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JunB is essential for mammalian placentation
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Lack of JunB, an immediate early gene product and
member of the AP-1 transcription factor family causes
embryonic lethality between E8.5 and E10.0. Although
mutant embryos are severely retarded in growth and
development, cellular proliferation is apparently not
impaired. Retardation and embryonic death are caused
by the inability of JunB-deficient embryos to establish
proper vascular interactions with the maternal circula-
tion due to multiple defects in extra-embryonic tissues.
The onset of the phenotypic defects correlates well with
high expression of junB in wild-type extra-embryonic
tissues. In trophoblasts, the lack of JunB causes a
deregulation of proliferin, matrix metalloproteinase-9
(MMP-9) and urokinase plasminogen activator (uPA)
gene expression, resulting in a defective neovasculariz-
ation of the decidua. As a result of downregulation of
the VEGF-receptor 1 (flt-1), blood vessels in the yolk sac
mesoderm appeared dilated. Mutant embryos which
escape these initial defects finally die from a non-
vascularized placental labyrinth. Injection of junB–/–

embryonic stem (ES) cells into tetraploid wild-type
blastocysts resulted in a partial rescue, in which the
ES cell-derived fetuses were no longer growth retarded
and displayed a normal placental labyrinth. Therefore,
JunB appears to be involved in multiple signaling
pathways regulating genes involved in the establish-
ment of a proper feto-maternal circulatory system.
Keywords: AP-1 transcription factor/embryonic lethality/
gene targeting/junB/placental development

Introduction

Mammals have developed precise and well-regulated
mechanisms required to establish fetal–maternal contact.
One of the first differentiation events in a mammalian
embryo leads to the generation of trophoblast cells, special-
ized epithelial cells that form the embryonic component
of the fetal–maternal interface during the implantation and
placentation processes. The trophoblast giant cells, initially
formed by the mural trophectoderm (primary giant cells)
and later by polar trophectoderm-derived cells from the
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periphery of the ectoplacental cone (secondary giant cells),
together with the parietal endoderm comprise the earliest
placental structure (parietal yolk sac). Trophoblast giant
cells produce hormones, proteinases and other molecules
which facilitate the breakdown and invasion of the decidua.
This process is mediated by a fine-tuned balance between
activated proteinases, such as matrix metalloproteinase-9
(MMP-9) and urokinase plasminogen activator (uPA) and
their inhibitors, and by changes in the expression of
adhesion molecules such as integrins (for review see Cross
et al., 1994; Rinkenberger et al., 1997). Implantation and
placentation require extensive angiogenesis to establish
the vascular structures involved in transplacental exchange.
Trophoblasts are therefore a rich source of angiogenic
growth factors, such as VEGF, which directs the growth
of maternal blood vessels towards the embryonic implanta-
tion site (Shweiki et al., 1993; Breier et al., 1995), and
proliferin, which is secreted by trophoblast giant cells and
has been proposed to exhibit angiogenic activity which
stimulates uterine neovascularization (Jackson et al.,
1994).

Failures in implantation and placental development are
a significant source of embryonic lethality and are of
clinical relevance. Placental development is characterized
by massive proliferation and differentiation of multiple
cell types and therefore there is a need for a tight regulation
of these processes. Early response proto-oncogenes, such
as c-jun, junB and c-fos, have been associated with both
proliferation and differentiation events of various cell
types including extra-embryonic tissues (Angel and Karin,
1991; Dungy et al., 1991). These genes are also expressed
in the placenta of human, sheep and rodents throughout
gestation, suggesting a role for these immediate early
genes in trophoblast differentiation (Dungy et al., 1991;
Xavier et al., 1991).

JunB, c-Jun and c-Fos are members of the AP-1
transcription factor complex which converts extracellular
signals into changes in the transcription of many cellular
and viral genes. Signals affecting AP-1 activity include
growth factors, cytokines, tumor promoters, carcinogens
and specific oncogenes (for review see Angel and Karin,
1991; Angel and Herrlich, 1994). AP-1 is also critically
involved in processes such as apoptosis as well as in the
cell response to genotoxic agents (Schreiber et al., 1995).
The Jun proteins, c-Jun, JunB and JunD, which form
either homo- or heterodimers with members of the Fos
and ATF protein families, are similar with respect to their
primary structure (Vogt and Bos, 1990) and their DNA-
binding specificities (Nakabeppu et al., 1988; Ryseck and
Bravo, 1991). Due to a small number of amino acid
changes in its bZip region, JunB exhibits a decreased
homodimerization property and a 10-fold weaker DNA-
binding activity in vitro. Accordingly, by transient transfec-
tion analysis JunB was found to repress c-Jun-mediated
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Fig. 1. Targeted disruption of the junB locus. (A) Schematic representation of the complete junB locus, the targeting vector and the mutated junB

allele. Only relevant restriction sites are indicated. Restriction enzymes: A, Asp718; D, DraI; E, EcoRI; H, HindIII; N, NotI; P, PstI; X, XhoI;
Xb, XbaI. Genomic JunB locus: restriction map of the mouse junB gene encompassing the promoter, the complete intron-less coding region and the
39 flanking sequences. The transcriptional start site (11) is marked by an arrow. The arrows indicate the positions of the PCR primers used for
genotyping. Targeting vectors: the promoterless neomycin (neo) and hygromycin (hygro) vectors were identical in their design. The drug resistance
genes replaced a 486 bp DraI–XhoI fragment and the NotI restriction site was used for linearization of the vectors. Inactivated JunB loci: the
predicted correctly targeted junB allele is shown. The expected restriction fragments of the Southern blot analysis are indicated and the location of
the 59 flanking junB probe is shown. (B) Southern blot analysis of targeted ES cell clones, digested with either PstI or XbaI–EcoRI and hybridized
with the flanking junB probe. The genotypes of the ES cells are given at the top. The arrows indicate the junB-specific restriction fragments. wt,
wild-type; m, allele mutated upon homologous recombination using the neo or hygro targeting vectors or both. (C) PCR analysis of yolk sacs
derived from E8.5 embryos. The genotypes are indicated at the top, the arrows depict the specific amplification products for the wild-type (wt) and
the targeted allele (m).

transactivation and transformation, most likely by the
preferential formation of inactive c-Jun–JunB dimers
(Deng and Karin, 1993).

Intensive investigation of AP-1 function in tissue culture
cells led to the common notion that the different AP-1
complexes, which display subtle but important variations
in DNA binding specificity, may act as tissue- and signal-
specific activators of AP-1 dependent genes. Inactivation
of some AP-1 members in vivo by gene targeting resulted
in distinct phenotypes and supports the assumption of
independent functions of AP-1 dimers in vivo. c-Jun null
embryos die at midgestation, most probably due to hepatic
failure, indicating that neither JunB nor JunD functionally
can replace c-Jun (Hilberg et al., 1993; Johnson et al.,
1993). Mice lacking specific members of the Fos and ATF
families are viable and fertile, although the adults show
specific defects in distinct tissues, implying that only a
subset of AP-1 target genes is affected in these mutants
(Johnson et al., 1992; Wang et al., 1992; Brown et al.,
1996; Reimold et al., 1996). Despite a broad knowledge
concerning genes which harbor AP-1 binding sites in their
regulatory elements, only a few directly regulated AP-1
target genes have been identified. Among the most well-
characterized AP-1 regulated genes are c-jun itself and
genes involved in tissue remodeling processes such as
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proteinases, including MMP-9 (gelatinase B; Reponen
et al., 1995; Alexander et al., 1996), uPA (Nerlov et al.,
1992; De Cesare et al., 1995) and their inhibitors, as well
as the placental hormones placental lactogen-I (PL-I)
(Carney et al., 1993; Shida et al., 1993) and proliferin
(Carney et al., 1993; Groskopf and Linzer, 1994).

