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Coactivators constitute a diverse group of proteins that are essential for optimal transcriptional activity of
nuclear receptors. In the past few years many coactivators have been identified but it is still unclear whether
these proteins interact indiscriminately with all nuclear receptors and whether there is some redundancy in
their functions. We have previously cloned and characterized RAP250 (ASC-2/PRIP/TRBP/NRC), an LXXLL-
containing coactivator for nuclear receptors. In order to study its biological role, Rap250 null mice were
generated by gene targeting. Here we show that genetic disruption of Rap250 results in embryonic lethality at
embryonic day (E) 13.5. Histological examination of placentas revealed a dramatically reduced spongiotro-
phoblast layer, a collapse of blood vessels in the region bordering the spongiotrophoblast, and labyrinthine
layers in placentas from Rap250�/� embryos. These findings suggest that the lethality of Rap250�/� embryos
is the result of obstructed placental blood circulation. Moreover, the transcriptional activity of PPAR� is
reduced in fibroblasts derived from Rap250�/� embryos, suggesting that RAP250 is an essential coactivator for
this nuclear receptor in the placenta. Our results demonstrate that RAP250 is necessary for placental
development and thus essential for embryonic development.

Nuclear receptors comprise a family of transcription factors
that regulate gene expression in a ligand-dependent manner.
Upon ligand binding these proteins activate transcription of
specific genes involved in the control of diverse physiological
processes, such as cellular growth, development, differentia-
tion, and homeostasis (20). Binding of ligands to the ligand-
binding domain of nuclear receptors causes conformational
changes of the receptor, enabling the recruitment of coactiva-
tors harboring LXXLL motifs (see below). A number of coac-
tivators for nuclear receptors have been identified (for a re-
view, see reference 6). Among the most studied is the steroid
receptor coactivator 1 (SRC-1) family, which contains three
related coactivators, referred to as SRC-1, SRC-2/GRIP1/
TIF2, and SRC-3/p/CIP/RAC3/ACTR/AIB1/TRAM1 (1, 4, 7,
17, 23, 28, 30, 33). These factors, together with CBP/p300 and
pCAF, bind nuclear receptors and gain access to target pro-
moter regions through histone acetyltransferase-mediated nu-
cleosome remodeling. Another class of coactivators is repre-
sented by the TRAP/DRIP/ARC multiprotein complex (5, 22,
26), with one major nuclear receptor interacting subunit, PBP/
TRAP220/DRIP205 (25, 31, 41, 45), that appears to act inde-
pendently of histone acetyltransferase activity.

Nuclear receptor-activating protein 250 (RAP250) (3), also
called ASC-2, PRIP, TRBP, and NRC (13, 15, 19, 42), was
recently cloned and described as a novel nuclear receptor co-
activator which interacts with the ligand-binding domain of
ligand-bound nuclear receptors. The interaction is mediated

through a short hydrophobic motif called the LXXLL motif (or
NR box) which is found in most nuclear receptor coactivators.
In contrast to other nuclear receptor coactivators, RAP250
only uses one LXXLL motif when interacting with nuclear
receptors. A second LXXLL motif is located in the C-terminal
part of the protein, but it appears to be specific for interactions
with the liver X receptor � (16). RAP250 has a unique struc-
ture and does not belong to a previously defined coactivator
family. In addition, no known homologous genes in Saccharo-
myces cerevisiae or Drosophila melanogaster have yet been re-
ported. RAP250 is expressed in many tissues, and high levels of
RAP250 mRNA have been detected in reproductive organs,
brains, hearts, and blood (3, 13, 42). During development,
RAP250 is widely expressed, with high levels of mRNA in
placenta and various parts of the brain (3). The RAP250 gene
is also amplified in human breast, colon, and lung cancers (15).
The mechanism by which RAP250 activates transcription is not
fully understood; however, the protein has an intrinsic activa-
tion domain that is likely to contribute to transcriptional acti-
vation but does not contain any histone acetyltransferase ac-
tivity (3, 16, 19). Recently, three different proteins containing
RNA-binding domains, termed PIMT, CoAA, and CAPER,
were shown to bind to and increase the activity of RAP250 (10,
11, 43), and a role for RAP250 as a link between CBP/p300 and
TRAP/DRIP/ARC coactivator complexes has been proposed
(21).

