or-
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Figure 1. COUP-TFII expression. (A) Whole-mount in situ hy-
bridization of an E8.5 embryo showing COUP-TFII expression
in the expanding sinus venosus (Sv) and in the elongating um-
bilical veins (Uv) (ventral view, positive signal is bluish purple
color). (H) Heart. (B) At E9, (E9.0), COUP-TFII is detected in the
developing hindbrain (Hb), otocyst (O), the periocular mesen-
chyme and optic stalk (E), and expression in the anterior mid-
brain (MD) is restricted to the neuroectoderm. Expression is also
seen in the expanding common atrium (A), in the bilaterally
symmetrical sinus venosus, and caudally in the developing um-
bilical veins. Expression in the somite (S), which was first de-
tected at E8.5 (not shown), is now readily detected in all
somites. (V) Ventricle. (C) COUP-TFII is expressed in the mes-
enchyme of the developing testis (T), genital tubercle (Gt), kid-
ney (K), and cortex of the adrenal gland (Ag) at E13.5. Shown is
a sagittal view of a double exposure with the positive signal in
red. (D) COUP-TFII expression at E13.5 is restricted to the mes-
enchyme throughout salivary gland (Sg) development.

gans, respiratory, digestive, and urogenital systems
(Pereira et al. 1995). High magnification of the urogenital
region at E13.5 shows expression in the mesenchyme of
the kidney, genital tubercle, gonad, cortex of the adrenal
gland (Fig. 1C), and in the salivary gland (Fig. 1D). Ex-
pression levels decline dramatically after completion of
organogenesis and reach basal levels in the adult. In gen-
eral, COUP-TFII expression is detected in the mesen-
chyme but not in the terminally differentiated epithe-
lium. Collectively, these results support the hypothesis
that COUP-TFII may regulate signals required for induc-
tion of epithelial cell differentiation and may play differ-
ent roles at specific stages of embryonic development
through a common mechanism.

Targeted disruption of the COUP-TFII gene

A mouse 129Sv genomic clone spanning the entire
COUP-TFII gene was used to generate the targeting con-
struct. The COUP-TFII amino terminus and DBD are
contained in the first exon, whereas the LBD is split into
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two exons (Qiu et al. 1995). The targeting vector con-
tained 2.2 kb of 5 homologous sequence and 3.0 kb of 3’
homologous sequence flanking the PGKneobpA neomy-
cin-resistance cassette (Fig. 2A). The neo' gene was in-
serted in the same transcriptional direction as COUP-
TFII. On correct recombination, a 3.2-kb fragment (Stul-
Sall) containing most of exon 1 and the entire exon 2 was
deleted and replaced with PGKneobpA for positive se-
lection. Thus, most of the amino terminus, the entire
DBD and two-thirds of the LBD were deleted ensuring
that no partial COUP-TFII protein with a dominant-
negative function was generated. To select against ran-
dom insertions, a negative selection with the herpes sim-
plex virus thymidine kinase gene was included in the
targeting vector. The targeting vector was linearized and
electroporated into AB1 or AB 2.2 ES cells, which were
subjected to positive (G418) and negative (FIAU) selec-
tions. Multiple COUP-TFII heterozygous ES cell clones
were obtained from each electroporation, and proper re-
combination was confirmed by Southern analyses with
probes 5’ or 3’ to the targeting vector (Fig. 2B).

COUP-TFII heterozygous ES cell lines were injected
into C57BL/6 blastocysts, several male chimeras with a
high percentage of agouti coat color were generated, and
germ-line transmission was obtained from two indepen-
dent ES clones. Heterozygotes were one-third smaller
than wild-type littermates by 5 days of birth (data not
shown) and approximately two-thirds were lost before
weaning at 21 days postpartum (see Table 1). Thus, loss
of a single copy of COUP-TFII results in heterozygote
insufficiency and poor postnatal viability. Heterozygotes
that survived were fertile and were intercrossed to gen-
erate homozygotes. In an attempt to improve the viabil-
ity, COUP-TFII heterozygotes (129Sv x C57BL/6) were
crossed into the outbred ICR background or into pure
inbred 129Sv or C57BL/6 backgrounds. These three in-
dependent genetic backgrounds did not improve the vi-
ability of heterozygotes or homozygotes. The following
phenotypic observations occurred with 100% penetrance
in the two independent mouse lines and in multiple ge-
netic backgrounds.

COUP-TFII gene function is essential
for embryogenesis

To define the physiological consequences of deleting
COUP-TFII in vivo, F; heterozygotes were intercrossed
to generate homozygotes. No homozygotes were recov-
ered at weaning during an initial analysis of 132 F, prog-
eny (Table 1). Further analysis of heterozygous inter-
crossings revealed no COUP-TFII homozygotes at birth
indicating that a homozygous mutation at the COUP-
TFII locus results in embryonic lethality. At E9.5,
Mendelian ratios of wild-type, heterozygotes, and homo-
zygotes were readily detected (Table 1) by Southern
analyses (not shown) and PCR (Fig. 2C). However, ho-
mozygotes were phenotypically abnormal, with hemor-
rhaging in the frontonasal process (Fig. 3B and C) and
edematous cysts on the brain (arrows in Fig. 3C; see also
Fig. 6B, below). At E10-E10.5, there was a decreased
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Figure 2. Targeted disruption of the
COUP-TFII locus. (A) Targeting vector
construction. (Shaded boxes I, II, and III)

®

COUP-TFII-coding regions; (open box) 5'- COUP-TFII
untranslated region; (arrows in boxes) di- Locus
rection of transcription. (TK) Thymidine

kinase gene; (neo’) neomycin-resistance

gene. (R) EcoR; (St) Stul; (Sl) Sall; (X) Xbal; Targeting
(H) HindIII; (Sp) Spel; (Xh) Xhol. (B) South- Vector

ern blot analysis. (WT) Wild-type allele;