In this article we demonstrate that JunB expression is
critically involved in the placentation process in vivo.
Embryos lacking a functional JunB protein die between
embryonic day E8.5 and E10.0 of development due to
defective feto–maternal interactions. Most importantly,
gene expression and function in cells of extra-embryonic
tissues, such as trophoblast giant cells, as well as endothel-
ial cells of the yolk sac and placental cell types are affected.

Results

Targeted disruption of the junB allele in mice
For disruption of the junB gene a 486 bp fragment
encoding the bZip region, responsible for DNA-binding
and protein dimerization, was replaced by the promoter-
less neoR gene by fusing the N-terminal 220 codons of
junB to the fifth codon of the neoR gene (Figure 1A). The
targeting vector had an overall homology of 467 bp at the
59 end and 3.2 kb genomic sequences at the 39 end
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Table I. Genotype of embryos from junB and junB/Tg1 heterozygous matings

Age No. of embryos No. of each genotype No. of resorptions

1/1 1/– –/–

At weaning 720 267 (37%) 453 (63%) 0 (0%) nd
E 15.5–13.5 35 10 (28%) 25 (72%) 0 (0%) 23
E 10.0–10.5 149 43 (29%) 81 (54%) 25 (17%)a 4
E 9.5–8.5 437 120 (27%) 217 (50%) 100 (23%)b 46
E 7.5–6.5 163 41 (25%) 86 (53%) 36 (22%) nd

No. of each genotype

1/1/Tg1 1/–/Tg1 –/–/Tg1

At weaning 77 16 (21%) 38 (49%) 23 (30%) nd

The genotype was determined by PCR as described in Materials and methods.
aPredominantly empty yolk sacs.
bEmbryos were severely retarded in growth and development; nd, not determined; Tg1, mice overexpressing JunB from an ubiquitinC-junB

transgene (Schorpp et al., 1996).

(Figure 1A). To enrich for correctly targeted clones by
negative selection, the HSV thymidine kinase (HSV tk)
gene was included in the targeting vector (Figure 1A).
Targeted embryonic stem (ES) cell clones were obtained
at high frequency (one targeted clone per 14 double-
resistant transfectants) in D3 ES cells. Southern blot
analysis of these clones revealed the presence of only one
hybridization band at the predicted size for a single neoR

insertion in the junB gene (not shown). One junB–/– ES
cell clone was obtained by electroporating a heterozygous
ES cell clone with a similar targeting vector containing
the hygromycin resistance gene (hygroR) instead of the
neoR gene (Figure 1A and B). The junB–/– ES cells were
viable and not impaired in their growth potential (data
not shown).

To generate mice harboring the targeted junB allele,
single-targeted D3 ES cells were injected into C57BL/6
blastocysts which gave rise to several chimeras. Chimeras
from two independent ES cell clones transmitted the
mutated allele to their offspring when crossed to
C57BL/6 and 129/Sv females. All of the studies were
done using animals derived from the two independent
clones. Heterozygous mice of both sexes were healthy
and fertile, and no overt phenotype was observed.

Lack of JunB results in lethality during early
gestation
To obtain mice homozygous for the junB mutation, hetero-
zygous mice carrying the targeted junB allele were
intercrossed. Among 720 liveborn progeny, no homo-
zygous mutant offspring were found, whereas 267 wild-
type and 453 heterozygous offspring were recovered,
indicating that the junB mutation is a recessive embryonic
lethal (Table I). To determine the time of embryonic death
and to characterize the morphological phenotype of the
mutant embryos, different stages of gestation were ana-
lyzed for the presence of junB–/– offspring. The genotype
of the dissected embryos was determined by polymerase
chain reaction (PCR; Figure 1C). During early stages of
development, from day E6.5 to E9.5, junB–/– embryos
could be detected with almost the expected Mendelian
frequency (Table I). Between E8.5 and E9.5, mutant
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fetuses were severely retarded in growth and development,
and an increased number of resorptions and empty con-
ceptuses was observed. Embryonic structures bearing a
junB–/– genotype could be recovered up to E10.0. However,
mutant embryos from this stage showed the most obvious
deterioration, often only empty yolk sacs were observed.
No live embryos were found beyond E10.0, but an
increased number of resorptions was noticed. The junB
null mutation was also embryonic lethal on an outbred
background such as MF-1 (data not shown).

To confirm that the mutation in the junB gene alone is
responsible for the observed lethality we attempted to
rescue the defect with a junB transgene. Transgenic mice
expressing the mouse junB gene under the control of the
human ubiquitin C promoter (Schorpp et al., 1996) were
crossed to junB1/– heterozygous mice. Upon intercrossing
their progeny, mice homozygous for the inactivated junB
allele containing the transgene could be obtained, demon-
strating that the embryonic lethality is caused solely by
the lack of a functional JunB protein (M.Schorpp-Kistner
and J.Liang, unpublished data; Table I).

JunB is widely expressed in early development
The early embryonic lethal phenotype of junB-deficient
embryos suggested that JunB has an indispensable function
during fetal development. Since junB is expressed in
embryonic stem cells, we analyzed the expression pattern
of junB during early stages of mouse development between
E6.5 and E9.5 by RT–PCR and in situ hybridization
techniques. RT–PCR analysis revealed junB expression at
E6.5, the early primitive streak stages (data not shown).
At egg cylinder stages, expression of junB was analyzed
by in situ hybridization analysis on whole mount embryos.
JunB is ubiquitously expressed in both extra-embryonic
and embryonic tissues. Sites of particularly high expression
are the primitive streak region, the folding neural tube
and the prechordal mesoderm, as well as in the extra-
embryonic tissues, such as the ectoplacental cone, the
allantois, the amnion and the extra-embryonic ectoderm
(Figure 2A). Consistently, a similar expression pattern of
junB was obtained by in situ hybridization of sagittal
sections from an E8.5 embryo. These analyses revealed
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Fig. 2. Expression of junB in early embryonic development. (A) A whole-mount in situ hybridization of an approximately E7.75 wild-type embryo
detected with a junB-specific antisense probe is shown. JunB is almost ubiquitously expressed with transcripts seen in both extra-embryonic and
embryonic tissues of the embryo: the ectoplacental cone, allantois, amnion, extra-embryonic ectoderm, folding neural tube and prechordal mesoderm.
(B and C) In situ hybridization detection of junB in a saggital section of an E8.5 embryo. Specific transcripts can be localized in the cranial
mesoderm, nascent neuroectoderm and in the extra-embryonic tissues. (C) represents a higher magnification of (B), demonstrating the presence of
junB transcripts in the giant cells, the amnion and the mesodermal component of the visceral yolk sac. a, allantois; am, amnion; cm, cranial
mesoderm; EPC, ectoplacental cone; eEc, embryonic ectoderm; exE, extra-embryonic ectoderm; exEn, extra-embryonic endoderm; exM, extra-
embryonic mesoderm; gc, giant cells; n, nascent neuroectoderm; nf, neural fold; ys, yolk sac. Bar shown in (C) represents 140 µm in (A), 146 µm in
(B) and 73 µm in (C).

additional sites of junB expression in the nascent neuro-
ectoderm, the cranial mesoderm, the giant trophoblast
cells and in the mesodermal component of the visceral
yolk sac (Figure 2B and C). The presence of JunB protein
in these tissues was confirmed by immunohistochemistry
using a JunB-specific antibody (data not shown).

