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LBP-1a and CP2 are ubiquitously expressed members of the grainyhead transcription factor family, sharing
significant sequence homology, a common DNA binding motif, and modulating a range of key regulatory and
structural genes. We have reported previously that CP2-null mice are viable with no obvious abnormality.
LBP-1a provides redundant function in this context. We show here that mice lacking LBP-1a expression
develop intrauterine growth retardation at embryonic day 10.5, culminating in death 1 day later. No focal
intraembryonic cause for this CP2-independent defect is evident. In contrast, a significant reduction in the
thickness of the labyrinthine layer of the placenta is observed in LBP-1a~'~ animals. However, expression of
trophoblast differentiation markers is unperturbed in this context, and complementation studies utilizing
tetraploid wild-type cells failed to rescue or ameliorate the LBP-l1a~'~ phenotype, excluding a primary
trophoblast defect. An explanation for these observations is provided by the prominent angiogenic defect
observed in the mutant placentas. LBP-1a~'~ allantoic blood vessels fail to penetrate deeply and branch into
the complex embryonic vasculature characteristic of the normal placenta. Interestingly, a similar defect in
angiogenesis is observed in the yolk sac vasculature, primary endothelial cell-lined capillary tubes, although
present, failed to connect into a characteristic intricate vascular network. Collectively, these results demon-

strate that LBP-1a plays a critical role in the regulation of extraembryonic angiogenesis.

Prior to embryonic day 9.5 (E9.5), the normal murine em-
bryo can survive by direct exchange of gases, nutrients, and
toxic metabolites with the surrounding amniotic fluid. Subse-
quently, the intermingling of maternal blood sinuses with the
extraembryonic vasculature in the placenta is critical for effec-
tive feto-maternal exchange. To facilitate this process, ex-
traembryonic trophoectoderm cells and allantoic mesoderm
undergo a complex series of complementary differentiation
events, resulting in a mature chorioallantoic placenta (35).
Gene disruption studies have provided significant insights into
the tissue-specific and ubiquitously expressed regulators of
choriotrophoblast ontogeny. Among others, the Mash-2 (15),
DIx3 (28), SOCS3 (45), and Gemla (3) transactivators, the
fibroblast growth factor (FGF) (52), Frizzled (19), and Met
(11) growth factor receptors, cell adhesion molecules such as
VCAM (16) and integrin a4 (53), and the intracellular signal-
ing molecules Gabl (20) and mitogen-activated protein ki-
nases (1, 13) have been identified as key regulators of this
process. In this context, replacement of the factor-deficient
placenta with wild-type trophoblasts by tetraploid complemen-
tation (15) results in correction and/or amelioration of the
phenotype.

In contrast, disruption of genes necessary for appropriate
development of the extraembryonic allantoic-vitelline vascula-
ture presents frequently with a similar phenotype but cannot
be rescued by tetraploid complementation (49). Indeed, the
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critical need for appropriate formation of the allantoic and
yolk sac vasculature at midgestation is emphasized by the de-
fects in embryonic and extraembryonic development observed
with loss of vascular-specific growth factor and transactivator
expression. For example, the vascular endothelial growth fac-
tor (VEGF) (9, 12, 40) and transforming growth factor
(TGF-B)/bone morphogenetic protein (BMP) families of fac-
tors and their receptors (7, 10, 23, 24, 31, 42, 54) and corecep-
tors are required for extraembryonic vasculogenesis. This pro-
cess is development restricted and encompasses initial
endothelial cell differentiation from hemangioblast stem cells
and the formation of a primary plexus of homogeneously sized
capillary tubes. Defects in vasculogenesis are usually manifest
around E7.5 and are associated frequently with defects in
primitive hematopoiesis, a result of the common hemangio-
blast origin of these cell types (15).

In contrast to the purely developmental nature of vasculo-
genesis, angiogenesis is required pre- and postnatally. Angio-
genesis involves endothelial tube remodeling with recruitment
and/or differentiation of perivascular cells and branching mor-
phogenesis. Members of the VEGF, TGF-3/BMP, wingless-
related (Wnt) (27, 32), FGF (45), platelet-derived growth fac-
tor (29, 30), and hedgehog (5) families, among others, have
been implicated in this process. Defective angiogenesis may
cause embryonic lethality between E9.5 and birth and is asso-
ciated frequently with labyrinthine defects and severe intra-
uterine fetal growth retardation.

A Drosophila homologue of the TGF-B/BMP growth factor
gene family, decapentaplegic, is repressed, like other early pat-
terning genes, by grainyhead (grh), a transacting factor gene
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with a unique DNA-binding domain (4, 18). Six mammalian
homologues of grh and a highly related orthologue (dCP2)
have been identified (46, 51). Of these, the function(s) of two
widely expressed mammalian homologues, CP2/LBP1c/LSF
and LBP-1a/NF2d9 (referred to as LBP-1a here) have been
evaluated extensively in cellular models (41, 48). Both factors
are expressed ubiquitously, have little variation in tissue ex-
pression, and share a high degree of amino acid identity (72%)
and similarity (88%), particularly in their DNA-binding and
transactivation domains. Homomeric interactions have been
implicated in the regulation of both regulatory and structural
genes, including the c-fos, ornithine decarboxylase, c-myc,
a-globin, and +y-fibrinogen genes. In contrast, we and others
have shown that heteromeric interactions facilitate expression
of the y-globin (21, 55) and steroid 16a-hydroxylase genes (43).