(KO) recombined allele. Of the 680 colonies

screened, 17 positive clones were obtained

for a targeting efficiency of 2.5%. To ensure Recombined

proper recombination had occurred at both Locus
the 5 and 3’ ends of the neo' cassette,
Southern analysis was performed with
probes 5’ and 3’ of the targeting vector. The

5’ probe was a 0.8-kb EcoRI fragment with

Xbal as the diagnostic enzyme as the neo*
cassette (see A) introduced a new Xbal site

to the locus. The expected 10-kb wild-type

and 8-kb mutant fragments were generated

(Ieft). The 3’ probe was a 1-kb EcoRV-Nsil
fragment downstream of the 3’ homolo-

gous sequence and Spel was the diagnostic
enzyme that produced a 12-kb wild-type

and a 6-kb mutant band (right). Reprobing ©
the blots with the neo" gene revealed no

other insertions in the genome (data not
shown). Therefore, correct recombination

was obtained at the COUP-TFII locus to
inactivate the gene. (C) PCR genotyping @
showing wild-type (+/+), heterozygote (+/

-), and mutant (-/-) embryos from the two
independent (E5 and H7) COUP-TFII tar-

geted lines. (D) RT-PCR analysis of tran-
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scripts from E9.5 embryos. There are no products in the absence of reverse transcriptase (RT) indicating that the bands are products
of reverse transcription, and there are no wild-type COUP-TFII transcripts in the mutants (-/-). (KO) An amplified product from the

5’ end of the locus and the neo" gene.

number of homozygotes (Table 1). Mutant embryos were
dramatically bloody as the brain vesicles were often
filled with blood (Fig. 3E) or the hearts were hemorrhagic
(Fig. 3F). These partially resorbed embryos never had
more than 29 somites as compared with the typical wild-
type embryo at this stage with 30-35 somites (Fig. 3D).
Thus, COUP-TFII mutants die around E10 possibly as a
result of hemorrhage and edema in the brain and heart.
Surprisingly, the number of heterozygotes was also be-
low the expected Mendelian ratio and [b% of heterozy-
gotes isolated at E9.5 presented with a similar hemor-
rhagic phenotype as homozygotes (data not shown). No
homozygotes were ever detected at E11.5 (data not
shown). To ensure no COUP-TFII transcripts were gen-
erated in homozygotes, E9.5 embryos genotyped to be
mutants were analyzed by in situ hybridization and
found to have no signals above background levels (data
not shown). In addition, by use of RT-PCR of E9.5 RNA,
no COUP-TFII-specific wild-type transcripts amplified
from exon 2, which should be deleted, were detected in
homozygotes (Fig. 2D). In the absence of the reverse tran-
scriptase enzyme, no amplified fragments were detected
ensuring that COUP-TFII was indeed mutated. These

1040 GENES & DEVELOPMENT

data suggest that the function of COUP-TFII is essential
for embryogenesis and even in the heterozygous state,
some embryos do not survive gestation. Thus, analysis of
the role of COUP-TFII in mesenchymal-epithelial inter-
actions during organogenesis will require tissue-specific
or conditional knockout strategies.

Table 1. Genotype of COUP-TFII progeny
from heterozygous matings

Age Total +/+ +/- -/-
Adults 132 80 52 0
(61%) (39%) (0)
E9.0-9.5 232 56 121 55%
(24%) (52%) (24%)
E10.0-10.5 135 43 66 26"
(32%) (49% (19%)

Each number represents an individual animal, with percentages
in brackets.
2Abnormal.
PResorbing.



Figure 3. Severe hemorrhage in COUP-TFII mutants. Shown
are whole-mount views of embryos isolated from COUP-TFII
heterozygote matings at E9.5 (A-C) and E10.5 (D-F). Hemor-
rhaging occurs in the mutant forebrain (B and C) and throughout
the brain vesicles (E) and heart (F). Note the edematous cysts
that are often found in mutants (arrows in C). Mutants at E10.5
are growth retarded and are being resorbed as compared with
wild-type (D). (Fb) Forebrain; (Mb) midbrain; (Hb) hindbrain; (O)
otocyst; (Lb) limbbud; (S) somite; (H) heart.

Sinus venosus and atrial malformations in
COUP-TFII mutants

Next, we determined the likely cause of the hemorrhagic
hearts, which is indicative of congestive heart failure. To
facilitate the analyses of the mutant hearts, we used
whole-mount platelet endothelial cell adhesion mol-
ecule-1 (PECAM) immunostaining to mark the endothe-
lial cells. PECAM is expressed in all endothelial cells
during cardiac and vascular development (Baldwin et al.
1994). In this manner, analysis of embryos between E8.5
and E10 revealed dramatic morphological defects in
COUP-TFII mutants. Defects in heart development were
easily apparent at E9 (Fig. 4). The extent of myocardial
trabeculation in the wild-type ventricle was extensive as
marked by PECAM immunostaining of the endothelium
embedded in the myocardium (Fig. 4A). Most COUP-
TFII mutants had a relatively equivalent ventricular tra-
becular mass at E9, but some mutants had a reduced
extent of trabeculation (Fig. 4B). The developing atrial
chamber was relatively similar in size to the wild type at
this stage. However, by E9.5, little expansion of the com-
mon atrial chamber demonstrates that atrial develop-
ment has not progressed in mutant embryos (Fig. 4D).
Serial cross sections through the hearts at E9.5 showed
an extensive rightward expansion of the common atrial
chamber in wild-type littermates (Fig. 4E), whereas
COUP-TFII mutants only have a primitive tube (Fig. 4F)
situated on the left. The right ventricle is thus misplaced
dorsally and is directly in apposition to the foregut (Fig.
4F). The sinus venosus is comprised of enlarged bilateral
chambers situated posterior and ventral to the common
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atrium in wild-type littermates (Fig. 4G). In COUP-TFII
mutants, the primitive atrial tube is connected to an
equally small and primitive sinus venosus (Fig. 4H) that
is situated over the midline. Because of the small size of
the sinus venosus in mutants, the pericardial-peritoneal
cavity is empty (p in 4H) whereas in wild-type litter-
mates it is filled with the enlarged chambers of the sinus
venosus (p in Fig. 4G). Because development and differ-
entiation of the myocardium requires reciprocal induc-
tive signaling between the endocardial and myocardial
compartments, we analyzed for the normal differentia-
tion of the myocardium using smooth muscle a-actin
(SMA) as a marker (Ruzicka and Schwartz 1988; Hunger-
ford et al. 1996). Immunostaining for SMA revealed ex-
pression in all myocardial structures including the sinus
venosus in the wild type (Fig. 4G) and in COUP-TFII