Mutant embryos are retarded in growth and
development
To investigate the nature of the defects in the mutant
embryos, we initially analyzed the F1 offspring (C57BL/
63129/Sv) from animals derived from the two independent
ES cell clones, which gave the same phenotype. When
we assayed whole-mount embryos of various stages for
alterations in morphology, we noticed subtle phenotypical
variations. In general, the phenotype becomes even more
prominent and severe when the heterozygous animals
were backcrossed repeatedly to pure 129/Sv or C57BL/6
mice. Most of the experiments presented in this study
have been performed with F1 and, predominantly, with F2

offspring (C57BL/63129/Sv).
One striking feature of the junB–/– conceptus was already

noticed during dissection of E7.5 embryos: at least 50%
of the mutant conceptuses were slightly growth retarded
and exhibited an enhanced accumulation of maternal blood
sinuses at the antimesometrial pole (Figure 3A; Table II).
From E8.5 onwards, most junB–/– mutant embryos were
grossly growth retarded (Table II). The mutant embryos
were consistently one-quarter the size of their wild-type
littermates (Figure 3B). With increasing developmental
stages, the deterioration of the mutant embryos became
more pronounced. At E8.5, the mutant embryos had 2–6
somites, compared with wild-type or heterozygous
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embryos with 8–12 somites. At E9.5, mutant embryos
could readily be distinguished from their littermates by
their much smaller size, profound pallor, enlarged pericar-
dium and having 8–11 somites (Figure 3C). Forty-four
percent of the mutant embryos had not yet turned. The
mutant embryos had abnormal yolk sacs which had a
ruffled appearance and were not properly vascularized
(Table II; see also Figure 6A). Although overall growth
was retarded, mutant embryos could be identified which
had attained major developmental steps, such as a func-
tional chorio–allantoic fusion, rotation, formation of head
structures and initiation of cardiac contraction. Rarely,
homozygous mutants could be detected at E9.75 which
were grossly retarded and resembled stage E9.5 of devel-
opment.

Cell proliferation analysis
Numerous reports have shown that AP-1 is critically
involved in cell proliferation raising the possibility that
the growth retardation of the junB mutant embryos may
be attributed to a proliferation deficit. Therefore, we
first analyzed the proliferative capability of junB mutant
blastocysts in vitro. Mutant blastocysts showed a normal
phenotype indicating that the mutation does not affect
preimplantation growth (data not shown). After 3 and 7
days in culture, the ICM and the trophoblasts of the junB

mutant embryo (Figure 4C and D) showed the same
outgrowth as the wild-type blastocysts (Figure 4A and B).
These data strongly suggest that at this early stage of
development the junB mutant embryos do not suffer from
a general proliferation defect. This is also supported by
the fact that we were able to generate junB homozygous
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Table II. Morphological phenotypes of JunB-deficient embryos

Defects E7.5 (7) E8.5 (12) E9.5 (13) E9.75a (3)

Retarded in growth and developmentb 57% (4) 83% (10) 85% (11) 100% (3)
Giant cells accumulated at the antimesometrial pole 43% (3) 25% (3) – –
Abnormal peri-vitelline meshwork 43% (3) 58% (7) 69% (9) –
Abnormal yolk sac – – 61% (8) –
Non-vascularized labyrinth – – – 100% (3)

Paraffin-embedded, sectioned JunB-deficient embryos were identified by PCR, as described in Materials and methods, and scored for phenotypical
alterations. The total number of JunB-deficient embryos analyzed is given in parentheses.
aFetuses with placental layers.
bMutant embryos isolated at E7.5, 8.5, 9.5 and 9.75 resembled developmental stages E6.5–7.0, 7.5, 8.5–9.0 and 9.5, respectively.

mutant ES cells (Figure 1C) which were unaltered in their
growth capability (data not shown).

To analyze directly the effects of the junB mutation on
cellular proliferation, we measured the incorporation of
5-bromo-29-deoxyuridine (BrdU) into DNA during S phase
of the cell cycle. At stages E6.5 to E9.5, pregnant female
mice were injected with BrdU and whole litters were
dissected at different time points after injection (1 and
4 h). Both the extra-embryonic and embryonic regions of
the wild-type and mutant embryos were analyzed for BrdU
incorporation by immunohistochemical staining with an
anti-BrdU-specific antibody. JunB mutant embryos of E6.5
to 8.5 that were dissected 1 h after BrdU injection did not
show any BrdU incorporation, in contrast to their wild-
type littermates. When we analyzed the embryos 4 h post-
injection, only 50% of the mutant E6.5 and E7.5 embryos
(Figure 4G), 33% of E8.5 and 40% of E9.5 had incorpor-
ated BrdU. In these embryos, there was no significant
difference in the amount of BrdU-positive nuclei compared
with wild-type embryos, suggesting that proliferation was
not affected. However, for the BrdU-negative junB–/–

embryos, we observed BrdU-positive nuclei in the extra-
embryonic tissues. Therefore, lack of incorporation may
be explained either by strongly decreased proliferation or
by a defect in the yolk sac circulation resulting in greatly
reduced availability of BrdU by the embryo. To distinguish
between both possibilities we used an additional, independ-
ent marker for cell proliferation in junB mutant embryos.

Parallel sections were analyzed by immunohisto-
chemistry with an antibody for the nuclear antigen Ki67
which is present in the nuclei of all proliferating cells
(Schlüter et al., 1993). Extra-embryonic and embryonic
tissues of all mutant embryos analyzed (Figure 4J) showed
Ki67 staining which was not significantly different from
the wild-type littermates (Figure 4I). Taken together, the
results of the proliferation studies suggest that the junB
mutant embryos do not exhibit a general defect in cell
proliferation. Rather, the majority of the embryos seem to
suffer from an insufficient supply of nutrients from the
maternal blood circulation.