To broaden our understanding of the roles of these factors,
we generated mice in which the murine CP2 and LBP-la
genomic loci were disrupted by homologous recombination in
murine embryonic stem (ES) cells. Mice homozygous for a
deletion of the CP2 locus are viable and have a normal life
expectancy (33). We conclude from these studies that LBP-1a
provides a redundant function for CP2 in this context, given
the high degree of sequence identity, the apparent ability of
each factor to substitute in heteromeric interactions, their
equivalence of binding to their cognate DNA sequences, and
comparable mechanism(s) of transactivation. We hypothesized
that targeting of the LBP-la locus would provide a similar
result. To our surprise, LBP-la~/~ mice die at E10.5 of pla-
cental insufficiency. Furthermore, our studies provide evidence
that an angiogenic defect in the mesodermal components of
the labyrinthine layer and the yolk sac vasculature explains the
lethal phenotype.

MATERIALS AND METHODS

Gene targeting and genotyping. A BAC clone containing the mouse LBP-1a
gene was isolated from a 129SvEv genomic library using a full-length murine
c¢DNA probe specific for LBP-1a. Appropriate restriction fragments were se-
lected for the generation of a targeting construct. The AB2.1 ES cell line was
electroporated with the targeting construct, with resultant ES cell clones being
screened for homologous recombination by Southern analysis (36) by using
unique 5’ and 3’ genomic probes that were outside the sequences encoded by the
targeting vector. Several positive clones were karyotyped, and ES cells from three
clones were injected into mouse blastocysts according to standard procedure.
Chimeric mice were mated with C57BL/6 mice for the generation of F; animals,
which were further bred to generate F2 progeny. Genomic DNA was isolated
from tail clippings at 3 weeks of age or from visceral yolk sacs at various
embryonic ages. Genotyping was performed initially by Southern blot analysis
and subsequently by PCR (36). The primers used for PCR genotyping were
ASM1 (TCCATCATGGCTGATGCAATGCGGC; forward primer for the wild-
type and targeted alleles), ASM4 (GCAGAAGCGAAGCCTCAT; reverse
primer for the wild-type allele), and ASM14 (GACCAACTCTTGGTTGTTG
AGG:; reverse primer for the targeted allele). The reaction was carried out on a
Perkin-Elmer DNA thermal cycler 480 under the following conditions: initial
denaturing at 94°C for 3 min, 30 cycles of denaturing at 94°C for 30 s, annealing
at 58°C for 30 s, and extension at 72°C for 3 min, followed by extension at 72°C
for 10 min and cooling down to 4°C.

Embryo dissection, histology, and immunohistochemistry. Timed mating be-
tween heterozygous animals were established to yield several concepti at various
time points in embryonic development. Midday of the plug detection date was
considered day 0.5 (E0.5) of pregnancy. Pregnant females were euthanized, and
concepti were removed. The uterine wall and Reichter membrane were removed
to visualize and photograph the yolk sac vasculature. Embryos and placenta were
separated and photographed, while a part of the visceral yolk sac or the embryo
was used for the genotyping. For histological analysis, embryos, placentas and
yolk sacs were fixed overnight in 4% paraformaldehyde and further processed for
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paraffin embedding. Serial sections (6 um) were cut, deparaffinized, and stained
with hematoxylin and eosin (H&E) by standard methods. Stained sections of
mutant or control embryos and placentas from the same pregnancy were com-
pared in detail and photographed by using a Zeiss microscope.

Whole-mount immunohistochemistry for platelet endothelial cell adhesion
molecule (PECAM; Pharmingen) was performed as previously described (39).
For VEGF-R2 (R&D Systems) and a-SMA (Sigma) immunostaining of yolk sac,
placenta, and embryo sections, slides were incubated in 1% H,O, for 10 min to
quench endogenous peroxidases. After being rinsed in phosphate-buffered saline
(PBS), they were blocked in phosphate-buffered saline (PBS)-0.1% Triton
X-100-5% sheep serum for 30 min, followed by incubation overnight at 4°C in
blocking buffer containing VEGF-R2 and a-SMA antibody. After three washes
in PBS, slides were incubated for 1 to 2 h in blocking buffer containing the
secondary antibody. After a further three washes in PBS, the signal was visual-
ized with diaminobenzidene in PBS containing 0.5% NiCl.

Northern blotting and in situ hybridization analysis. Northern blots were
prepared by standard methods and hybridized with randomly primed cDNA
probes generated from the 5’ and 3’ ends of LBP-1a mRNA and the 5’ end of
CLASP2 mRNA (2). Riboprobes used for in situ hybridization were kindly
provided by Janet Rossant (MPL-1, PLF-1, and 4311) (6) and Peter Gruss
(HSP-84) (49). Ten-micrometer-thick frozen sections were hybridized with ribo-
probes by standard procedures, and slides were autoradiographed at 4°C for 3
days. Slides were subsequently coated with photographic emulsion and stored for
2 weeks in the dark prior to development. Slides were counterstained and
photographed by using a polarizing microscope.

Tetraploid rescue experiment. Two-cell-stage embryos were flushed from the
oviducts of superovulated CD-1 outbred females (Charles River Laboratories) at
E1.5 of the pregnancy. The blastomeres were fused by using a CF150B electro-
fusion apparatus (Biochemical Laboratory Service, Ltd.) as previously described
(15). Briefly, two-cell-stage embryos placed in 0.3 M mannitol drops were aligned
in a 1.6-V AC field and fused with two 75-V DC pulses of 40 ps each by using a
500-pwm electrode. Successfully fused embryos were cultured overnight in drops
of KSOM medium (Specialty Media, Inc.) under an embryo-tested light paraffin
oil layer (Sigma Laboratories). Eight-cell stage embryos were recovered from the
oviducts of E2.5 pregnant LBP-1a heterozygous females mated to LBP-1a het-
erozygous males. After zona removal, two four-cell-stage tetraploid wild-type
embryos and a diploid eight-cell-stage embryo from the heterozygous cross were
aggregated overnight, and successfully developed blastocysts were transferred to
the uteri of E2.5 pseudopregnant BocBAF1 recipients. For recovering viable
fetuses, cesarean section was performed on E20.5 of gestation, and the fetuses
were fostered. After genotypic confirmation that no LBP-1a™/~ pups were ob-
tained, embryos and placentas were dissected for analysis at various stages of
development in subsequent experiments.