Figure 4. Defects in development of common atrium and sinus
venosus. (A-D) Whole-mount PECAM immunostaining of
hearts showing the left ventricle (lv) and atrium (la), which are
demarcated by dashed lines. There is reduced staining in mu-
tant ventricles at E9 (B), reflecting a reduced trabeculation in
some mutant hearts. (C-D) At E9.5, there is a clear enlargement
of the atrium in the wild type (C) whereas the mutant atrium is
similar in size to an E9 embryo (D). (E-F) Sections through
hearts showing an enlarged common atrial chamber (a) in the
wild type (E) but there is only a primitive atrial tube in the
mutant (F). (G-H) Abundant SMA immunostaining in the myo-
cardium of the bilaterally symmetrical sinus venosus (Sv) that
completely fills the pericardial-peritoneal cavity (p) in wild type
(G). In the mutant, SMA staining shows the sinus venosus is a
narrow tube leaving most of the pericardial-peritoneal cavity
vacant (H). (fg) Foregut; (rv) right ventricle.
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mutant hearts (Fig. 4H). Thus, despite the defects in mor-
phogenesis of the common atrium and sinus venosus,
the myocardium is differentiating appropriately with re-
spect to expression of SMA. However, the reduced size of
both the common atrium and sinus venosus may lead to
cardiac stress and would ultimately be detrimental to
efficient circulation of blood in the rapidly developing
embryo. These defects correlate directly with COUP-
TFII expression in the sinus venosus and atria at this and
earlier developmental stages (see Fig. 1).

Malformation of cardinal veins and disruption
of systemic circulation in COUP-TFII mutants

The developing systemic circulation at the E9-E10 stage
is a simple system (Ulrich 1995). Oxygenation occurs in
the branchial arches. The ventrally situated cardiac loop
pumps the blood rostrally via the ventral aorta into the
aortic arches that drain into the descending dorsal aorta.
The dorsal aorta branches into the intersomitic arteries
in the spine. Venous return is via the anterior and pos-
terior cardinal veins that join into a common trunk,
which opens into the sinus venosus and the atrium with-
out flowing through the primitive liver bud. Whole-
mount PECAM staining revealed a substantial lumen in
the dorsal aorta and anterior cardinal vein in wild-type
embryos (Fig. 5A). Analysis of COUP-TFII mutants re-
vealed a lack of any lumen in the anterior cardinal vein
(Fig. 5, B, and arrow in D) or the posterior cardinal vein
(Fig. 5, cf. arrows in F and H with same positions in E and
G). Sometimes, a considerably reduced lumen in the an-
terior cardinal vein was present on one side of the animal
(acv on right side of embryo in Fig. 5D) as compared with
wild-type littermates (Fig. 5C). Sections through em-
bryos at E8.75 revealed development of the primitive an-
terior cardinal veins with blood in the lumen (data not
shown) but by E9-E9.5, both the anterior and posterior
cardinal veins were collapsed or missing. Some cells
were marked by PECAM, reflecting the presence of en-
dothelial cells, but they did not encompass a lumen (data
not shown). Thus, these results suggest either that the
cardinal veins were formed but the lumen was not main-
tained or that the veins were malformed and readily col-
lapsed. Nevertheless, collapse of the veins may be sec-
ondary to the decreased flow caused by the cardiac de-
fects. The reduced venous return and the narrowed sinus
venosus and atrial canal would clearly contribute to an
altered systemic circulation and effective blood flow,
which would ultimately lead to cardiac distress and fail-
ure.

Abnormal angiogenesis in COUP-TFII mutants

Formation of the embryonic vasculature involves two
major steps, vasculogenesis and angiogenesis. The major
vessels in COUP-TFII mutants, which arise through vas-
culogenesis, were formed and expressed the appropriate
markers of endothelial lineage and differentiation,
VEGF-R1, VEGF-R2 (data not shown), and PECAM (see
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Figure 5. Malformation of cardinal veins (A,B) Whole-mount
PECAM immunostaining showing a lack of the anterior cardi-
nal vein (acv) in COUP-TFII mutants (asterisk in B) at E9.5.
(C-H) Cross sections at the level of the otic vesicle (C,D) or at
the midgut level (E-H). There is a lack of acv (arrow in D on left
side of mutant embryo) and posterior cardinal vein (pc, arrow in
F and H) or a reduced luminal diameter in the acv in D of
mutants (right). (G,H) High magnifications of E and F. (da) Dor-
sal aorta; (fg) foregut.