The use of knockout technology has helped to elucidate the
physiological function of several nuclear receptor coactivators.
Mice deficient in SRC-1 are viable and show only minor resis-
tance to steroids and thyroid hormones, indicating redundancy
in coactivator functions (24, 35, 38). SRC-3 knockout mice are
also viable but show growth retardation and reduced female

* Corresponding author. Mailing address: Department of Bio-
sciences at Novum, Karolinska Institutet, Novum, S-14157 Huddinge,
Sweden. Phone: 46 8 608 9147. Fax: 46 8 774 5538. E-mail: per
.antonson@cbt.ki.se.

1260



reproductive function (34, 37). Both Cbp and p300 null mutant
mice die in utero, and mice heterozygous for either of these
genes have severe abnormalities (29, 40). An embryonically
lethal phenotype, resulting from defects in the heart and pla-
centa, was observed when the nuclear receptor interacting
component of the TRAP/DRIP/ARC complex was disrupted
(9, 44).

To investigate the biological role of RAP250 in vivo, we
generated mice lacking Rap250. In this report, we show that
RAP250 is required for embryonic development, as disruption
of the Rap250 gene in mice results in vascular dysfunction of
the placenta and embryonic lethality.

MATERIALS AND METHODS

Construction of RAP250 targeting vector. To isolate the mouse Rap250 gene,
a 129/SvJ genomic phage library (Stratagene) was screened with a mouse Rap250
cDNA probe (EcoRI fragment from pGAD-RAP250 [3]). One of the isolated
clones, clone 4, contained an 18-kb genomic region including five exons of the
murine Rap250 locus. To construct a targeting vector, a 7-kb BamHI fragment
including exons 5 to 7 was subcloned into the plasmid pBluescript KS� (Strat-
agene). The TK gene was then subcloned into the SalI site of this plasmid,
generating the plasmid p4B1-TK. In a second plasmid, a 7-kb HindIII fragment
including exons 8 and 9 was subcloned. The generated plasmid was cut with SalI
and XbaI and the neo gene was inserted at those sites. In the next step, this
plasmid was cut with KpnI (partial digestion) and a KpnI fragment from
p4B1-TK was subcloned into this site, which generated the targeting vector. In
the targeting vector, exons 7 and 8 are replaced with the neo gene and the neo

gene is flanked by a 5-kb homologous region on each side. The TK gene is
located at the 5� end of the insert (see Fig. 1A for maps).

Generation of RAP250 knockout mice. RW4 embryonic stem (ES) cells were
electroporated with the linearized targeting vector and selected with G418 and
ganciclovir on embryonic fibroblast feeder cells. Resistant clones were analyzed
by Southern blotting after BamHI digestion by use of a 3� external probe as
illustrated in Fig. 1A. Two ES cell lines exhibiting homologous recombination
were injected into C57BL/6 blastocysts that were implanted into pseudopregnant
females. Chimeric male mice were bred to C57BL/6 females and germ line
transmission of the targeted allele was examined in the agouti offspring by
Southern blot and PCR analysis. The mice and embryos analyzed are of a mixed
129SvJ-C57BL/6 genetic background. All animal experimentation was conducted
in accordance with accepted standards of humane animal care.

Genotyping of mice and embryos. DNA from embryo tail tips and yolk sacs was
genotyped by PCR amplification using primers L8 (5�-TTCCTACTCATGCCC
ACAT-3�) and U6 (5�-ATTCCCCTCAGTATGCTAGA-3�), which detect intron
7 of the wild-type allele, whereas primers L3 (5�-AGCAGTCTAGTTAGTAG
ACA-3�) from intron 8 and KOF1 (5�-TAGGTCTCTTAAGCAGAGGTACCG
G-3�) overlapping the neomycin cassette were used to detect the targeted allele.
Southern blot analysis of BamHI-digested genomic DNA using a 3� external
probe (HindIII/SacI fragment from exon 9 and downstream sequence) was done
to confirm PCR genotyping results.