RESULTS

Targeted mutagenesis of the LBP-1a locus results in embry-
onic lethality. To examine the range of biologic function(s) of
the LBP-1a gene, we targeted the LBP-1a allele for disruption
by homologous recombination. The targeting strategy, summa-
rized in Fig. 1A, replaced the promoter, exon 1, and part of
intron 1 of the LBP-1a gene with a neomycin resistance gene
driven by the pyruvate kinase promoter and transcribed in the
reverse direction to the targeted gene. ES cell clones in which
homologous recombination had occurred were identified by
Southern analysis with unique 5’ and 3’ probes (Fig. 1B and
data not shown). Three independent ES cell clones were used
to generate chimeric mice, with the use of two of three clones
resulting in transmission of the LBP-1a mutated allele to its
offspring. Both murine cell lines had an identical phenotype.
Heterozygous mice were viable, fertile, and phenotypically in-
distinguishable from wild-type littermates. In matings with
wild-type mice, the mutant LBP-1a allele was detected in ca.
50% of the progeny. However, no viable LBP-1a~/~ pups were
obtained from more than 20 litters derived from heterozygous
intercrosses, indicating that mice lacking LBP-1a die during
embryogenesis (Fig. 1C).

To identify the developmental stage at which lethality oc-
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FIG. 1. Targeted disruption of the murine LBP-1a locus results in embryonic lethality. (A) Schematic representation of the targeting strategy
of the LBP-1a gene. The top line represents the genomic locus of LBP-1a, and the open boxes represent exons. The position of the upstream
CLASP-2 gene and downstream Fbxl-2 gene are indicated (Parekh and Cunningham, unpublished). The middle line represents the targeting
construct. The PGK neomycin phosphotransferase cassette is indicated by a hatched box and the HSVtk negative selection cassette is indicated
by a checkered box. Plasmid sequences are indicated by the thinner black line. The bottom line represents the structure of the targeted LBP-1a
allele. Restriction sites indicated are those for Xb, Xbal; E, EcoRI; Xh, Xhol; B, BamHI. 5" and 3’ probes are indicated by filled boxes. The
fragment lengths for a diagnostic Xbal digest predicted by using a 5" probe are indicated by dashed lines. (B) Identification of ES cells carrying
a targeted LBP-1a allele. ES DNA digested with Xbal was analyzed by hybridization with the 5" probe described above. The 12- and 9-kb bands
derived from the wild-type LBP-1a gene and the targeted allele, respectively, are indicated on the left. (C) Genotyping statistics of heterozygous
intercrosses indicate embryonic lethality just after E10.5 in homozygous mutants. Dead and necrotic embryos are indicated by an asterisk.
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curs, embryos from timed mating between heterozygotes were
analyzed at different stages of gestation. The genotype of the
embryos was determined by PCR (Fig. 2A). Viable LBP-1a
homozygous embryos were obtained with the expected Men-

delian frequency at E9.5 and E10.5 (Fig. 1C). Wild-type and
LBP-1a-null embryos showed identical development at E9.5
(Fig. 2B). In contrast, LBP-1a~/~ embryos at E10.5 were sig-
nificantly smaller in size in comparison to their wild-type
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FIG. 2. Embryonic lethality occurs immediately after E10.5
(A) Genomic PCR analysis of littermates derived from a heterozygous
intercross harvested at E10.5. The primers utilized and conditions of
PCR are provided in Materials and Methods. (B) Macroscopic analysis
of LBP-1a-null (—/—) and wild-type (+/+) animals at E9.5 gestation.
(C) Macroscopic analysis of LBP-1a-null (—/—) and wild-type (+/+)
animals at E10.5 gestation. Note that fetal heartbeats were observed in
all mutant and wild-type animals examined. (D) Macroscopic analysis
of LBP-1a-null (—/—) and wild-type (+/+4) embryos at E11.5 gestation.
Note that fetal heartbeats were not observed in the mutant embryos.
(E) Expression analysis of the mutated LBP-1a allele. Northern anal-
ysis of total RNA isolated from wild-type (+/+), heterozygous (+/—)
and homozygous (—/—) animals by using cDNA probes for LBP-1a
and CLASP2 genes. Note the uniform transcript level of the CLASP2
gene with all genotypes. Ethidium bromide-stained 18S rRNA was
utilized as the loading control. The signal for LBP-1a in the placental
samples is indicative of contamination with maternal tissue.

(+/+) littermates (Fig. 2C). Careful morphological examina-
tion revealed no structural abnormality, but development was
retarded by at least 0.5 days in all instances. At E11.5, the
Mendelian frequency of LBP-1a~’~ embryos was not reduced
significantly, but all mutant embryos were dead, as judged by
their necrotic appearance, evidence of resorption, and absence
of a fetal heartbeat (Fig. 2D). No LBP-1a homozygous em-
bryos were recovered beyond E11.5.