Fig. 4A,B), indicating that vasculogenesis was essentially
intact. The process of angiogenesis involves the sprout-
ing of new vessels from pre-existing vessels to form a
capillary network. Because angiogenesis and blood vessel
remodeling are extensive in the early brain and spine, we
used whole-mount PECAM immunostaining to analyze
the extent, organization, and remodeling of the plexus.
The perineural plexus appears as a honeycomb struc-
ture of interconnected vessels of fairly uniform length
and diameters throughout the early brain (Risau 1997). In
the wild-type E9 brain, the perineural vascular plexus
had already been extensively remodeled (Fig. 6A). There
was remodeling of smaller vessels into larger vessels to
form the branches of the anterior cardinal vein (arrow-



Figure 6. Angiogenesis defects. (A) A significantly remodeled
vascular plexus in the wild type with formation of internal ca-
rotid artery (white arrow) and multiple branches of anterior car-
dinal vein (arrowheads) as revealed by whole-mount PECAM
immunostaining. (B) There is only a primitive plexus in the
mutant brain at E9 with vessels devoid of significant remodel-
ing. Note the lack of vessels, irregular growth (asterisk), and
edematous bubble in the frontonasal region. (C-L) At E9.5, there
is continued vascular remodeling in the wild-type head (sagittal
C; top E views), in the caudal hindbrain (G), and in the spine
(I,K). In the mutant, there is poor remodeling, and some vessels
have varicosities in the head (arrowheads in D), are distended
(arrows in F,H), or are poorly branched (arrows in D and in the
intersomitic region in J and L). (K,L) Wild-type and COUP-TFII
mutants heterozygous for Tiel-LacZ and stained for B-gal (fron-
tal sections) showing the lack of any vessels over the somites in
mutants (L). (Lb) Limb bud; (D) dermamyotome; (IS) inter-
somitic vessels.

heads in Fig. 6A) and the internal carotid artery (white
arrow in Fig. 6A). The perineural plexus in COUP-TFII
mutants remained syncitial and appeared like vessels in
the primitive honeycomb structure normally found at
E8.75 (Fig. 6B) but with endothelial tubes of inappropri-
ate lengths and diameters. There was delayed or no de-
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velopment of the internal carotid artery and few signs of
remodeling resulting in a reduced complexity of the vas-
cular plexus. This result suggests that remodeling of the
vascular plexus was defective. By E9.5, remodeling was
significantly progressed in the wild-type (Fig. 6C). The
internal carotid artery was clearly apparent (white arrow
in Fig. 6C), and there were many distinct branches of the
anterior cardinal vein (arrowheads in Fig. 6C). In con-
trast, there was still little remodeling of the plexus, re-
sulting in vasodilation in some areas of the mutant brain
(Fig. 6D, and cf. vessels at arrows in E and G with F and
H, respectively) and in the caudal hindbrain (Fig. 6, cf.
arrows in G and H). In addition, the limited number of
anterior cardinal vein branches were partially collapsed,
appearing as varicosities along their length (arrowheads
in Fig. 6D). The internal carotid artery was still not
formed at this stage (Fig. 6, cf. white arrow in A and C
with same positions in B and D). These data suggest that
remodeling of the vascular plexus is impaired in COUP-
TFII mutants.

Inefficient angiogenesis in mutants was also readily
apparent in the forebrain, where large regions of tissue
were without any vascularization (Fig. 6, asterisk in B,
arrows in D). The lack of vasculature in these regions
reflects an inadequate capillary sprouting of new vessels
or capillary regression in the naive forebrain tissue. This
phenotype was also seen in the dorsal midbrain region,
where there were many vessel sprouts crossing the mid-
line in the wild type (Fig. 6E) but there were few vessel
sprouts crossing the midline in mutants (Fig. 6F). At the
level of the forelimb in the spine, there were also many
vessels sprouting and branching over the somites in the
wild-type (Fig. 6, arrowheads in I and K). There were
essentially no vessel sprouts or branches over the
somites in mutants (Fig. 6J,L). Taken together, our re-
sults indicate that angiogenesis is defective in COUP-
TFII mutants.