Histology, immunohistochemistry, and TUNEL assay. Placentas and embryos
were collected and fixed in 4% paraformaldehyde for 14 h, dehydrated, and
embedded in paraffin. Serial sections were cut to 4 �m and stained with hema-
toxylin and eosin or periodic acid-Schiff stain (PAS) for microscopic examina-
tion. For immunohistochemistry, deparaffinized and rehydrated sections were
pretreated with 0.3% H2O2 in phosphate-buffered saline (PBS) for 15 min and
then washed in PBS. The sections were blocked for 30 min in 5% horse serum in
PBS and then incubated with anti-von Willebrand polyclonal antibody (Dako)
diluted 1:500 or anti-prolactin (C-17) polyclonal antibody (Santa Cruz Biotech-

FIG. 1. Targeted disruption of the mouse Rap250 gene. (A) Structures of the wild-type Rap250 allele, targeting vector, and targeted allele are
shown with the BamHI (B), HindIII (H), KpnI (K), and XbaI (X) restriction sites and primers for PCR screening. The locations of probes used
in Southern blot analysis are indicated. Black boxes indicate exons. The exon numbering is adapted from the work of Zhu et al. (42).
(B) Homologous recombination in ES cells. Southern blot analysis of DNA from two positive ES clones, clone 1B8 and 2D2, digested with BamHI
is shown. The 5-kb band for the wild-type allele (WT) and the 11-kb band for the targeted allele (KO) are indicated. The probes used are indicated
in Fig. 1A. (C) Southern blot analysis of mouse yolk sac DNA digested with BamHI. (D) PCR genotyping of mouse embryo DNA. The bottom
band, using the U6 and L8 primers, represents the wild-type allele and the top band, using the KOF1 and L3 primers, represents the mutated allele.
M, molecular marker (1-kb ladder). (E) Photo of wild-type and Rap250�/� embryos at E13.5. No obvious abnormalities or significant size
differences were detected between wild-type and Rap250�/� littermates.
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nology) diluted 1:2,000 in 5% horse serum in PBS for analysis of placenta or with
anti-MAP-2B (Becton Dickinson) for analysis of embryo. Antibody binding was
detected by sequential incubation of the sections with biotinylated goat anti-
rabbit serum or anti-mouse serum and streptavidin-peroxidase complex (Vec-
tor). Positive staining was detected by a substrate reaction with diaminobenzi-
dine. Sections were counterstained with Gill’s hematoxylin and mounted in
Permount (Fisher). To detect DNA fragmentation in situ, sections were analyzed
by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) method using an in situ Cell Death Detection kit (Roche)
according to the manufacturer’s protocol.

Isolation of fibroblasts from embryos, RT-PCR, Western blot analysis, and
transient transfections. Mouse embryonic fibroblasts (MEFs) were isolated from
E13.5 embryos. After removal of the head and inner organs and digestion with
collagenase, the cells were cultured in Dulbecco’s modified Eagle’s high-glucose
medium with 10% fetal calf serum and sodium pyruvate. Total RNA was pre-
pared by using a kit (Qiagen). Reverse transcription (RT)-PCR was carried out
using poly(dT) as a primer for cDNA synthesis and Superscript II reverse tran-
scriptase (Life Technologies). The PCR primers used to detect Rap250 expres-
sion were ex5F (5�-TCTCCAGGTCGGAATCCTAT) and ex7R (5�-TTTGTC
GACTGGACGATTATCTGGGGTGT). Preparation of nuclear extracts and
Western blot analysis were performed as described previously (3). The rabbit
anti-RAP250 antibody was derived against amino acids 818 to 931 of human
RAP250 fused to glutathione S-transferase. Transient transfections were done
with Lipofectin (Life Technologies) according to the manufacturer’s instructions
using the following plasmids: pUAS-tk-Luc, pGAL4-PPAR�, pGAL4-RXR�
(3), pGAL4-EER� (generous gift from S. Sanyal), and pCMV� (Clontech). Cell
extracts were prepared 24 h after transfection and assayed for luciferase and
�-galactosidase activities.