To confirm that generation of homozygous LBP-1a mutant
alleles resulted in a complete loss of expression of an LBP-1a-
specific transcript, RNA was harvested from littermates at the
E9.5 time point. Northern analysis confirmed that LBP-1a was
expressed in wild-type (+/+) and heterozygous (+/—) animals
(Fig. 2E). In contrast, embryos that were homozygous for the
LBP-1a mutant allele had no evidence of LBP-1a expression
utilizing probes specific for the 5’ and 3’ portions of the tran-
script (Fig. 2E and data not shown). Similar studies of gene
expression utilizing reverse transcription-PCR (RT-PCR)
analysis with LBP-la-specific primers confirmed the lack of
expression in homozygous LBP-la-null embryos (data not
shown). To exclude a potentially repressive effect of the neo-
mycin phosphotransferase-expressing cassette on adjacent
genes, the expression of CLASP2, a ubiquitously expressed
factor whose genomic locus is 5’ to the LBP-la gene, was
determined in LBP-1a*/* and LBP-la~/~ animals. CLASP2
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expression was unchanged, confirming the specificity of the
effects of LBP-1a gene disruption (Fig. 2E, lower panel). In
addition, CP2 expression was comparable in wild-type and
LBP-1a~/~ mice (data not shown), excluding the possibility
that the LBP-1a~/~ phenotype was the result, at least in part,
of coincident dysregulation of CP2 expression. We also con-
sidered the possibility that the discrepancy between the CP2
and LBP-la-null phenotypes reflects differences in unlinked
genetic modifiers in the two strains. Several knockout pheno-
types, including those with extraembryonic defects, have sig-
nificant variability in penetrance on different murine back-
grounds (37). However, the CP2"/~ and LBP-la™/~ strains
have been backcrossed onto the C57/B6 strain for multiple
generations with no evidence of phenotypic alteration in ho-
mozygous offspring.

LBP-1a-null embryos have no focal histological defect. To
determine whether an intrinsic embryonic defect might explain
the growth retardation and lethal phenotype, macroscopic, his-
tological, and immunohistochemical analysis was performed.
At E9.5, LBP-1a-null embryos revealed no abnormality of ma-
jor organ systems, the body axis or the numbers of somites
present (data not shown). Furthermore, the process of embryo
turning, a key developmental milestone, was completed in mu-
tant embryos. In contrast, at E10.5, generalized growth retar-
dation was evident in all LBP-1a-null embryos (Fig. 2C and
3A). Despite extensive analysis of many LBP-1a~/~ embryos,
the only focal gross abnormality observed frequently was a
dilated pericardial sac consistent with hemodynamic insuffi-
ciency.

Given a potential primary role of a defect in the intraem-
bryonic vasculature in the etiology of intrauterine growth re-
tardation, a closer examination of the developing cardiovascu-
lar system was performed. Heart development in LBP-1a-null
embryos at E10.5 was comparable to the heart of wild-type E10
embryos. This finding was consistent with that observed in
other tissues and reflects a generalized retardation in develop-
ment after E9.5 in LBP-1a-null embryos. This conclusion was
confirmed by the normal architecture of the cardiac atria and
ventricles in a majority of the LBP-la~/~ embryos, the myo-
cardial and endocardial layers showing normal trabeculation
and endothelial lining (Fig. 3B). Fetal heartbeats were ob-
served up to E10.5 in all embryos examined. However, occa-
sional homozygous embryos were also observed (<10%) with
dilated cardiac chambers, a thinned myocardial layer, and re-
duced trabeculations (data not shown).

The dorsal aortae, major arterial vessels at this stage of
gestation were of similar caliber and structure in wild-type and
mutant embryos as examined by microscopy and staining with
vascular anti-smooth muscle actin antisera (a-SMA) (Fig. 3C).
To examine the overall structure of the intraembryonic vascu-
lature, we utilized whole-mount immunohistochemistry with
PECAM (Fig. 3D). Similar to immunohistologic analysis with
another endothelial specific marker VEGF-R2 (Fig. 3E), we
observed no defect in the structure or endothelial lining of
embryonic vessels in LBP-1a~/~ animals.

An alternate hypothesis to explain the growth retardation is
that LBP-1a-null embryos have a defect in primitive erythro-
poiesis, given that effective distribution of oxygen is critical
after E9.5 in the developing fetus. To exclude such a defi-
ciency, we examined hematopoiesis in LBP-1a-null embryos.
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FIG. 3. Normal development but growth retardation in E10.5 LBP-1a™/~ embryos. (A) Representative sagittal sections of wild-type (+/+) and
LBP-1a-null (—/—) embryos stained with H&E, showing no abnormality in the neural or cardiovascular system. (B) Histological sections of the
heart of E10.5 wild-type (+/+) and mutant (—/—) embryos demonstrating the presence of myocardial and endocardial layers and endothelial
lining. The myocardial thickness in E10.5 mutant embryos is comparable to that of E10 wild-type embryos, a manifestation of growth retardation
after E9.5. An arrow indicates the ventricular myocardial wall. Note the presence of primitive erythroblasts in the heart and adjacent blood vessels
of the mutant embryo, a finding consistent with normal primitive hematopoietic differentiation. (C) a-SMA-stained histological sections of the
dorsal aortae of E10.5 wild-type (+/+) and mutant (—/—) embryos demonstrating the presence of normal intraembryonic angiogenesis.
(D) Whole-mount immunostaining of wild-type (+/+) and mutant (—/—) embryos with the endothelial specific marker PECAM-1 at E10.5
revealing a normal vascular network, regardless of the genotype. (E) VEGF-R2 immunostaining of wild-type (+/+) and mutant (—/—) embryo
sections at E10.5 revealing a normal structure and endothelial lining of the major vessels.
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FIG. 3—Continued.
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FIG. 4. Yolk sac vascular defect in LBP-1a~/~ concepti. (A) Yolk sac of E10.5 wild-type (+/+) and mutant (—/—) embryos with attached
placenta. Yolk sacs of mutant embryos were significantly smaller, paler, and lacked large branching vitelline vessels. Note blood collection in yolk
sac (arrow). (B) Histological analysis of visceral yolk sac vasculature from E10.5 wild-type (+/+) and mutant (—/—) embryos. Note abnormally
dilated capillaries in the mutant yolk sac. (C) Whole-mount immunostaining of E10.5 wild-type (+/+) and mutant (—/—) yolk sacs with the
endothelial specific marker VEGF-R2 to demonstrate the absence of large vitelline vessels but a normal capillary network. (D) VEGF-R2
immunostaining of wild-type (+/+) and mutant (—/—) yolk sac sections demonstrating the presence of endothelial cells. Note the sparser and
thinned- out endothelial cells in the mutant yolk sac. (E) a-SMA immunostaining of wild-type (+/+) and mutant (—/—) yolk sac sections
demonstrating the normal presence of vascular smooth muscle cells in the vessel walls.