JunB mutant embryos exhibit several defects in
the extra-embryonic tissues
The histological examination confirmed that the mutant
embryos display defects in the extra-embryonic tissues.
At E7.5, 50% of the mutant embryos were characterized
by an accumulation of maternal blood lacunae at the
antimesometrial pole (compare Figure 5A with 3A), which
is due to an accumulation of primary trophoblast giant
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cells. To assess this phenotype in more detail, expression
of trophoblast marker genes was analyzed by in situ
hybridization. Expression of PL-I was unaltered but the
spatial distribution of the transcripts was affected, due
to the accumulation of trophoblast giant cells at the
antimesometrial pole (Figure 5A). The expression of
another placental hormone, proliferin (PLF), and matrix
metalloproteinase MMP-9, both of which are secreted by
trophoblast giant cells at this stage, was greatly reduced
in the mutant embryos (Figure 5A). Expression of TIMP-
3, an important inhibitor of matrix metalloproteinases,
which is expressed by the maternal decidual cells at this
stage, was also diminished (Leco et al., 1996). Taking
into account that the expression of PL-I was not signific-
antly altered and that the number of giant cells was only
slightly decreased in the mutant embryos, the reduction
in PLF and MMP-9 gene expression could be due to a
decrease in transcription. These abnormalities in both the
spatial distribution of the primary trophoblast giant cells
and in trophoblast-specific gene expression may contribute
to the growth retardation and embryonic death due to a
deficit in establishing an appropriate interaction with the
maternal circulation.

Mutant embryos which developed until E9.5 but
resembled E8.5 fetuses also had defects in the spatial
distribution of the trophoblast giant cells and therefore in
the vascularization of the decidua. They were characterized
by a discontinuous, decomposed and loose structure of
the peri-vitelline meshwork (Figure 5B) which is supported
by the expression pattern of PL-I and PLF (Figure 5B).
At this stage, no decrease in transcription of MMP-9 and
uPA could be detected; the expression of the proteinases
MMP-9 and uPA appeared rather to be enhanced
(Figure 5B), presumably due to an increased number of
trophoblast cells expressing these transcripts. In wild-type
embryos, MMP-9 or uPA was expressed by different only
slightly overlapping populations of trophoblast cells. At
E8.5, MMP-9 transcripts were found in the giant cells of
the ectoplacental cone region and in a very narrow zone
of trophoblast giant cells surrounding the embryonic
cavity. At E9.5, MMP-9 transcripts were predominantly
seen in the trophoblast giant cells at the ectoplacental
cone (Figure 5B). The majority of uPA-producing cells
were 4311-expressing spongiotrophoblasts in the ectopla-
cental cone and expression increased from E8.5 to E9.5
(Figure 5B). MMP-9 and 4311 are typical markers for
terminally differentiated trophoblast giant cells (Alexander
et al., 1996) and spongiotrophoblasts (Lescisin et al.,
1989), respectively. In contrast, mutant embryos showed
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Fig. 3. JunB–/– embryos are severely growth retarded. (A) E7.5 mutant
and wild-type embryos within the maternal decidua are shown. The
arrow indicates the unusual concentration of maternal blood sinusoids
at the antimesometrial pole which is typical for junB mutant embryos.
(B) E8.5 embryos; (C) E9.5 embryos; the junB–/– embryo is severely
retarded and characterized by an abnormally enlarged heart as marked
by the arrow. Bar shown in (A) represents 960 µm in (A), 500 µm in
(B) and 400 µm in (C).

coexpression of MMP-9, uPA and 4311 in an overlapping
region (Figure 5B). Compared with wild-type embryos,
the 4311-expressing spongiotrophoblast region is very
much scattered in the mutant embryos (Figure 5B). These
alterations in gene expression reflect the development of
an abnormal peri-vitelline meshwork which is character-
ized by enormous lacunae (Figure 5B). This sort of
‘hyperneovascularization’ of the decidua is likely to cause
a dramatically reduced hydrostatic pressure and a
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decreased diffusion of nutrients. As a consequence, most
mutant embryos at this stage showed histological evidence
of edema and necrosis (data not shown).

Vascular defects in junB mutant yolk sac and
placenta
At E9.5, mutant embryos can be easily discriminated from
wild-type embryos by their pale yolk sacs (Figure 6A).
Histological examination revealed a thickened, non-epithe-
lial-like visceral yolk sac endoderm and abnormally
enlarged vascular structures (Figure 6C and E). The
disorganized extra-embryonic vasculature shows some
similarities to flt-1- (the VEGF receptor-1) deficient
embryos, which failed to form an organized vascular
network in the yolk sac (Fong et al., 1995). To analyze
the defects in vasculogenesis in mutant embryos at the
molecular level, semi-quantitative RT–PCR analysis of
RNA from isolated yolk sacs was employed to measure
the expression levels of genes shown to be critically
involved in vasculogenesis and angiogenesis, such as
VEGF and the endothelial cell-specific receptor tyrosine
kinases flk-1 (VEGF-R2), flt-1 (VEGF-R1), tie-1 and tie2/
tek (Figure 6B; Dumont et al., 1994; Fong et al., 1995;
Sato et al., 1995; Shalaby et al., 1995; Carmeliet et al.,
1996; Ferrara et al., 1996). This analysis revealed that
expression of VEGF, flk-1, tie-1 and tie-2 was not different
between mutant and wild-type embryos (Figure 6B). In
contrast, in junB heterozygous and homozygous mutant
embryos the level of flt-1 transcripts was reduced to
48 and 36%, respectively, compared with wild-type
embryos (Figure 6B) when the expression of either
β-tubulin or tie-2 was used as a reference. Since it has
been postulated that junB is a negative regulator of
c-jun, we also measured c-jun transcripts by RT–PCR.
Interestingly, the levels of c-jun transcripts were similar
in wild-type, heterozygous and junB mutant embryos
(Figure 6B), suggesting that the basal expression of
c-jun is not subjected to negative regulation by JunB in
these cells.

In situ hybridization analysis for flt-1 revealed a lack
of expression in the yolk sac mesoderm (Figure 6I and
J), whereas the expression of flt-1 in the spongiotropho-
blasts was unchanged compared with wild-type embryos
(Figure 6F and G). The lack of expression was not due
to the developmental retardation of junB mutant embryos
because flt-1 expression can be detected in the embryonic
tissues (Figure 6E) and because expression of the receptor
tyrosine kinases tie-2 (Figure 6L and M), which follows
flt-1 expression in wild-type embryos (Dumont et al.,
1994; Sato et al., 1995), was unaffected in the junB mutant
yolk sac mesoderm. Flk-1, which has also been shown to
be essential for endothelial cell differentiation (Shalaby
et al., 1995), is not affected in the junB mutant yolk sac
and embryo (data not shown).

Histological analysis of the placenta from E9.5 and
E10.0 junB–/– embryos revealed that the chorio–allantoic
fusion had occurred, but that the essential labyrinth layer
was not formed (Figure 7A–F). In contrast, the mutant
placenta exhibited a compact non-vascularized cell layer
(Figure 7D). When the expression of flk-1, a marker for
the endothelial cells of the labyrinth (Breier et al., 1995)
was examined, no transcripts were found in the mutant
placentas (Figure 7E). The spongiotrophoblast layer
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appeared structurally normal, as shown by the expression
of 4311 (Figure 7F) which is restricted to the spongiotro-
phoblast and its precursors in the ectoplacental cone
(Lescisin et al., 1989).