RESULTS

Targeted disruption of Rap250 gene in mice. To investigate
the biological role of RAP250 in vivo, we used homologous
recombination in ES cells for the generation of mice in which
the Rap250 gene was disrupted. Genomic mouse Rap250
clones were isolated from libraries using a cDNA probe. To
understand the genomic organization of the gene, one of the
isolated clones was sequenced, and the corresponding intron-
exon structure for that part of the gene was determined (Fig.
1A). RAP250 contains one functional NR box and an intrinsic
transactivation domain that are considered necessary for en-
hancement of transcription activation by nuclear receptors.
Therefore, we expected that removal of these regions of the
Rap250 gene would eliminate the function of RAP250 as a
nuclear receptor coactivator. These two functional domains
were localized to exon 7. The targeting vector was designed to
delete exons 7 and 8, including the region encoding amino
acids 563 to 975 of RAP250, and to replace this region with the
neomycin gene (Fig. 1A). ES cells were electroporated with
targeting vectors and subjected to positive and negative selec-
tion. Ganciclovir- and G418-resistant clones were isolated and
analyzed for homologous recombination by Southern blot
analysis using both internal and 3�-flanking probes (Fig. 1B).

Two of these targeted ES cell lines, 1B8 and 2D2, were injected
into C57BL/6 blastocysts to produce chimeric mice. Both
clones contributed to the germ line.

Disruption of the Rap250 gene results in embryonic lethal-
ity. Mice heterozygous for the Rap250 mutation were viable
and fertile and appeared phenotypically indistinguishable from
their wild-type littermates. Genotype analysis (Fig. 1C and D)
of progenies obtained from crosses between F1 Rap250�/�

mice revealed that 39% were wild type and 61% were het-
erozygous, whereas no homozygous mutated mice were born
(Table 1). To determine the time point of embryonic lethality,
heterozygous females from timed matings with heterozygous
males were sacrificed at various days postconception, and the
genotype of the embryos was analyzed (Table 1). No homozy-
gous mutant embryos remained alive, except for two which
were severely growth retarded, at E14.5 or later. At E13.5
Rap250�/� embryos showed no gross abnormalities or great
differences in size compared to their wild-type littermates (Fig.
1E). To verify that the Rap250 gene was not expressed in
mutant embryos we used RT-PCR on RNA extracted from
fibroblasts derived from Rap250�/� embryos. Rap250 mRNA

FIG. 2. Absence of Rap250 mRNA and protein in Rap250�/� em-
bryonic fibroblasts. (A) RT-PCR analysis of total RNA from wild-type
(�/�) and Rap250�/� (�/�) mouse embryonic fibroblasts. Expression
of Rap250 is detected in wild-type but not null cells, and actin mRNA
is detected in both cell types. M, molecular marker (1-kb ladder); 0,
negative control without DNA. (B) Western blot analysis of nuclear
extracts from wild-type (WT) and null (KO) mouse embryonic fibro-
blasts using RAP250 polyclonal antibodies. RAP250 protein, indicated
by an arrow, is detected in wild-type but not null fibroblasts.

TABLE 1. Genotypes of progeny from crosses of
F1 Rap250�/� mice

Stage
No. of offspring with genotype Total no. of

offspring�/� �/� �/�

P21a (clone 1B8) 62 96 0 158
P21 (clone 2D2) 16 24 0 40
E16.5–E14.5 27 48 2b 77
E13.5 11 29 9 49

a P, postnatal day.
b Severely retarded in growth and development.
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was present in fibroblasts derived from wild-type embryos but
not from Rap250�/� embryos (Fig. 2A). This result was further
confirmed by Western blot analysis of nuclear extracts from
MEFs (Fig. 2B).