Intraluminal fetal erythrocytes of normal morphology were
present in the heart and embryonic blood vessels of LBP-1a™/~
embryos, albeit in modestly decreased numbers compared to
wild-type littermates. In addition, there was no significant dif-
ference in the numbers of primitive erythroid progenitors, as
measured by CFU-C assays between littermates (data not
shown). Taken together, our results suggest that no convincing
primary intraembryonic pathology can explain the intrauterine
growth retardation and premature lethality in LBP-1a~/~ em-
bryos.

LBP-1a deletion results in defective yolk sac vasculariza-
tion. An alternate explanation for the severe growth retarda-
tion observed is a defect in yolk sac and/or placental function.
Characterized by the death of embryos at midgestation, defects
in these tissues reflect an absolute requirement for a mature

placenta, its connecting allantoic or umbilical vessels, and a
complex yolk sac vasculature to supply maternally derived nu-
trients and O, to the rapidly developing fetus after E9 (35). To
explore this possibility, we examined placental and yolk sac
morphology at E8.5, E9.5, and E10.5 of gestation. At the ear-
lier time points, no abnormalities were observed. Specifically,
blood islands were formed in the visceral yolk sac, a finding
consistent with an intact mechanism of extraembryonic vascu-
logenesis, and trophoblast giant cell differentiation and ecto-
placental cone formation were preserved (data not shown). In
contrast to these earlier time points, two striking abnormalities
were observed on visual inspection of LBP-1a~/~ concepti at
E10.5: (i) the complete absence or severe reduction of the
extensive vascular network and large vitelline vessels charac-
teristic of the mature visceral yolk sac (Fig. 4A) and (ii) pools



FIG. 5. Defective labyrinthine layer architecture of LBP-1a™’/~ placenta. (A) H&E-stained sections of E10.5 wild-type (+/+) and mutant (—/—)
placenta. De, maternal decidua; Tr, trophoblastic layer. (B) H&E-stained sections of wild-type (+/+) and mutant (—/—) placenta at E10.5 at
higher magnification. Note the significant reduction in the labyrinthine layer of the mutant placenta compared to its wild-type littermate. Note the
presence of amorphous material. Ge, giant cell layer; Sp, spongiotrophoblast layer; La, labyrinthine trophoblast layer; am, amorphous material.
(C) Higher-power magnification of the marked areas in panel B. Arrows denote the embryonic vessels with embryonic erythrocytes. Note the
intricate labyrinthine vascular network in the wild-type placenta showing juxtaposition of maternal sinuses with embryonic vessels. Such a pattern
is absent altogether in the mutant placenta with allantoic vessels arrested in the lower part of labyrinth. (D) VEGF-R2 immunostaining of E10.5
wild-type (+/+) placenta confirm extensive branching of the allantoic vessels in the labyrinthine layer. (E) VEGF-R2 immunostaining of E10.5
mutant (—/—) placenta show presence of initial penetration of the allantoic vessels but arrest of further branching.
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of free fetal blood in the amniotic cavity (Fig. 4A, arrow) with
no evidence of intraembryonic hemorrhage. This latter obser-
vation is seen frequently with defective angiogenesis and has
been related to a defect in the structural integrity of the vessel
wall (10, 23).

Histologic analysis of the yolk sacs derived from LBP-1a
embryos at E10.5 revealed a disorganized vascular pattern.
The normally small well-circumscribed vessels with tight endo-
thelial cell lining is characteristic of a wild-type visceral yolk sac
being replaced with large vessels with thinner walls and a
sparse endothelial cell lining in the LBP-1a mutants (Fig. 4B).
Interestingly, the mesodermal layer showed breaks at several
points that were consistent with the presence of fetal blood in
the amniotic cavity. These findings are characteristic of appro-
priate initiation of vasculogenesis but failure of angiogenesis.
Support for this conclusion was provided by whole-mount im-
munostaining of yolk sac vasculature with the endothelial
marker, VEGF-R2, which showed the presence of endothelial-
cell-lined capillary tubes in mutant yolk sacs but little evidence
of the intricate network of branching large vitelline and small
vessels characteristic of wild-type yolk sacs (Fig. 4C). To con-
firm this observation, we stained the yolk sac sections with
endothelial (VEGF-R2) and vascular smooth muscle (a-SMA)
cell-specific antisera (Fig. 4D and E). Mutant and wild-type
yolk sacs showed the presence of endothelial and vascular
smooth muscle cells but a disorganized vascular architecture in
mutant yolk sacs, confirming the presence of an angiogenic,
rather than a vasculogenic, defect.