The distribution of fetal capillaries in the labyrinth was
investigated by immunohistochemistry using antibodies
that recognize CD34 and PECAM-1, adhesion molecules
expressed on the surface of vascular endothelial cells
(Baumhueter et al., 1993; Baldwin et al., 1994). In the
wild-type placenta, the fetal vessels were evenly distributed
throughout the labyrinth (Figure 7G and I). However, in
the mutant placenta, fetal blood vessels could only be
located in the chorio-allantoic plate and they were not
able to penetrate or to branch into the labyrinth trophoblasts
(Figure 7H and J). In contrast, vascularization of the mutant
embryo appeared normal (Figure 7H). This vascularization
defect of the labyrinth may result in a complete lack of
the feto–maternal exchange of gases and nutrients, and
hence cause the embryonic death at midgestation.

Fig. 4. Cell proliferation analysis in junB mutant embryos. (A–D) Outgrowth of wild-type (A and B) and junB mutant (C and D) blastocysts after
3 days (A and C) and 7 days (B and D) of culture. The ICM is surrounded by trophoblast giant cells and the outgrowth of mutant blastocysts
appears normal. (E–G) Immunohistochemical detection of BrdU positive nuclei. (E) Sagittal section showing the epiblast of an E7.5 wild-type
embryo incubated only with secondary antibody. (F) Epiblast of an E7.5 wild-type embryo incubated with anti-BrdU antibody. Strongly BrdU-
positive nuclei can be seen throughout the epiblast. (G) Epiblast of an E7.5 junB mutant embryo. No BrdU-positive nuclei can be detected.
(H–J) Parallel sections analyzed for the presence of Ki67-positive nuclei. (H) Sagittal section showing the ectoplacental cone of the E7.5 wild-type
embryo incubated only with secondary antibody. (I) Ectoplacental cone of the E7.5 wild-type embryo incubated with anti-Ki67 antibody. (J)
Ectoplacental cone of the E7.5 junB mutant embryo. Strongly Ki67-positive nuclei can be seen throughout the ectoplacental cone in both wild-type
and junB mutant embryos. The arrow indicates positive signals. ICM, inner cell mass; GC, trophoblast giant cells. Bar shown in (A) represents
30 µm in (A–D) and 50 µm in (E–J).

Fig. 5. Altered expression of trophoblast-specific genes in junB mutant embryos. (A) Sagittal sections of E7.5 heterozygous (1/–) and junB (–/–)
littermates were hybridized with anti-sense RNA probes for PL-I, PLF, MMP-9 and TIMP-3 as indicated. The specific signals appear as a dark blue
color. The arrows indicate the antimesometrial pole, where an accumulation of trophoblast giant cells is seen in mutant embryos. PLF and MMP-9
expression is reduced in junB mutant embryos. (B) Mutant embryos which developed until E9.5. Sagittal sections of E9.5 wild-type (1/1) and junB

mutant (–/–) littermates were hybridized with anti-sense RNA probes for PL-I, PLF, MMP-9, uPA and the spongiotrophoblast-specific marker 4311.
Since the junB mutant embryos are developmentally retarded resembling E8.5, sections of a wild-type embryo from this stage were analyzed in
parallel. Specific hybridization signals appear as a dark blue color. PL-I and PLF expression levels are unaltered but the sites of expression are
scattered. Also, E8.5 and E9.5 wild-type embryos show a very restricted pattern of MMP-9, uPA and 4311 expression, whereas in the junB mutant
embryos the expression pattern is much broader due to the scattered distribution of trophoblastic cells. The arrows depict the sites or borders of
specific gene expression. Bar shown in (A), PL-I, corresponds to 100 µm in (A) and 400 µm in (B).
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Defects in extra-embryonic organs can be rescued
by tetraploid wild-type extra-embryonic tissue
In light of the defects described above, it is conceivable
to assume that the growth retardation and death of the
embryos between E8.5 and E10.0 is attributed to a primary
failure in placentation including defects in trophoblast
location and gene expression, yolk sac circulation and in
placental function. To confirm that the cause of growth
retardation and lethality observed at these steps in develop-
ment is solely due to the defective extra-embryonic organs,
we attempted to rescue the phenotype by injecting junB–/–

ES cells into tetraploid blastocysts derived from electro-
fusion of two-cell stage C57BL/63CBA F1 embryos
(Wang et al., 1997). The injected blastocysts were trans-
ferred into foster mothers and fetuses were genotyped at
E12.5 and E14.5 of gestation. Five live fetuses were
recovered at E12.5, whereas the fetuses from E14.5 were
dead (Table III). The cause of death of the fetuses at
E14.5 is probably due to a greatly reduced number or
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Fig. 6. Defective yolk sac vascularization. (A) E9.5 wild-type and junB mutant littermates. The yolk sac of the junB mutant embryo is pale, and
blood-filled vessels cannot be detected. (B) RT–PCR analysis of poly(A)1 RNA from E9.5 yolk sacs of wild-type (1/1), heterozygous (1/–) and
junB mutant (–/–) embryos with oligo-nucleotides specific for different marker genes as indicated. The pictures from the analysis of the yolk sac for
β-actin, flk-1, tie-1 and β-tubulin have been taken at a 4-fold lower exposure. (C) Expression of flt-1 and tie-2 in wild-type and mutant embryos.
(D–M). Sagittal sections of E8.5 wild-type (D, F, H, K) and E9.5 junB mutant embryos (E, G, I, J, L, M) show that mutant embryos exhibit
enormously dilated blood vessels (E). (H and I, J) Higher magnifications of the boxed regions shown in (D) and (E), respectively. For better
comparison, two areas from the mutant yolk sac are depicted, one from a still intact vessel (I and L) and a second taken from a largely dilated vessel
(J and M) showing the thickened yolk sac endoderm with very few endothelial cells lining the endodermal side of the vessel [top in (J) and (M)] as
well as endothelial cells lining the lumen of the vessel [bottom in (J) and (M)]. in situ hybridization with anti-sense RNA probes for flt-1 (D–J) or
tie-2 (K–M) demonstrates that flt-1 expression is absent in the mesenthelium of the junB mutant yolk sac (I and J) in contrast to the wild-type yolk
sac (H). flt-1 expression in the spongiotrophoblast of the mutant embryo (G) is unaffected compared with the wild-type embryo (F). tie-2 expression
is similar in wild-type (K) and junB mutant yolk sacs (L and M). The arrows depict sites of specific gene expression. Bar shown in (D) corresponds
to 325 µm in (A), 400 µm in (D), 325 µm in (E), 100 µm in (F and G) and 25 µm in (H–M).

complete lack of umbilical vessels in the chorionic plate
(data not shown). No obvious abnormalities in vasculariz-
ation and angiogenesis in the embryos could be observed.