Developmental defects in placentas of Rap250�/� mice. His-
tological analysis of placentas from Rap250 null embryos at
E13.5 revealed that the overall structure was disorganized (Fig.
3A and B). In wild-type placentas, the labyrinthine layer, spon-
giotrophoblast layer, and giant cell layer are localized in dis-
tinct layers (Fig. 3A, C, and D). However, the spongiotropho-
blast layer in Rap250 null placentas is markedly reduced and
the labyrinthine layer contains areas of spongiotrophoblast-
like cells (Fig. 3B, E, and F). In addition, the labyrinthine layer
of Rap250�/� placentas is less vascularized than that of wild-
type placentas, and an area with necrosis at the maternal-
embryonal interface was observed. Placentas from Rap250�/�

embryos at E12.5 did not show any signs of necrosis. Sections
of placenta stained with PAS, which stains glycogen-containing
cells, showed that the spongiotrophoblast layer of Rap250 null
placentas is markedly reduced at both E13.5 (Fig. 4A to D) and
E12.5 (Fig. 4E to H). We also observed that the labyrinthine
layer of Rap250�/� placentas contained islands of spongiotro-
phoblast-like cells that were not detected in the wild type. We
next visualized spongiotrophoblast and giant cells in placentas

with an anti-prolactin antibody that recognizes prolactin and
prolactin-related proteins. As shown in Fig. 5, placentas from
Rap250�/� embryos showed much less staining both at E13.5
and E12.5. The reduced staining is mainly due to the reduced
number of spongiotrophoblast cells because the number of
giant cells was approximately the same in placentas from wild-
type and Rap250�/� embryos. These results suggest a progres-
sive developmental defect in Rap250 null embryos.

Vascular defects in placentas of Rap250�/� mice. The ne-
crotic area detected in Rap250 null placentas at E13.5 (Fig. 3)
suggested the presence of vascular alterations and we next
visualized endothelial cells of the placentas by use of antibod-
ies against von Willebrand’s factor. We observed that blood
vessels in the region bordering the spongiotrophoblast and
labyrinthine layers had collapsed in Rap250�/� placentas (Fig.
6, compare panels A and C with panels E and G). The collapse
of blood vessels is restricted to the vessels at the border of the
spongiotrophoblast and labyrinthine domains of the placenta,
as the morphology of vessels of the maternal decidua and
labyrinthine layer appeared normal. The region in proximity of
the collapsed vessels showed signs of necrosis. We therefore
analyzed the placental sections for DNA degradation using the
TUNEL technique. The areas close to the collapsed vessels of
the Rap250�/� placentas were positive for TUNEL staining,

FIG. 3. Developmental defects in Rap250�/� placentas, as shown by hematoxylin and eosin staining of Rap250�/� and Rap250�/� placentas at
E13.5. Overview pictures of wild-type (A) and Rap250�/� (B) placentas at E13.5 are shown. (C and D) Higher-power views of panel A. (E and
F) Higher-power views of panel B. The spongiotrophoblast layer is markedly reduced in null placentas compared to the wild type, and the
labyrinthine layer contains islands of spongiotrophoblast-like cells, indicated by arrows. The labyrinthine layer is less dense in null placentas than
in wild-type placentas. Note an area of cell death in null placentas in the maternal decidua bordering the giant cell layer indicated by an asterisk.
gi, giant cells; la, labyrinthine layer; ma, maternal decidua; sp, spongiotrophoblast layer.
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displaying a staining pattern characteristic of necrotic tissue,
thus confirming that these areas were necrotic (Fig. 6B and D).
However, no DNA degradation was apparent in null placentas
at E12.5 (data not shown), and the corresponding tissue of
Rap250�/� placentas did not show any signs of DNA degrada-
tion (Fig. 6F and H). The severe defects detected in the blood
vessels bordering the labyrinth and spongiotrophoblast layers

of knockout mouse placentas suggest that blood circulation
was obstructed, resulting in local necrosis. We argue that these
vascular defects cause placental ischemia and subsequent em-
bryonic death.

Deficiency in heart and neural development in Rap250�/�

mice. Examination of hematoxylin- and eosin-stained sagittal
sections of Rap250�/� embryos revealed no gross developmen-