LBP-1a deletion results in defective placental vasculariza-
tion. Defective yolk sac vascular development has been asso-
ciated with concomitant defects in the placental vasculature.
To determine whether similar abnormalities occur in LBP-1a-
null placentas, we examined wild-type, heterozygous, and ho-
mozygous placentas from E7.5 through E11.5. Normal placen-
tation was observed in wild-type and heterozygous concepti at
all stages of development (data not shown). Similarly, no sig-
nificant abnormality in LBP-1a~/~ placentas was observed at
E7.5 to E9.5, the chorionic plate having collapsed onto the
underlying ectoplacental cone with chorioallantoic fusion and
initiation of vascular penetration (data not shown). In contrast,
at E10.5 the LBP-1a~/~ placentas showed a significant de-
crease in the thickness of the labyrinthine layer, with normal
giant cell and spongiotrophoblast layers (Fig. SA and B).
Closer examination revealed that the labyrinthine layer of
LBP-1a~/~ placentas consisted of labyrinthine trophoblasts
alone in all instances but lacked the intricate network of
branching embryonic vessels characteristic of wild-type placen-
tas (Fig. 5C). Importantly, unlike the wild-type context, fetal
blood vessels were not observed in close apposition to mater-
nal blood sinuses in any mutant placenta examined (Fig. 5C,
arrows). In addition, large deposits of amorphous material
were observed. Interestingly, a previous study on disruption of
transcription factor GCMa (3) in mice has also reported pres-
ence of amorphous material in largely avascular labyrinth. It
was suggested that these collections represent fibrinoid depos-
its derived from extravasation of blood from a defective vas-
cular bed.

To evaluate the structure of the embryonic vasculature in
the placenta more closely, we examined the expression of the
endothelial-cell-specific VEGF-R2 antigen. At E10.5, the ex-
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tensive interdigitating network of VEGF-R2 staining endothe-
lial cells observed within the labyrinthine layer of the wild-type
placenta was absent in mutant placentas (compare Fig. 5D and
E), thus confirming our histological observations. These re-
sults, coupled with the similar disorganized pattern of
VEGF-R2 and a-SMA expression in the yolk sac vasculature
(Fig. 4), and the normal intraembryonic vasculature (Fig. 3)
are consistent with the conclusion that loss of LBP-1a expres-
sion results in an extraembryonic angiogenic defect.

Loss of LBP-1a expression does not result in a primary
trophoblast defect. Our results provide evidence that loss of
LBP-1a expression results in vascular abnormalities of the lab-
yrinthine layer and the yolk sac. However, labyrinthine devel-
opment is dependent on complex functional interactions be-
tween the trophoblast and vascular components. To rule out an
unrelated abnormality of trophoblast differentiation as an ex-
planation for the LBP-1a-null placental phenotype, we deter-
mined the pattern of expression of key molecular markers by
using in situ hybridization riboprobes specific for the three
trophoblast cell layers. As shown in Fig. 6A and B, PLF and
MPL-1, markers for giant cell trophoblast layer, show similar
patterns of expression in normal and mutant placentas at
E10.5. A similar result was observed when the expression pat-
tern of the marker 4311 was compared, confirming the integrity
of the spongiotrophoblast layer (Fig. 6C). In contrast, HSP-84,
a labyrinthine trophoblast specific marker, although expressed,
displayed an enhanced intensity compared to the wild-type
placenta (Fig. 6D). A result of the compact nature of the
mutant placenta, this result suggests that this trophoblast sub-
type differentiates normally in LBP-1a-null animals. Confirma-
tion of this conclusion was provided by additional in situ hy-
bridization, semiquantitative RT-PCR, and microarray
analysis, which confirmed that there was no significant differ-
ence in the expression of regulatory factors, such as Esx1 (3, 25,
28) and DIx3 and Gemla (data not shown), previously impli-
cated in labyrinthine trophoblast differentiation.

Functional insights into the etiology of a placental defect are
provided frequently by tetraploid complementation assays. In
this experiment, wild-type tetraploid embryos are aggregated
with the LBP-1a embryos derived from the heterozygous in-
tercrosses to generate chimeric blastocysts. When these blas-
tocysts are transferred to the uteri of pseudopregnant females
and allowed to further develop, wild-type tetraploid cells con-
tribute efficiently to the extraembryonic tissues, including the
labyrinthine trophoblasts and the visceral endoderm compo-
nent of the visceral yolk sac. In contrast, they do not contribute
to the embryo proper, the extraembryonic mesoderm compo-
nent of the visceral yolk sac, or the allantoic mesodermal
components, including the mesenchyme and the allantoic
blood vessels. Thus, if a primary defect resides in the extraem-
bryonic trophoblast-derived component, a normal placental
structure should be observed at E10.5 of gestation, and poten-
tially the mutant phenotype should be rescued. After this pro-
cedure, 20 pups were delivered by cesarean section at E20.5.
These pups had a wild-type or heterozygous genotype only. In
contrast, in parallel studies, tetraploid chimeras rescued em-
bryos homozygous for the SOCS3 (45) gene deletion, this gene
being associated with a trophoblast-specific defect (data not
shown). These results are consistent with either an allantoic
mesodermal defect or a secondary developmental block in the
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PLF

MPL-1

4311

Hsp84

FIG. 6. Normal expression of trophoblast differentiation specific markers in the mutant placenta. (A) The giant cell trophoblast markers PLF is
expressed in wild-type (+/+) and mutant (—/—) placentas at E10.5, as assessed by in situ hybridization. (B) The giant cell trophoblast marker MPL-1
is expressed in wild-type (+/+) and mutant (—/—) placentas at E10.5, as assessed by in situ hybridization. (C) Expression of the spongiotrophoblast
marker 4311 is present in both strains, suggesting normal differentiation of spongiotrophoblasts. (D) Expression of the labyrinthine trophoblast specific
marker HSP-84 is also present in both strains, suggesting normal differentiation of labyrinthine trophoblasts. The apparent enhanced intensity in mutant
(—/—) compared to wild-type (+/+) placenta at E10.5 is the result of the compact nature of the labyrinth in the mutant placenta.
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Stage s i +/- /- Total
E 10.5 3 2 8
Ells | 6 | | @ | 1
E12.5 12 21 4% 37
E13.5 2 0 5
El14.5 4 0 11
El16.5 2 0 5 |
E 18.5" 8 12 0 20