The rescued junB–/– fetuses recovered at E12.5 could
be staged to E11.5 of development likely due to the delay
caused by experimental procedure (Figure 8A). These
embryos were not growth retarded and histological analysis
revealed normal development of most organs (Figure 8B).
Most importantly, the placenta of the rescued fetuses
showed a normal structural organization and displayed a
completely vascularized labyrinth layer (Figure 8C).
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Discussion

The results reported here provide the first genetic evidence
that JunB plays a key role in the placentation process. In
agreement with the sites of phenotypic alterations in
junB–/– embryos, high expression of junB was detected in
wild-type embryos in cells of different extra-embryonic
tissues, such as trophoblast giant cells, yolk sac meso-
dermal cells, allantois, labyrinth and spongiotrophoblast
cells. The vast majority of mutants exhibited severe growth
retardation, which may explain some of the observed
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Fig. 7. junB mutant embryos lack a vascularized placental labyrinth layer. (A–F) Saggital sections of E9.5 wild-type (A–C) and mutant placentas
(D–F). In the bright field images the arrows depict the spongiotrophoblast layer and the labyrinth layer. Compared with the wild-type placenta (A),
in the mutant placenta a compact cell layer can be seen instead of a vascularized labyrinth layer [arrow in (D)]. Dark-field images show the
expression of flk-1, a marker for the endothelial cells in the labyrinth layer (B and E) and of the spongiotrophoblast marker 4311 (C and F).
(G and H) Immunostaining of wild-type (G) and mutant embryos (H) with anti-CD34 antibodies. Vascularization in the junB embryo is normal but
embryonic vessels fail to invade the labyrinth trophoblast in the placenta. (I–J) Immunostaining of wild-type (I) and mutant (J) labyrinth with anti-
CD31 (PECAM) antibodies. In the wild-type placenta, endothelial cells have branched into the labyrinth, whereas in the junB mutant placenta,
endothelial cells can only be detected in the chorionic plate, at the base of the placenta. ch, chorionic plate; e, embryo; gc, giant cells; la, labyrinth;
sp, spongiotrophoblast. Bar shown in (G) corresponds to 250 µm in (A–F), 160 µm in (G and H) and 80 µm in (I and J).

abnormalities. Impaired proliferation of mutant embryos
seems unlikely, whereas a failure in the feto–maternal
exchange of nutrients due to defects in extra-embryonic
tissues may represent the primary cause of lethality.

Primary giant cells fail to establish proper vascular
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interactions with the maternal circulation due to their
dislocation and possible reduced expression of PLF and
MMP-9. Reduced levels of the angiogenesis-inducing
PLF in the mutants could be the cause of the reduced
neovascularization, as has been suggested for the GATA-
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Table III. Genotype of fetuses from tetraploid blastocyst injections

No. of fetuses at E12.5 Genotype Phenotype

Body Placenta Yolk sac

3 –/– 1/1 1/– alive
1 –/– 1/1 nd alive
1 –/– 1/1 1/– beating heart, necrotic
2 –/– 1/1 1/– dead

JunB–/– ES cells were injected into tetraploid wild-type blastocysts, as described previously (Wang et al., 1997). Only dead fetuses were recovered at
E14.5. The genotype was determined by PCR, as described in Materials and methods. nd, not determined.

Fig. 8. Rescue of the junB–/– phenotype by tetraploid wild-type extra-embryonic tissues. (A) E12.5 junB–/– embryo rescued by tetraploid wild-type
tissue. Due to the experimental procedure the rescued embryo rather has the developmental stage of an E11.5 wild-type embryo. (B) Sagittal section
through the rescued embryo showing normal organ development. (C) Sagittal section through the rescued placenta with a normal vascularized
labyrinth layer. ba, mandibular component of first branchial arch; ch, chorionic plate; d, decidua; h, heart; hp, hepatic primordium (liver);
la, labyrinth; Rp, Rathke’s pouch. Bar shown in (A) represents 510 µm in (A), 625 µm in (B) and 220 µm in (C).

2 and GATA-3 deficient embryos (Ma et al., 1997). In
addition to the primary giant cells, the secondary giant
cells are also affected, as is evident from their inability
to form a continuous peri-vitelline network. Presumptive
secondary giant cells were found to co-express MMP-9,
uPA and 4311 in the ectoplacental cone region. In contrast,
expression of MMP-9 and 4311 in wild-type tissues is
almost mutually exclusive and is restricted to terminally
differentiated trophoblast giant (Alexander et al., 1996)
and spongiotrophoblast cells (Lescisin et al., 1989),
respectively. The aberrant expression of MMP-9 and uPA
may be responsible for the observed hyperneovasculariz-
ation of the decidua leading to a very loose meshwork
with wide lacunae.

Surprisingly, inactivation of genes encoding members
of the plasminogen/plasmin system including tissue
plasminogen activator (tPA), uPA, uPA receptor, plasmin-
ogen, α2-macroglobulin and MMP-9 does not affect the
viability of these knock-out mice (for review see Cross
et al., 1994; Rinkenberger et al., 1997). These data suggest
that there must be considerable functional redundancy,
because proteinase activity is crucial for successful
implantation and therefore the lack of JunB must affect
multiple essential parameters in this system. Indeed, it has
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been postulated that transcription of PLF, MMP-9 and
uPA is regulated in part by AP-1 (Birkedal-Hansen et al.,
1993; Groskopf and Linzer, 1994). The opposing effects
in primary and secondary trophoblast giant cells caused
by the lack of junB may be explained by differences in
the requirement of JunB-containing AP-1 dimers in both
trophoblast cell types.

During early organogenesis, the survival of the embryo
is critically dependent on the formation and maintenance
of a functioning yolk sac circulation. In vitro cessation of
blood flow within the yolk sac plexus of vessels is followed
by growth retardation and by swelling of the pericardium,
which is an indicator of osmotic imbalance within the
embryo. Typical of the junB mutants is the severe retard-
ation in growth as well as an enlarged pericardium. The
death of the mutant embryos can be ascribed to the failure
to initiate a functional blood circulation in the yolk sac
which lacks an organized network of branched vessels
and which exhibits instead grossly dilated vessels. Targeted
mutagenesis in mice confirmed the critical roles of VEGF
and its receptors flk-1 and flt-1 in these processes (Fong
et al., 1995; Shalaby et al., 1995; Carmeliet et al., 1996;
Ferrara et al., 1996). Interestingly, in light of the phenotype
of flt-1-deficient embryos which do not develop an organ-
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ized vascular network and are characterized by abnormally
large and fused vessels (Fong et al., 1995; Shalaby et al.,
1995; Carmeliet et al., 1996; Ferrara et al., 1996), the
lack of flt-1 expression in the yolk sac mesoderm of
junB–/– embryos is very likely to be the cause for the
observed phenotype. Defects in vascular remodeling as
well as in vessel integrity resulting in dilated vessels are
also observed in embryos lacking another endothelium-
specific receptor tyrosine kinase, tie-2/tek (Dumont et al.,
1994; Sato et al., 1995) and its ligand angiopoietin-1 (Suri
et al., 1996), both of which are prerequisites for embryonic
angiogenesis. Due to the fact that tie-2 expression does
not seem to be significantly affected in mutant embryos,
we propose that vasculogenesis involving flt-1 rather than
angiogenesis is primarily affected in mutant embryos.