FIG. 4. Reduced spongiotrophoblast layer in Rap250�/� placentas, as shown by PAS staining, which stains glycogen-containing cells, of sections
of wild-type and Rap250�/� placenta. Glycogen-containing cells appear in pink. (A and B) Sections of PAS staining of wild-type and Rap250�/�

placentas, respectively, at E13.5. (C and D) Higher-power views of panels A and B, respectively. The number of stained cells in the spongiotro-
phoblast layer is markedly reduced in Rap250�/� placentas compared to wild-type placentas. While the border between the labyrinth and
spongiotrophoblast layers is distinct in wild-type placentas, it is not as sharp in null placentas. The labyrinthine layer of Rap250�/� placentas
contains several islands of glycogen-containing spongiotrophoblast-like cells that are not seen in wild-type placentas. An area with cell death in the
maternal decidua of Rap250�/� placentas is indicated by an asterisk. (E and F) PAS staining of sections of wild-type and Rap250�/� placentas,
respectively, at E12.5. (G and H) Higher-power views of panels E and F. The number of stained cells in the spongiotrophoblast layer is markedly
reduced in Rap250�/� placentas compared to wild-type placentas. gi, giant cells; la, labyrinthine layer; ma, maternal decidua; sp, spongiotropho-
blast layer.
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tal defects. However, myocardial walls of both atriums and
ventricles of Rap250�/� embryos were thinner than those of
wild-type embryos at E13.5 (Fig. 7A and B). At a higher mag-
nification, Rap250�/� embryos showed hypoplasia of ventric-
ular walls and the trabecular zone (Fig. 7C and D). Histolog-
ical examination of the E13.5 embryos showed retarded
development in most areas of the brain. The neopallial cortex
was significantly thinner in Rap250�/� embryos than in wild-
type littermates (Fig. 8A and B). Immunohistological staining
with anti-MAP2B monoclonal antibody, an antibody against
differentiated neurons, indicated a reduced number of differ-
entiated neurons in the neopallial cortex in Rap250�/� em-
bryos (Fig. 8C and D). The olfactory lobes, which can be easily
distinguished in wild-type embryos at this stage, were not seen
in Rap250�/� mice (Fig. 8E and F). Differentiation and en-
largement of the thalamus and hypothalamus regions of
Rap250�/� embryos were not as well developed as in wild-type
littermates, and the volume of the third ventricle was corre-

spondingly enlarged in the mutant embryos (Fig. 8E and F).
These morphological findings suggest that neuroepithelial cells
of the Rap250�/� embryos are defective in cell proliferation.

Transcriptional activities of PPAR� are impaired in
Rap250�/� MEFs. In order to investigate the role of RAP250
in regulating the activity of nuclear receptors important for
placental development, we isolated fibroblasts from wild-type
and Rap250�/� embryos and analyzed transcriptional activities
using transient transfections. Plasmids containing the PPAR�,
EER�, and RXR� ligand-binding domains fused to the GAL4
DNA binding domain were cotransfected with a GAL4 respon-
sive reporter gene into MEFs, whereupon these cells were
cultured in the presence or absence of ligand. PPAR� and
RXR� showed ligand-dependent transcriptional activity in
both wild-type and Rap250�/� cells. However, the activity of
PPAR� was markedly reduced in Rap250�/� cells, by 50%
compared to wild-type cells (Fig. 9). The activity of RXR� was
not significantly changed, whereas ERR� had no activity com-

FIG. 5. Reduced expression of prolactin-like proteins in Rap250�/� placentas. Staining of wild-type and Rap250�/� placentas with antibodies
against prolactin. Immunohistochemical analysis of wild-type (A and E) and Rap250�/� (B and F) placentas at E13.5 and E12.5 with antibodies
against prolactin is shown. (C, D, G, and H) Higher-power views of panels A, B, E, and F, respectively. The number of stained cells in the
spongiotrophoblast layer is markedly reduced in Rap250�/� placentas compared to wild-type placentas. gi, giant cells; la, labyrinthine layer; ma,
maternal decidua; sp, spongiotrophoblast layer.
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pared to that of the GAL4 DNA binding domain alone. These
results suggest that RAP250 is necessary for optimal function
of PPAR�.