FIG. 7. Tetraploid complementation of the placental trophoblastic component fails to ameliorate the LBP-1a

—/—

phenotype. (A) Genotyping

statistics after tetraploid rescue experiments indicate persistent embryonic lethality after E 10.5 in homozygous mutants. An asterisk indicates dead
and necrotic embryos. The number symbol indicates cesarean section. (B) Underdeveloped labyrinthine layer persists in the placenta of mutant
(—/—) embryos compared to the placenta of a heterozygous (+/—) embryo after tetraploid assay, suggesting a nontrophoblastic origin of the

placental defect.

tetraploid rescued LBP-1a embryos resulting in a late embry-
onic lethality.

To discriminate between these possibilities, we isolated em-
bryos and placentas at different gestational time points in sev-
eral tetraploid complementation experiments (Fig. 7A).
LBP-1a homozygous embryos derived from these experiments
died at a similar time to those generated in heterozygous in-
tercrosses (compare Fig. 1C and 7A). Given that generation of
tetraploid chimeras requires a 2-day-old embryo culture period
with a resultant delay in development, we observed dead em-
bryos at up to E12.5. Histological examination of the placentas
of LBP-la~/~ embryos at E10.5 and E11.5 showed that the
tetraploid complementation does not correct the labyrinthine
defect (Fig. 7B). The labyrinth in these placentas showed a
similar absence of a branching vascular network. Consistent
with this result, the yolk sacs derived from homozygous mutant
embryos showed a vasculopathy similar to that observed after

heterozygous matings (data not shown). Taken together, our
findings indicate that normal chorioallantoic placental forma-
tion cannot proceed in LBP-1a™’~ embryos due to a defect in
an allantoic mesodermal component required for extraembry-
onic angiogenesis.

DISCUSSION

This study provides the first genetic evidence that a member
of the mammalian grainyhead transcription factor family is
essential for normal extraembryonic vascular development.
LBP-1a deficiency results in lethality at midgestation. This
result was somewhat surprising, given previous observations of
a lack of an abnormal phenotype in animals in which CP2, the
highly related orthologue of LBP-1a, was disrupted by homol-
ogous recombination. We hypothesized that the outcome in
CP2-null animals was a result of functional redundancy, with
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LBP-1a substituting for CP2. A similar lack of an abnormal
phenotype in LBP-la-deficient animals might be expected,
given the almost identical pattern of gene expression during
development, and the similar affinities of the two factors for
their cognate DNA regulatory motif. However, the results pre-
sented here are consistent with a critical, nonredundant role
for LBP-1a during murine development.

A striking abnormality in LBP-1a-null embryogenesis is the
lack of appropriate development of the yolk sac and placental
vasculature. Our results suggest that this defect results from a
perturbation of angiogenesis rather than a vasculogenic defect.
Yolk sac vasculogenesis normally precedes placental labyrinth
formation. Unlike the LBP-1a phenotype, primary defects in
yolk sac vasculogenesis often result in embryonic lethality by
E9.5. Moreover, defects in vasculogenesis may affect the intra-
and extraembryonic vasculature and primitive hematopoiesis,
given the common hemangioblast origin of the endothelium
and the blood (8). In the context of LBP-1a deficiency, appro-
priate development of the cardiovascular system, the forma-
tion of blood islands in the visceral yolk sac, and the presence
of appropriately differentiated endothelial cells in the primary
capillary network suggest no significant defect in intraembry-
onic hemangioblast differentiation. However, we observed a
lack of homogeneity in the diameter of the primary capillary
network and a sparse distribution of endothelial cells, findings
potentially consistent with a subtle vasculogenic defect. Inter-
estingly, the numbers of erythroid progenitors was normal in
LBP-1a embryos, a finding consistent with appropriate differ-
entiation of the LBP-1a-null hemangioblast. These latter ob-
servations, coupled with a lack of effect of loss of LBP-1a on
primitive globin chain expression (data not shown), confirm
that LBP-1a deficiency alone has no effect on erythropoiesis.
Given the studies of ourselves and others demonstrating a key
role for CP2 and/or LBP-1a in the regulation of the murine
and human «- and B-globin gene clusters (26, 55; X. Wang,
S. M. Jane, and J. M. Cunningham, unpublished data), it will
be instructive to assess the effects of compound homozygosity
on developmental erythropoiesis.