Suppression of Angl expression in COUP-TFII
mutants

Some of the defects in vascular and heart development in
mice lacking ANG1 or its receptor TIE2 (Sato et al. 1995;
Suri et al. 1996; Patan 1998) correlate very well with
phenotypes in COUP-TFII mutants. Similarities include
vasodilation, failure to remodel the primitive plexus, and
atrial and sinus venosus defects. The malformed cardinal
veins are similar to those observed during ectopic over-
expression of ANG2, which is thought to antagonize
TIE2 signaling (Maisonpierre et al. 1997). Furthermore,
ANGI is highly expressed in mesenchymally derived
cells (Davis et al. 1996; Suri et al. 1996; Patan 1998),
where COUP-TFII is highly expressed (see Fig. 1). On the
basis of the above observations, we hypothesized that
COUP-TFII may function through the ANGI1-TIE2 path-
way. To address this possibility, we analyzed the expres-
sion of Angl in COUP-TFII mutants. We observed that
Angl was highly expressed in the sinus venosus and
myocardium leading into the common atrium in wild-
type embryos at E9 (data not shown). At E9.5, it was
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found in the mesenchymal compartment in the fronto-
nasal process, in the periocular and intersomitic regions,
and throughout the ventricles, atria, and sinus venosus
(Fig. 7A). The COUP-TFII expression pattern overlaps
extensively with this Angl expression profile, especially
in the atria, sinus venosus, brain, and intersomitic re-
gions (cf. Figs. 7A and 1B). Interestingly, at all stages
analyzed, Angl was significantly down-regulated in the
mesenchyme of the brain, eye, somites, and heart in
COUP-TFII mutants (Fig. 7B) as determined by whole-
mount in situ hybridization analysis. In contrast, there
was appropriate expression of the homeobox gene
Nkx2.5 in mutant hearts and VEGF-R2 in all mutant
endothelia at this E9-E9.5 stage (data not shown). Fi-
nally, Angl expression was not completely lost in the
ventricles, a site of minimal COUP-TFII expression, pos-
sibly explaining why trabeculation defects in COUP-
TFII mutants were less severe than in Angl mutants.
To determine the relative residual quantities of Angl
transcripts in the heart, we used semiquantitative mimic
RT-PCR analysis (Kramnik et al. 1993). The relative
quantities of wild-type and mutant heart cDNAs were
normalized to the L19 ribosomal protein RNA. This nor-
malization was accomplished by amplification of an en-
dogenous L19 fragment and twofold serial dilutions of a
L19 mimic fragment (bottom panel in Fig. 7C, cf. lanes 3
and 4 with 8 and 9). The mimic fragment is a synthetic
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Figure 7. Down-regulation of Angl in COUP-TFII mutants.
(A-B) Whole-mount in situ hybridization of Angl in wild type
(A) and mutant (B) at E9.5. There is abundant Angl expression
throughout the heart (H), frontonasal process (Fp), and periocu-
lar mesenchyme (E) in the wild type (A). In the COUP-TFIL
mutant, there is a dramatic reduction of Angl transcript in the
frontonasal process and periocular mesenchyme and a signifi-
cantly reduced expression in the ventricles and spine (B). (C)
Semiquantitative mimic RT-PCR analysis of Angl transcripts
in wild-type (+/+) and mutant (-/-) hearts as normalized to the
level of L19 transcripts. Each lane represents amplified products
of the endogenous gene and twofold serial dilution of the re-
spective mimic plasmid. Note the 8- to 10-fold decrease of en-
dogenous Angl transcripts in the mutant. (M) Size markers.
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construct of nonsense DNA flanked by an identical
primer complement pair as the endogenous L19 target.
Thus, similar ratios of amplified products of endogenous
L19 versus its mimic fragment from wild-type and mu-
tant RNAs indicate that they have equivalent concen-
trations of L19 mRNA. By use of equivalent quantities of
cDNA as determined by L19 amplification, endogenous
Angl transcripts and serial twofold dilutions of an Angl
mimic fragment were amplified from wild-type and
COUP-TFII mutant hearts. A significant and consistent
8- to 10-fold decrease in endogenous Angl transcripts
was observed in COUP-TFII mutant hearts (top panel in
Fig. 7C, cf. lanes 4 and 5 with 9 and 10), which confirmed
the whole-mount in situ analysis. Thus, down-regula-
tion of ANG1 expression may substantially interfere
with signaling through the ANGI1-TIE2 pathway, lead-
ing to the heart and vascular defects observed in COUP-
TFII mutants.

Discussion

The genetic and molecular mechanisms that control the
processes of vascular and heart development are cur-
rently being elucidated. We have described a new effec-
tor, COUP-TFII, which plays a regulatory role in angio-
genesis and heart development. COUP-TFI and COUP-
TFII are orphan members of the nuclear receptor
superfamily of ligand-activated transcription factors. Al-
though COUP-TFI and COUP-TFII have been shown to
transcriptionally regulate some genes required for em-
bryogenesis, such as BMP4 (Feng et al. 1995) and Oct3/4
(Schoorlemmer et al. 1995), and are well characterized
biochemically, their precise physiological roles are
largely undefined. The patterns of COUP-TFI and
COUP-TFII expression overlap in development, but each
factor possesses its own distinct profile. In addition, both
genes are induced by retinoids (Jonk et al. 1994b; Fjose et
al. 1995; Qiu et al. 1995) and COUP-TFII is regulated by
Sonic hedgehog signaling (Krishnan et al. 1997a,b). Thus,
the different expression profiles and regulation support
the notion that each gene possesses a unique specific
physiological role. Indeed, we showed previously that
COUP-TFI mutants display defects in neurogenesis,
axon guidance, and arborization (Qiu et al. 1997), and,
now we describe mice lacking COUP-TFII with striking
defects in angiogenesis, vascular remodeling, and fetal
heart development. The defects in COUP-TFII mutants
are consistent with its temporal and spatial expression
pattern in the mesenchyme during embryogenesis and
suggest that COUP-TFII may regulate aspects of mesen-
chymal-endothelial signaling.

COUP-TFII is required for heart development

Vertebrate heart formation involves the commitment of
mesodermal precursor cells to the cardiac lineage and
the subsequent formation of a primitive heart tube. The
linear heart tube proliferates and undergoes looping, for-
mation of the atrial and ventricular cavities, and septa-



tion to form the mature four-chambered heart (Olson
and Srivastava 1996; Fishman and Chien 1997; Fishman
and Olson 1997). Little is known about the underlying
genetic pathways that control cardiac atrial and sinus
venosus development. Now, we show that the COUP-
TFII gene is required for proper atrial and sinus venosus
development. Indeed, COUP-TFII mutant atria fail to ex-
pand to the extent found in wild-type littermates, and
the connection to the sinus venosus proper remains
primitive in nature. In addition, both anterior and pos-
terior cardinal veins are either poorly formed or had col-
lapsed, imposing a detrimental stress on the primitive
heart and on the systemic circulation of the fast-growing
embryo. Defects in these developing structures probably
reflect the loss of COUP-TFII function in the precursor
mesodermal cells, which may perturb signaling between
the myocardium and endocardium. It is known that
myocardial differentiation and development are intri-
cately dependent on endocardium differentiation and de-
velopment. Thus, the inappropriate signals may affect
morphogenesis of the heart structures. The resulting nar-
rowing of the blood flow in the sinus venosus and atria
may lead to cardiac distress and contribute to the hem-
orrhage and lethality of the COUP-TFII mutants, the ma-
jority of which succumb at this stage.