DISCUSSION

Previous results suggest an important role for RAP250 as a
coactivator for several nuclear receptors (3, 13, 15, 19, 42). In
this report, we provide genetic evidence that RAP250 is re-
quired for embryonic development. Embryos lacking this co-
activator die around E13.5 and our results indicate that the
embryonic lethality is most likely due to placental dysfunction,
since morphological examination of placentas from Rap250�/�

embryos revealed severe developmental and vascular defects.
We found that the spongiotrophoblast layer was markedly re-
duced and that maternal blood vessels bordering the spongio-
trophoblast and labyrinthine layers had collapsed at E13.5 in
Rap250 null placentas. In addition, a necrotic area was found
in proximity to the collapsed blood vessels. These findings
suggest that blood circulation has been obstructed in placentas
from Rap250�/� embryos, leading to placental ischemia fol-

lowed by embryonic death. Interestingly, the collapse of blood
vessels is specific for those vessels found at the border of the
spongiotrophoblast and labyrinthine layers, since normal blood
vessels were found outside this region. The mechanism that
causes the collapse of blood vessels bordering the spongiotro-
phoblast and labyrinthine layers in placentas from Rap250�/�

embryos is unclear. One explanation could be a lack of local
production of factors, such as vascular endothelial growth fac-
tor, needed for proper blood vessel function. This explanation
is supported by our finding that the spongiotrophoblast layer,
which is known to have endocrine functions, is markedly re-
duced in placentas from Rap250�/� embryos as early as E12.5.

The severe morphological changes we observed in placentas
from Rap250�/� embryos affected both the labyrinth and spon-
giotrophoblast layers, suggesting that RAP250 is involved in
multiple signaling pathways in the placenta. The striking re-
duction of the spongiotrophoblast layer is similar to what was
found in the null mutation of nuclear receptor ERR-� in mice.
ERR-� plays an important role in trophoblast differentiation
and the null mutation results in embryonic lethality at E10.5
(18). The labyrinthine layer was also less vascularized in pla-
centas from Rap250�/� embryos than in the wild type. This
abnormality might reflect impaired function of the nuclear
receptor PPAR� since genetic studies have shown that this
receptor and its dimerization partner RXR are essential for
placental development and vasculature (2, 14, 27, 36). It is also
interesting that the nuclear receptor coactivator TRAP220,
which is a coactivator for PPAR�, also has an essential role in
the labyrinthine layer (44). RAP250 is a coactivator for PPAR�
(3, 16, 42) in vitro and our transfection studies with cultured
MEFs derived from Rap250�/� embryos further indicate that
RAP250 is a coactivator for PPAR� in vivo since the activity of
the PPAR� AF2 function was only 50% in Rap250�/� MEFs
compared to wild-type cells. Examination of Rap250�/� em-

FIG. 6. Vascular defects in Rap250�/� placentas. The collapse of
vessels bordering the labyrinth and the spongiotrophoblast region of
Rap250�/� placentas at E13.5 is shown. Immunohistochemical analysis
was performed for Rap250�/� (A and C) and Rap250�/� (E and G)
extra-embryonic tissues. Panels A, C, E, and G show staining with
antibodies against von Willebrand’s factor. Note the release of von
Willebrand’s factor in the collapsed vessel of the labyrinth and the
spongiotrophoblast region of the Rap250�/� placenta. In contrast, the
placental vessels in the labyrinth region were intact and positive stain-
ing was only detected in the endothelial cells. Similar vessels of Rap250�/�

placentas were unaffected. (B, D, F, and H) TUNEL staining to detect
DNA fragmentation. An area juxtaposed to the collapsed vessels shown in
panels B and D stained positive with TUNEL staining (marked with an
asterisk). Bars: A, B, E, and F, 125 �m; C, D, G, and H, 50 �m.

FIG. 7. Histological abnormalities of hearts from Rap250�/� em-
bryos at E13.5, as shown by hematoxylin and eosin staining of sagittal
sections of Rap250�/� and wild-type embryos. (A and B) Hematoxylin
and eosin staining of sagittal sections of Rap250�/� and wild-type
embryos, respectively. Myocardial walls are thinner in Rap250�/� em-
bryos than in wild-type littermates. at, atrium; ve, ventricle. Bar � 400
�m. (C and D) Hypoplasia in ventricular walls (arrows) and degener-
ation of trabecular zone (arrowheads) in Rap250�/� embryos and
wild-type littermates, respectively. Bar � 100 �m.
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bryos revealed that hearts had thin cardiac ventricular walls
and trabecular hypoplasia. This heart phenotype is comparable
to that described for PPAR��/�, RXR��/�, and TRAP220�/�

embryos (2, 9, 12), and the severity of these defects suggests
that they might contribute to the lethality of mutant embryos.
The existence of a placenta-heart axis has been demonstrated
(2), and therefore it is likely that the compromised heart de-
velopment observed in Rap250�/� embryos is a result of pla-
cental dysfunction. In addition, the central nervous system was
generally underdeveloped at E13.5; however, whether the ob-
served defects in the central nervous system are primary or
secondary to those in the placenta is unclear.