In contrast to these findings, there is a marked defect in
extraembryonic angiogenesis in LBP-1a-null animals with his-
tological and immunohistochemical evidence of absence of
yolk sac vitelline vessels, absence of a mature vascular network,
and defective branching morphogenesis of the endothelial cell
tubes in LBP-1a deficient placentas. At this time, we cannot
discern whether the endothelial cell or the perivascular mes-
enchyme is the primary cell type affected by loss of LBP-1a
expression. The target gene(s) of LBP-1a action remains un-
clear, given that initial microarray surveys of the expression of
key modulators of extraembryonic angiogenesis comparing
wild-type and mutant yolk sac tissues demonstrated no signif-
icant differences in growth factor or growth factor receptor
expression (data not shown). These observations suggest that
LBP-1a may be a downstream effector of one or more growth
factor pathways. An alternative conclusion is that we may have
failed to identify the appropriate factors for study, given the
complex array of effectors required for normal angiogenesis
(38). Thus, examination of the phenotypes of other gene-tar-
geted murine strains may provide some clues. Attractive can-
didates include the TGF-B/BMP superfamily, given the known
role of Drosophila grh in modulating signaling of TGF-B’s
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Drosophila homologue decapentaplegic (18) and the similarity
of knockouts of members of the TGF-B pathway and LBP-1a-
null mice (7, 10, 23, 31). However, comparative microarray
analysis and semiquantitative RT-PCR assays evaluating the
expression of several TGF-B/BMP ligands, their receptors, and
downstream regulatory targets (7, 10, 54) have not shown any
significant differences in expression of these factors between
wild-type and LBP-la/~ embryos or yolk sac tissues (V.
Parekh and J. M. Cunningham, unpublished data). Indeed, we
have recently observed that other ectoderm-specific Xenopus
orthologues of Drosophila grh may be downstream targets of
the TGF-B/BMP signaling cascade, suggesting that LBP-la
may act in a similar manner (J. Tao and J. M. Cunningham,
unpublished data). Alternatively, a labyrinthine vascular defect
similar to LBP-1a deficiency is also observed with disruption of
FGF signaling (17). FGF ligands have also been implicated in
the regulation of epithelial branching in the lung, kidney, and
trachea (14, 44, 50). Moreover, recent studies suggest that FGF
control of branching morphogenesis in Drosophila is depen-
dent on intact grh function (17). Given the defect in labyrin-
thine branching morphogenesis observed here, it will be im-
portant to determine whether there is a similar linkage in
mammals. Together, our observations provide an initial basis
to explore the growth factor signaling pathways that may reg-
ulate LBP-1a expression or function during murine extraem-
bryonic angiogenesis.

A third key feature of the LBP-la~/~ phenotype is the
defect in vascularization of the chorioallantoic labyrinth. Lack
of effective placental angiogenesis may result from a primary
failure of syncytiotrophoblast differentiation, an allantoic mes-
enchymal or vascular deficiency or defective cell-cell signaling.
Deficiency of ARNT, a member of the basic helix-loop-helix/
PAS family of transcription factors, results in a similar failure
of allantoic invasion and branching to that observed in the
LBP-1a-deficient embryos (22). The yolk sac vasculature is
apparently normal in this context, and the defect is rescued by
tetraploid complementation, suggesting a primary trophoblast
deficiency. Loss of the mesenchymal or endothelial compo-
nents of the allantois can, similar to LBP-1a deficiency, also
cause a secondary loss of labyrinthine architecture, as observed
with loss of expression of Hsp84-1 (49) and several vascular
growth factors. However, given the ubiquitous nature of
LBP-1a expression, it is possible that coincident defects in the
chorionic trophoectoderm and allantoic mesoderm are neces-
sary for generation of the mutant phenotype. In an attempt to
discriminate between these models, we utilized two comple-
mentary approaches: trophoblast differentiation marker ex-
pression analysis and tetraploid complementation. The former
assay confirmed that all three cell types derived from the tro-
phoblastic stem cell differentiated normally. Tetraploid aggre-
gation studies failed to rescue the chorionic placental defects,
supporting the conclusion that an allantoic vasculature defect
is the primary cause of the LBP-1a phenotype. These obser-
vations add LBP-1a to the list of factors necessary for allantois
development. Further studies will be necessary to establish the
linkage, if any, between the roles played by these factors and
that of LBP-1a in allantoic differentiation.

The rapidity of onset and the severity of the intrauterine
growth retardation after E9.5 is a striking feature of LBP-1a-
deficient embryos. Histological analysis failed to identify a
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consistent intraembryonic focal defect that could account for
the lethality. However, we cannot exclude a subtle defect in the
embryonic cardiovascular system, given that a small proportion
of embryos have thinned ventricular walls. However, it is un-
clear at this time whether this is a direct effect of LBP-1a
deficiency or whether it relates to the growth retardation in-
herent to the mutant phenotype. A more direct approach to
addressing this issue will be provided by an LBP-1a conditional
knockout mouse strain that is currently being developed.

Given the ubiquitous nature of LBP-1a expression, the null
phenotype might be explained by a role for the gene in cell
growth and apoptosis. Thus, loss of LBP-1a could result in a
generalized cell-autonomous proliferation defect or an in-
creased apoptosis rate. However, this hypothesis is unlikely to
be correct given that, until E9.5, LBP-1a~/~ embryos are com-
parable in growth with heterozygous and wild-type littermates.
Indeed, determination of in vivo rates of cellular proliferation
and apoptosis after E9.5 would be confounded by the compro-
mise of feto-maternal exchange in the mutant embryos, making
the determination of a causal relationship inherently difficult.
Independent support for the lack of a significant intraembry-
onic defect in LBP-la~/~ embryos was provided by the mi-
croarray analysis, showing lack of significant differences in the
expression of known growth and/or apoptosis modulator genes,
including those that are known to be regulated by LBP-1a/CP2.
We are currently assessing the significance of the changes in
expression of other genes identified in our microarray studies,
whose modulation by LBP-1a has not been investigated previ-
ously. However, we note that a relative expression of many
genes is increased in LBP-1a~/~ embryos. Although the sig-
nificance of these changes is at present unclear, our previous
finding that CP2 and LBP-1a interact with a polycomb repres-
sor complex (47) suggests that loss of LBP-1a expression may
result in derepression of gene expression in some contexts.

Taken together, our studies support the conclusion that the
phenotype observed in LBP-1a-deficient mice is related to a
defect in extraembryonic angiogenesis. Significant evidence in
humans links intrauterine growth retardation with the labyrin-
thine and vascular defects observed in preeclampsia and
missed abortion (34). It will be important to explore if alter-
ation of human LBP-1a expression contributes to the patho-
genesis of these disorders.
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