To date, only mutations in the Angl or Tie2 genes
have yielded atrial chamber and vascular development
abnormalities as described in COUP-TFII mutants. Be-
cause both genes are expressed in the myocardium of the
atria and sinus venosus, loss of COUP-TFII function in
these cells is consistent with the down-regulation of
Angl. However, the defects in atrial and sinus venosus
chamber development described here are more severe
than those described for Angl (Suri et al. 1996). ANG2
antagonism of TIE2 signaling cannot account for the
heart defects in COUP-TFII mutants because it is not
normally found in the heart at this stage (Maisonpierre et
al. 1997). Thus, the reduced signaling of this pathway in
COUP-TFII mutant hearts is due in part to the loss of
ANGI1 expression. This conclusion suggests that other
gene(s) important for atria and sinus venosus develop-
ment must also be regulated by COUP-TFIL. In addition,
it would be interesting to determine whether any of the
mutants defective in heart development identified in the
large zebrafish screens result from mutation of any of the
three COUP-TF homologs (Chen et al. 1996; Stainier et
al. 1996.

A role for COUP-TFII in vascular remodeling

Formation of the primitive embryonic vasculature has
been separated into two major processes, vasculogenesis
and angiogenesis. The de novo differentiation of angio-
blasts and assembly of a primitive vascular plexus, vas-
culogenesis, are largely normal in COUP-TFII mutants.
This normal state is indicated by the appropriate expres-
sion of the differentiation marker genes (VEGF-RI,
VEGF-R2, and PECAM). Maturation and disassembly of
the primitive plexus to form large and small vessels and
the subsequent sprouting and branching to form a com-
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plex microcapillary network, angiogenesis, are largely
impaired in COUP-TFII mutants. The inefficient remod-
eling of the primary vascular plexus, the reduced com-
plexity of the resultant vascular network, and atrial de-
fects are reminiscent of those described for mice lacking
ANGI1 or TIE2 or for mice overexpressing ANG2.

Yet, the defects in COUP-TFII mutants are not iden-
tical to the specific mutants of the ANGI-TIE2 path-
way. Mutation of Angl results in a significant down-
regulation of its receptor TIE2 (Suri et al. 1996); however,
we did not detect changes in Tie2 transcripts by whole-
mount or section in situ analyses in the absence of
COUP-TFII (data not shown). This observation suggests
that the basal ANG1 expression in COUP-TFII mutants
is sufficient to maintain TIE2 expression but is insuffi-
cient to maintain effective vascular development. Al-
though ANG2 overexpression results in similar pheno-
types (Maisonpierre et al. 1997) to those observed in
COUP-TFII mutants, its expression was unchanged in
COUP-TFII mutants as determined by in situ analysis
(data not shown). Also, a complete suppression of vascu-
lar remodeling in the yolk sacs has only been observed in
about 1% of COUP-TFII mutants (data not shown). Be-
cause the defects we describe here are from independent
lines and in different genetic backgrounds, the different
phenotypes may be due to redundancy with COUP-TFI
function or to the complexity in regulation of develop-
ment of the vascular and heart systems. Taken together,
similar to the role COUP-TFII plays in heart develop-
ment, COUP-TFII must perturb signaling pathways in
addition to the ANGI1-TIE2 pathway to regulate vascu-
lar remodeling processes.

Because COUP-TFII mutants had extensive defects in
angiogenesis and vascular remodeling, we analyzed
many other genes implicated in regulating different as-
pects of these processes. The poor blood circulation,
hemorrhage, and edema in the early COUP-TFII mutant
brain may lead to hypoxia. VEGF is highly responsive to
hypoxia (Stein et al. 1995) and, indeed, VEGF was up-
regulated (10-fold) in E9.5 COUP-TFII mutants, espe-
cially in the telencephalic region (data not shown). Over-
expression of VEGF is characterized by endothelial leaki-
ness and hyperpermeability (Drake and Little 1995;
Okamoto et al. 1997; Detmar et al. 1998; Zeng et al.
1998), which would account for the edema in COUP-
TFII mutants. In addition, expression of other molecules
(Tiel, PDGE-B, PDGFBR, TGFg1, and HB-EGEF) impli-
cated in the processes of angiogenesis was unaltered in
the E9.5 COUP-TFII mutant (data not shown). This re-
sult suggests that COUP-TFII may regulate a novel sig-
nal transduction pathway required for heart and vascular
development. Thus, there must be other molecules to be
discovered that regulate specific aspects of vessel forma-
tion or atrial and sinus venosus development.

The inability of COUP-TFII mutants to form the in-
ternal carotid artery and to remodel the primitive plexus
into a complex microcapillary bed is similar to the re-
cent findings observed on ablation of the Eph ligand, eph-
rin-B2 (Wang et al. 1998). However, preliminary in situ
analysis of ephrin-B2 and its receptor Eph B4 revealed no

GENES & DEVELOPMENT 1045



Pereira et al.

significant differences in wild-type and COUP-TFII mu-
tants at E9 (data not shown). Nevertheless, our results
are consistent with the hypothesis that there are recip-
rocal interactions between developing arteries and veins
that are vital to the vessel remodeling process. In addi-
tion, further perturbation of TIE2 signaling may occur as
a result of the apparently normal expression of the re-
ceptor antagonist ANG2 in mutant tissues (Maisonpi-
erre et al. 1997). Cumulatively, multiple mechanisms
may affect the process of blood vessel assembly, result-
ing in decreased sprouting and branching and leading to
a syncitial appearance of the plexus, poor integrity of the
vessels, and inadequate remodeling in COUP-TFII mu-
tants.