Mutant embryos that are able to develop to the stage
where the chorio-allantoic placenta becomes responsible
for nutrition of the embryo, die from failure to establish
a functional placenta. A vascularization defect leads to a
non-vascularized labyrinth layer as demonstrated by the
absence of flk-1 expression. The labyrinth layer is formed
by the allantois and the chorion, which originates from
extra-embryonic mesoderm and extra-embryonic ectoderm
that undergoes epithelial cell differentiation. Large, unusu-
ally shaped fetal vessels are present in the chorionic plate
of the mutant placenta, however, these vessels are unable
to invade and to sprout into the labyrinth trophoblasts.
This defect, as well as the failure in yolk sac vascularization
may be caused by the same molecular mechanism.

Placentation defects have been observed in other knock-
out mice, which lack transcription factors such as Mash-
2 (Guillemot et al., 1994), GATA-2, GATA-3 (Ma et al.,
1997) and Ets-2 (Yamamoto et al., 1997). While similarit-
ies between these defects and the junB phenotype can be
observed, there are also clear differences. For example,
the failure in the neovascularization of the decidua due to
a trophoblast defect resembles the phenotype of ets-2-
deficient embryos. However, in contrast to the ets-2–/–

embryos, the trophoblast defect in junB mutant embryos
is based on a dislocation and aberrant gene expression
pattern rather than solely on a proliferation defect. Tropho-
blast tissue of the ectoplacental cone is able to proliferate
and PL-I expression is not affected. It is important to note
that functional cooperativity between transcription factors
including Jun and Ets proteins in gene regulation has been
described (for review see Macleod et al., 1992; Borden
and Heller, 1997). Furthermore, mutations in proteins that
initiate signaling pathways, acting through JunB, e.g.
TGF-β (Chung et al., 1996; Mauviel et al., 1996), can be
expected to show parallels to the junB mutation described
here. In fact, 50% of TGF-β1 null embryos die around
E10.5 due to defects in their extra-embryonic tissues,
namely in yolk sac vasculature and the hematopoietic
system (Dickson et al., 1995). The defect in vasculogenesis
seems to affect endothelial cell differentiation resulting in
inadequate capillary tube formation, and weak vessels
with reduced cellular adhesiveness. The TGF-β1 deficient
embryos exhibiting yolk sac defects show only a slight
retardation in growth in contrast to the junB mutant
embryos. Due to the limited availability of mutant embryos
reaching this developmental stage, we cannot conclude
whether the yolk sac defect in junB–/– embryos is due to
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defective endothelial differentiation or to an increase in
endothelial cell proliferation.

By generating tetraploid junB–/– ES chimeras, we con-
firmed that the early embryonic lethal phenotype resides
primarily in defects of extra-embryonic tissues. The
obtained live junB–/– fetuses were not growth retarded and
survived until E12.5. The placentas of the chimeras were
rescued and exhibited histologically a normal labyrinth
layer. The dead fetuses recovered at E14.5 displayed a
thickened chorionic plate with no or only a few umbilical
vessels (data not shown). It is important to note that the
umbilical vessels arise from extra-embryonic mesoderm
which originates from the inner cell mass. In the rescue
experiment this cell lineage is derived from the junB–/–

ES cells. Therefore, it is tempting to speculate that for
the survival of the tetraploid chimeras beyond E14.5 junB
expression in the extra-embryonic mesoderm appears to
be absolutely required to sustain and promote the growth
of the umbilical vessels. However, we cannot exclude
that variations in the contribution of junB mutant extra-
embryonic mesoderm to the chorio-allantoic placenta may
result in subtle defects responsible for the developmental
arrest. junB mutant embryos may also display additional,
yet undefined embryonic defects resulting in lethality. On
the other hand, we cannot rule out that the ES cells used
for generating the chimeras were unable to compensate
fully for all functional embryonic tissues.

Previous studies suggested that JunB can act both as
an activator or repressor of expression of specific target
genes, depending on their promoter context. One possible
target for negative regulation by JunB might be c-Jun
itself (Chiu et al., 1989) and alterations in the ratio of c-
Jun and JunB may be indicative for either cell proliferation
or differentiation (Angel and Karin, 1991; Butterwith,
1994; Welter and Eckert, 1995). Analysis of c-jun expres-
sion in wild-type and junB–/– embryos and yolk sacs by
RT–PCR did not support the role of junB as a negative
regulator of c-Jun in this cell type, at least at the level of
transcription. However, we cannot rule out that the lack
of functional JunB protein causes an imbalance of certain
AP-1 dimers in a given cell. The majority of junB mutant
embryos exhibited the phenotypes summarized in Table II
ranging from an impaired neovascularization as early as
E7.5 to a defective placental labyrinth at E9.5. The early
phenotypical alterations were increased when embryos of
a genetically pure 129/Sv background were analyzed. The
variability in the severity of the phenotype may be
explained by the need for a certain threshold in the level
of specific JunB-containing AP-1 dimers. Depending on
the genetic background, the activity of these dimers
regulating proper cell proliferation and differentiation
processes may be compensated, at least to some extent,
by other AP-1 members.

In this study, we have identified JunB as a key regulator
of the mammalian placentation process essential for the
correct establishment of the vascular connection for nutri-
ent transport and removal of waste products. In humans,
alterations in the cytotrophoblast differentiation and inva-
sion process have been associated with a lack of proper
vascular development, which leads to serious illnesses of
pregnancy such as pre-eclampsia (Zhou et al., 1997).
Unrestricted cytotrophoblast invasion in humans results
also in a variety of pre-malignant conditions such as



M.Schorpp-Kistner et al.

placenta accreta, hydatidiform mole and choriocarcinoma
(Damsky et al., 1992). Future experiments should clarify
whether the mouse system exhibits similarities to human
cytotrophoblast-related disorders.

Materials and methods

Cloning of the junB gene and construction of the targeting
vector
A mouse 129/OLA genomic library (kindly provided by A.Berns,
Amsterdam, The Netherlands) was screened using a random-labeled
cDNA probe for mouse junB (Ryder et al., 1988). A positive 14 kb
clone was analyzed by restriction mapping and fragments were subcloned
into pGem7Zf (Promega). The location of junB coding sequences was
determined by sequencing. The targeting vectors were constructed by
inserting a 10mer NotI linker at the NheI site at position 1534 of junB

(relative to the start site of transcription) and a 10mer SalI linker at the
DraI site at position 1997. After removing the 485 bp DraI–XhoI
fragment, the 467 bp NotI–SalI fragment was fused to an 800 bp
fragment encoding the neoR gene lacking its first four amino acids (te
Riele et al., 1990). Upon correct targeting this resulted in a fusion of
236 N-terminal amino acids of the JunB protein to the fifth codon of
the neo protein with four additional amino acids (Arg, Ser, Ser, Leu)
derived from the linker sequences or to the second codon of the hygroBR
gene (kindly provided by A.Berns, Amsterdam, The Netherlands) with
five additional amino acids (Pro, Thr, Arg, Ala and Leu). A HSVtk
cassette for negative selection (Hilberg and Wagner, 1992) was placed
39 to the junB sequences in the targeting vectors. For electroporation
vectors were linearized with the restriction enzyme NotI.