Our observation that Rap250�/� embryos die rather late
during development suggests a selective role for RAP250 in
the regulation of transcription which is in contrast to the func-
tion of the more general coactivators CBP, p300, and the
mammalian mediator. Targeted disruption of SRB7, a compo-
nent of the mammalian mediator complex, showed that this
factor is essential for cell viability and consequently null em-
bryos die at the blastocyst stage (32). Moreover, mice lacking
TRAP220/PBP, the nuclear receptor interacting component of
the TRAP/DRIP/ARC subcomplex of the mediator complex
die in utero at E11.5 (8, 44). The two related proteins CBP and
p300, which are coactivators for a large number of transcrip-
tion factors, are both required for embryonic development,

and null embryos die at E9.5 (29, 40). However, there are also
examples in which the lack of a coactivator can be compen-
sated for by related factors. In mice lacking SRC-1, which are
viable but display partial hormone resistance, elevated levels of
SRC-2/TIF2 were detected and proposed to compensate for
the lack of SRC-1 (38). Targeted disruption of PCAF resulted
in mice without a distinct phenotype; however, elevated levels
of PCAF-B/GCN5 were suggested to compensate for the loss
of PCAF (39). The lethal phenotype of Rap250�/� embryos
might in part be explained by the fact that RAP250 does not
have any related homologues that could compensate for its
loss. Although mice lacking RAP250 die in utero, we believe
that RAP250 has important functions after birth since it is
expressed in many tissues in adults. We are presently investi-
gating this possibility using conditional knockout technology.

In summary, we have shown that targeted disruption of the
RAP250 gene results in embryonic lethality. Our results dem-
onstrate that RAP250 is essential for normal function of the
placenta and indicate a nonredundant but selective function of
RAP250 in vivo.
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FIG. 8. Defective neural development in Rap250�/� mice. (A and
B) Neopallial cortex of E13.5 embryos. Note the significantly thinner
layer (arrows) of the Rap250�/� embryo (A) compared to that of the
wild-type embryo (B). Bar � 50 �m. (C and D) Immunohistochemical
analysis of neopallial cortex from Rap250�/� and wild-type embryos,
respectively, at E13.5 with antibodies against MAP-2B. Less-differen-
tiated neurons are seen in the neopallial cortex of Rap250�/� embryos
than in the wild type. Bar � 25 �m. (E and F) Overview of E13.5
brains, as shown by hematoxylin and eosin staining of sagittal sections.
Note the olfactory lobe in the wild type (arrows) (F) and the enlarged
third ventricle (stars) in the Rap250�/� embryo (E). Bar � 400 �m.

FIG. 9. Reduced PPAR�-mediated transcriptional activation in
Rap250�/� MEFs. Fibroblasts isolated from wild-type and Rap250�/�

embryos were cotransfected with 0.5 �g of Gal4-luciferase reporter
plasmid, 0.5 �g of pGAL4-DBD, pGal4-PPAR�, pGal4-ERR�, or
pGal4-RXR�, and 0.2 �g of pCMV� and cultured in the absence (�)
or presence (�) of ligand (10 �M BRL49653 for PPAR� or 10 �M
9-cis-retinoic acid for RXR�). Cells were harvested 24 h after trans-
fection and assayed for luciferase and �-galactosidase activities. The
luciferase activity was adjusted with �-galactosidase activity for each
cellular extract to correct for transfection efficiency. The results rep-
resent means 	 standard deviations of a representative experiment
performed in duplicate and are represented as fold increases com-
pared to the activity of pGAL4-DBD.
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