Many genes have been implicated in the process of
blood vessel formation. A working model (Folkman and
D’Amore 1996) suggests that proangiogenic factors (such
as Angl) secreted by periendothelial cell precursors, bind
and activate a trans-membrane RTK (Tie2) on endothe-
lial cells. Signaling from TIE2 induces endothelial cell
proliferation and secretion of chemoattractants and mi-
togens such as PDGF-BB. In the milieu of small vessels,
PDGF-BB stimulates its receptor on the mesenchymal
cells and induces their proliferation and migration. Once
a periendothelial cell precursor contacts the endothelial
cell, TGFB is proteolytically activated, thereby inducing
matrix deposition, periendothelial cell differentiation,
and growth suppression (Folkman and D’Amore 1996).

The aberrant formation of the vasculature in COUP-
TFII mutants suggests COUP-TFII either regulates mes-
enchymal cell recruitment and differentiation directly or
regulates endothelial cells through paracrine signals. In
either event, it is hypothesized that COUP-TFII is im-
portant for mesenchymal-endothelial interactions in
embryonic vasculature formation. Our data suggest that
COUP-TFII is one transcription factor that regulates
high-level expression of the proangiogenic factor ANG1
in mesenchymal cells. Genetic ablation of COUP-TFII
function results in decreased Angl expression. The re-
sultant level of ANGI is insufficient to maintain effec-
tive signaling through its receptor TIE2 on the endothe-
lial cell. In addition, loss of a paracrine signal necessary
to stimulate TIE2 signaling or persistent antagonism of
TIE2 signaling would alter the ability of endothelial cells
to respond effectively to proangiogenic signals. This situ-
ation would cause edema and unstable vessels that
would hemorrhage in the embryo. Prolonged disruption
of the vascular system results in hypoxia and elevated
VEGF levels that induce further vascular permeability
and edema. This compromised state is lethal to the rap-
idly growing embryo. Whether COUP-TFII acts autono-
mously to modulate the proliferation and differentiation
of periendothelial cells directly in addition to acting non-
autonomously to modulate endothelial cell differentia-
tion and maturation through angiogenic paracrine sig-
nal(s) remains to be elucidated. Nevertheless, the defects
observed in the COUP-TFII mutants are consistent with
the hypothesis that COUP-TFII may play an important
role in mesenchymal-endothelial interactions.

In conclusion, our results indicate that COUP-TFII
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function is required for mesenchymal-endothelial inter-
actions during heart development, angiogenesis, and vas-
cular remodeling in part through the ANGI1-TIE2 path-
way. Identification of other, possibly novel, pathways
affected in COUP-TFII mutants is eagerly anticipated. In
addition, ligand agonist(s) and antagonists for COUP-
TFII, which are characteristically small steroid-like, li-
pophilic molecules for this nuclear receptor family, may
provide very important therapeutic tools in the treat-
ment of diseases whose etiology is derived through im-
proper angiogenesis. The ability to activate or repress
COUP-TFII function will be a new tool to modulate the
processes of angiogenesis in tumor growth and progres-
sion (Lee and Feldman 1998).

Materials and methods

Targeting vector construction

A mouse 129Sv genomic library (a gift from Dr. Phil Soriano,
Fred Hutchinson Cancer Research Center) was screened with a
mouse cDNA fragment containing the complete COUP-TFII
open reading frame. Three positive clones encompassed the en-
tire COUP-TFII gene, which contains three exons (Qiu et al.
1995). To create the 5’ homologous arm, a 2.3-kb (EcoRI-Stul)
fragment containing the 5'-untranslated region was cloned into
the EcoRI-HindIll (HindIIl filled-in) site of pBluescript. The
PGKneobpA gene (neo’; Soriano et al. 1991) contained in a Sall-
Xhol fragment was then inserted in the same transcriptional
direction as the COUP-TFII gene in the Xhol site of this vector
for positive selection. The 3’ homologous arm, which consisted
of a 3-kb fragment containing a major part of intron 2, was
constructed from a 2.7-kb EcoRI-HindIlI (HindIII filled-in) and a
0.3-kb EcoRI-Sall fragment. First, the 2.7-kb fragment was
placed into the EcoRI-Smal site of pBluescriptKS+. Then, the
0.3-kb fragment was obtained from a 1.0-kb Stul-EcoRI frag-
ment that was cloned into the HindIII (blunt)/EcoRI site of this
pBluescriptKS+ construct with subsequent removal of a 0.7-kb
Sall fragment. Addition of Xhol linkers destroyed the BamHI
site of this vector. The vector was digested with Sall-Xhol and
this 3’ construct subcloned into the Xhol site of the 5" arm/neo”
construct. The resulting construct was digested with XhoI-NotI
(blunt ended) and cloned into the Xhol-BamHI (blunt ended)
site of pSP72HSVTK, which contained the herpes simplex virus
thymidine kinase gene for negative selection (Mansour et al.
1988). The targeting construct was linearized with Xhol before
electroporation.

Electroporation, screening of G418-resistant ES colonies,
and genotyping

Culturing, manipulation, and screening of ES cells were essen-
tially as described previously (Qiu et al. 1997). For Southern
analyses, the 5’ probe was a 0.8-kb EcoRI fragment, and Xbal
was used as the diagnostic enzyme as the neo® cassette intro-
duced an extra Xbal site, yielding 10-kb wild-type and 8-kb
mutant fragments. To check the 3’ arm, a 1-kb EcoRV-Nsil 3’
fragment downstream of the 3’ homologous sequence was used
on Spel digests. The expected 12-kb wild-type and 6-kb mutant
bands were appropriately detected. In addition, genotyping of
embryos at various gestational stages (E8-E10.5) was performed
by isolation of yolk sac genomic DNA. After an overnight di-
gestion in proteinase K buffer [0.9 mg/ml proteinase K, 10 mm
Tris (pH 7.8), 10 mm NaCl, 1 mm EDTA, 0.5% Triton X-100],



the enzyme was heat inactivated at 90°C for 10 min, and the
DNA was used directly for PCR. For the wild-type allele, the 5’
primer (5'-AGCTTCTCCACTTGCTCTTGG-3’) was located in
exon 2 and was deleted in the mutant allele. The 3’ primer
(5'-CAGCTGTACAGAGAGGCAGG-3') was located at the end
of exon 2 and was 3’ to the Sall site. These primers generated a
466-bp wild-type fragment. To detect the mutant allele, the 3’
primer (5-GATATGGCAATGGTAGTCAGC-3’), located at
the 3" end of the PGKneobpA gene, and 5’ primer (5'-GTGCT-
GTCCATCTGCACGAG-3’) located near the amino terminus
of the gene were used to generate a 376-bp fragment. PCR was
performed according to the manufacturer’s instructions (Pro-
mega) with 1.2 mm MgCl, at an annealing temperature of 55°C.