Gene targeting in ES cells
The ES cell lines used in this study, D3 and E14, were cultured in the
presence of LIF according to Wang et al. (1992). Forty micrograms of
targeting vector linearized with NotI were introduced into 83107 ES
cells by electroporation (Bio-Rad Gene Pulser) using a single pulse
(240 V and 500 µF). Stable clones were selected with 250 µg/ml of
G418 or 100 µg/ml HygroB in the presence of 2 µM Gancyclovir. Nine
or 10 days after transfection, single clones were isolated and transferred
into 96-well plates, trypsinized and expanded for further analysis.

Genotyping by genomic Southern blot analysis and PCR
Genomic DNA of ES cells, tail biopsies from mice and yolk sac
fragments of embryos were isolated as described by Hilberg and Wagner
(1992). DNA was resuspended in 500 µl (tail biopsies) or 100 µl (yolk
sacs) 10 mM Tris–HCl pH 8.0, 1 mM EDTA. To determine the genotype
50 µl of DNA were digested with PstI or XbaI–EcoRI and analyzed by
Southern blot analysis (Church and Gilbert, 1984) using a 223 bp PstI–
HindIII fragment, isolated from the promoter region of junB which was
not included in the targeting vectors. For PCR analysis, 1 µl DNA was
used in a 25 µl reaction containing 10% DMSO, 16.6 mM (NH4)2SO4,
67 mM Tris–HCl pH 8.8, 6.7 mM MgCl2, 5 mM 2-mercaptoethanol,
6.7 µM EDTA, 100 ng of each primer, 1 mM dNTPs and 0.4 U of Taq

DNA polymerase (Amplitaq, Perkin Elmer). Samples were amplified for
35 cycles (94°C for 30 s, 55°C for 90 s, 65°C for 180 s) after an initial
denaturation step at 94°C for 2 min, and PCR products were resolved
by electrophoresis through 0.8% agarose gels. The primer sequences
used for PCR genotyping were as follows: B2, a sense strand primer for
the junB gene (position 139 to 178; 59-GGGAACTGAGGGAA-
GCCACGCCGAGAAAGC-39) and B10, an antisense strand primer
(position 11527 to 11508 of junB; 59-AAACATACAAAATACGCT-
GG-39).

Genotyping of paraffin-embedded and sectioned embryos was also
performed by PCR as described above. Two 5 µm sections were scraped
off the slides in water and digested in 10 µl of Proteinase K buffer. One
microliter was used for PCR.

Generation of tetraploid chimeras
Tetraploid blastocyst injections were performed as described by Wang
et al. (1997).

In vitro blastocyst culture
Blastocyst cultures followed those described previously (Suzuki et al.,
1997). Photographs of cultured embryos were taken every 24 h. After
7 days in culture, the morphology of the embryos was noted and their
genotype was determined by PCR.
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BrdU-labeling and immunohistochemistry
Timed pregnant mice of heterozygous matings at E6.5, 7.5, 8.5 and
9.5 days of gestation were injected intraperitoneally with BrdU (Sigma)
at a dose of (60 µg/g bodyweight). At 1 or 4 h after injection, pregnant
mice were sacrificed, the uteri were removed, and decidual swellings
were fixed in 4% paraformaldehyde at 4°C overnight, embedded,
sectioned and processed for immunohistochemistry. The sections were
incubated either with an anti-BrdU mouse monoclonal antibody (Cal-
biochem) at a dilution of 1:200 or an anti-Ki67 rabbit polyclonal antibody
(Novocastra, UK) at a dilution of 1:750. An ABC staining procedure
(ABC Universal or Rabbit IgG Kit, Vector) was performed acccording
to the manufacturer’s instructions.

In situ and whole mount in situ hybridization
In situ hybridization of mouse embryo sections (5–7 µm) using 35S-
labeled RNA probes was performed under high stringency conditions
essentially as described by Wilkinson and Green (1990) with some
modifications as follows: the hybridization buffer contained 50% formam-
ide, 0.3 M NaCl, 10 mM Tris–HCl pH 8.0, 10 mM NaH2PO4 pH 6.8,
5 mM EDTA pH 8.0, 10% dextran sulfate, 0.02% PVP (polyvinylpyrroli-
done), 0.02% Ficoll, 100 mM DTT and 50 µg yeast tRNA, and
hybridization was carried out at 55°C. In situ hybridization using
digoxigenin-labeled probes, was performed as described previously
(Jostarndt et al., 1994). To maintain the integrity of the embryo and its
extra-embryonic membranes, in situ hybridization was performed on
sections without dissecting the embryo from the deciduum. Genotyping
was performed by PCR. Probes used were: junB (126 to 1534;
M.Schorpp-Kistner, unpublished), PL-I (Colosi et al., 1987), PLF (Carney
et al., 1993), MMP-9 (Reponen et al., 1995), TIMP-3 (Leco et al.,
1996), uPA (Belin et al., 1985), 4311 (Lescisin et al., 1989), flt-1 and
flk-1 (Breier et al., 1995) and tie-2/tek (Schnürch and Risau, 1993).

Whole-mount in situ hybridization was performed as described previ-
ously (Conlan and Herrmann, 1993) with the following modifications:
1% Boehringer Mannheim blocking reagent was used to block non-
specific sites and the antidigoxigenin antibody was not preabsorbed but
instead diluted 1:2500 into 1% Boehringer Mannheim blocking reagent
and used directly. Embryos were photographed on a Leitz Wild M10
microscope. The probe used for the whole mount in situ was: junB

(position 126 to 1534).

Semi-quantitative RT–PCR analysis
After confirming the genotype of E9.5 embryos by PCR as described
above, the Micro Fast Track™ Kit (Invitrogen) was used to extract
poly(A)1 RNA from a pool of nine E9.5 yolk sacs of each genotype
wild-type, heterozygous and junB–/–. Two microliters of 300 µl total RNA
were reverse transcribed using AMV reverse transcriptase (Promega) in
20 µl reactions, as recommended by the manufacturer. PCR was
performed using 5 µl portions of 5-fold diluted cDNA. Primers used
were: β-actin (Schmitt et al., 1991); VEGF (Carmeliet et al., 1996); flk-

1 (Shalaby et al., 1995); flt-1 (Fong et al., 1995); tie-1 and tie-2/tek (Iwama
et al., 1993); c-jun (sense 59-ATGGAAACGACCTTCTACGACG-39

and antisense 59-GGTCGGTGTAGTG-GTGATGTGC-39); and β-tubulin

(Rohwedel et al., 1995). To quantify the levels of amplified products
by densitometric scanning, Southern blot analyses of RT–PCRs were
performed using radioactively labeled flt-1, tie-2 and β-tubulin cDNA
probes.

Immunohistochemistry
Decidual swellings were isolated, fixed in 4% paraformaldehyde over-
night, dehydrated, embedded in wax, and sectioned at 6 µm. The
following antisera were used: anti-CD34 monoclonal rat antibody (1:250;
PharMingen) and anti-PECAM-1 (CD31) mouse monoclonal antibody
(1:250, PharMingen). An ABC staining procedure (ABC Universal or
Rat IgG kit, Vector) was performed acccording to the manufacturer’s
instructions.
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