Generation of chimeric mice and breeding

Clones with appropriately recombined COUP-TFII loci were
thawed, expanded, and injected into E3.5 C57BL/6 blastocysts.
Injected embryos were transferred into the uteri of pseudopreg-
nant F, (CBA x C57BL/6) foster mothers. Male chimeras with
80%-100% agouti coat color were backcrossed with C57BL/6
females, and germ-line transmission was determined by the
presence of agouti offspring. COUP-TFII heterozygotes were de-
termined by Southern or PCR analysis and intercrossed to gen-
erate homozygotes.

Whole-mount and section in situ hybridization

Whole-mount or section in situ hybridization was performed
with a 1-kb (Nsil-EcoRV) COUP-TFII 3' UTR cDNA fragment
or an Angl ¢cDNA fragment (from G.D. Yancopoulos, Regen-
eron, Tarrytown, NY) as templates for transcription of digoxi-
genin-labeled (whole mount) or [>**S]JUTP-labeled (section) anti-
sense riboprobes. The protocols used were essentially as pub-
lished previously (Qiu et al. 1994, 1997).

Immunohistochemistry

Whole-mount immunohistochemistry to mark endothelial
cells was accomplished with a monoclonal antibody (MEC 13.1,
PharMingen) recognizing PECAM/CD31 and was performed as
described previously with modifications (Qiu et al. 1997).
Briefly, embryos were collected in PBS and fixed in methanol/
DMSO (4/1) overnight at 4°C. Then, the embryos were bleached
in methanol/DMSO/30% H,O, (4/1/1) for 4-5 hr at room tem-
perature, rehydrated for 30 min each through 50% and 15%
methanol, and, finally, washed in PBS. Embryos were incubated
twice in PBT.3 [1% blocking reagent (Boehringer Mannheim)
and 0.3% Triton X-100 in PBS] for 1 hr at room temperature.
Then, they were incubated with the diluted primary antibody
(1/50) in PBT.3 with 2% blocking reagent (BR; Boehringer Man-
nheim) at 4°C overnight. Embryos were washed twice briefly in
PBT.3 at room temperature and then in PBT.5 (PBT with 0.5%
Triton X-100) at room temperature for 1 hr each. These washes
were followed by an overnight incubation at 4°C with alkaline
phosphatase-conjugated goat anti-rat IgG diluted 1/200 in PBS.3
with 2% BR. The washes were similar to post-primary antibody
washes with an additional 20-min wash in CT.3 buffer [100 mm
Tris (pH 9.5), 150 mm NaCl, 25 mm MgCl,, 0.3% Triton X-100].
For color development, embryos were incubated in 3.5 pl/ml
BCIP, 4.5 ul/ml NBT, and 10% polyvinyl alcohol in CT buffer
(no detergent) to the desired intensity at room temperature.
Then embryos were rinsed in PBT.3 to stop the reaction, dehy-
drated through a methanol series (30%, 50%, 80%, and 100%
for 10 min each), and cleared in glycerol/PBS (50/50) for pho-
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tography. Embryos were photographed by use of a Zeiss Stemi
2000 dissecting microscope.

RT-PCR

Total RNA was isolated from wild-type or COUP-TFII mutant
hearts by use of Trizol reagent (GIBCO-BRL). Samples (5 ng)
were reverse transcribed with oligo(dT) and Superscript II
(MMLV-RT; GIBCO-BRL). RT-PCR detection of wild-type or
mutant transcripts from E9.5 day embryos used the same primer
sets as those used for PCR genotyping. To ensure that amplified
fragments represented products of a reverse transcription reac-
tion, a control reaction lacking the reverse transcriptase was
used. For semiquantitative mimic RT-PCR, the relative
amounts of mRNA for Angl was determined by use of L19
ribosomal protein mRNA to normalize the amounts of total
cDNAs derived from wild-type and mutant samples. Usually,
5% of the reverse transcription reaction was co-amplified with
specific amounts of mimic DNA templates, which were diluted
serially (four consecutive twofold dilutions). Specific mimic
DNA templates were constructed with primer sets for Angl
(5'-CAGGCTCCACGCTGAACGGTTA-3’ and 5’-CCTCCTG-
CAAAGCTTGCTCTTCTCT-3') or L-19 (5'-CTGAAGGTCA-
AAGGGAATGTG-3' and 5-GGACAGAGTCTTGATGATC-
TC-3') separated by stuffer DNA (pBluescript). Thus, each set of
primers would specifically amplify the mimic DNA template as
efficiently as the endogenous target cDNA. PCR amplification
was done in 25 pl of PCR buffer [10 mm Tris (pH 8.2), 50 mm
KCl, 1.5 mm MgCl,, and 200 um of each dNTP containing 2.5
units of Taq polymerase (Boehringer Mannheim|]. Amplifica-
tion occurred by repeated cycles (usually 30 cycles) at 94°C for
1 min, 57°C for 1 min, and 72°C for 1 min, with a final exten-
sion at 72°C for 5 min. Twenty percent of the reaction products
was subjected to electrophoresis for analysis.
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