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The Rybp/DEDAF protein has been implicated in both transcriptional regulation and apoptotic signaling,
but its precise molecular function is unclear. To determine the physiological role of Rybp, we analyzed its
expression during mouse development and generated mice carrying a targeted deletion of Rybp using homol-
ogous recombination in embryonic stem cells. Rybp was found to be broadly expressed during embryogenesis
and was particularly abundant in extraembryonic tissues, including trophoblast giant cells. Consistent with
this result, rybp homozygous null embryos exhibited lethality at the early postimplantation stage. At this time,
Rybp was essential for survival of the embryo, for the establishment of functional extraembryonic structures,
and for the execution of full decidualization. Through the use of a chimeric approach, the embryonic lethal
phenotype was circumvented and a role for Rybp in central nervous system development was uncovered.
Specifically, the presence of Rybp-deficient cells resulted in marked forebrain overgrowth and in localized
regions of disrupted neural tube closure. Functions for Rybp in the brain also were supported by the finding
of exencephaly in about 15% of rybp heterozygous mutant embryos, and by Rybp’s distinct neural expression
pattern. Together, these findings support critical roles for Rybp at multiple stages of mouse embryogenesis.

During development, signaling pathways and transcription
factors orchestrate patterns of gene expression to control cel-
lular processes including proliferation, differentiation, apopto-
sis, and migration. The Rybp protein (for Ring1 and YY1
binding protein [9], also called DEDAF [33] and YEAF1 [27]),
has been linked to some of these processes by virtue of its
physical and functional interactions with a variety of relevant
proteins. Rybp engages Polycomb group (PcG) proteins, tran-
scriptional corepressors that participate in the establishment of
a stably silenced state of key developmental (e.g., hox) and
proliferation genes (for a recent review, see reference 18).
Indeed, Rybp first was cloned as an interactor for Ring1A
(Ring1; ortholog of Drosophila dRing/Sce) and also was shown
to associate with Ring1B (Ring2/Rnf2; ortholog of Drosophila
dRing/Sce) and M33 (Pc1; ortholog of Drosophila Pc) (9).
These three PcG members function as components of the
PRC1 multiprotein complex that maintains the repressed state
of loci that have previously been “marked” for repression via
the histone methyltransferase activity of the PRC2 PcG initi-
ation complex (18). Recently, a subset of PRC1 proteins has
been shown to function in histone H2A monoubiquitination,
this providing a possible molecular basis for PRC1 transcrip-
tional silencing properties (6, 8, 31). Because Rybp can bind to
PRC1 proteins as well as to several sequence-specific transcrip-
tion factors, it has been classified as an adapter protein that can
recruit the PcG proteins to these factors and the specific ge-
netic loci they regulate (for examples, see references 9, 27, and
30). As an aside, it has also been proposed that Rybp can serve
as a bridging factor between two DNA binding transcription
factors (for examples, see references 27 and 28), although it

should be noted that one of the partners is often YY1, which
itself has been classified as a PcG component (for an example,
see reference 1). An Rybp-related protein, Yaf2 (�55% iden-
tity on the amino acid level), also has been shown to engage
PRC1 components and DNA binding transcription factors (14,
15, 22, 27). One model that has emerged for the Rybp/Yaf2
cofactor family is that Rybp participates in transcriptional
corepression and Yaf2 in transcriptional coactivation (9, 14,
27); however, the converse has been reported as well (for
examples, see references 19 and 28).

In addition to this putative role in transcriptional regulation,
Rybp has been described as a positive regulator of apoptosis
(in the apoptotic context, Rybp is known as DEDAF, for death
effector domain [DED]-associated factor). In one report, Rybp
was shown to bind nonhomotypically to DED-containing apo-
ptotic mediators (i.e., the cytoplasmic FADD, procaspase 8,
procaspase 10, and the nuclear DEDD) and to enhance apo-
ptosis mediated by the death receptors as well as by the DEDs
themselves (33). In a second report, Rybp was shown to asso-
ciate with the viral apoptosis agonist Apoptin. Having a profile
similar to that of Apoptin, Rybp was able to promote caspase-
dependent apoptosis when overexpressed in the transformed
but not the normal cell lines tested (5). Finally, it has been
suggested that the intrinsic capacity of Rybp to induce apopto-
sis may relate to its putative ability to elicit repression of
relevant genetic targets (5).

To investigate the biological role of the multifunctional
Rybp protein, we have analyzed Rybp expression patterns in
developing mouse embryos and targeted Rybp for deletion in
the mouse using homologous recombination in embryonic
stem (ES) cells. rybp homozygous null embryos initiate implan-
tation but fail to undergo complete decidualization and suc-
cumb to lethality around embryonic day 5.5 (E5.5) to E6.0. In
a subset of heterozygous animals and in rybp�/�7rybp�/� chi-
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meras, reduced Rybp levels lead to dramatic perturbations in
neurulation and the normal morphogenesis of the central ner-
vous system. Our findings provide the first demonstration of
the integral role of Rybp in mammalian development, both at
the early postimplantation stage and during organogenesis.

MATERIALS AND METHODS

Construction of the rybp targeting vector. A full-length murine rybp cDNA
cloned by reverse transcription-PCR (R. Arrigoni, J. Blanck, and N. Schreiber-
Agus, unpublished data) was used to probe a mouse 129/SvJ genomic library
(Stratagene), identifying an 18-kb rybp genomic clone (pRYBP18) that contained
exons 3 to 5. Genomic subfragments from pRYBP18 were subcloned into pBlue-
script SK(�) (Stratagene), and the restriction map and the intron-exon bound-
aries were determined by direct sequencing and restriction site mapping. To
construct the targeting vector, a 5-kb fragment containing a portion of exon 3 and
exons 4 and 5 was replaced by an enhanced yellow fluorescent protein (EYFP)
reporter followed by a floxed PGKneo cassette; this was flanked by a total of 6
kb of homology (0.75 kb of 5� homology and 5.25 kb of 3� homology). The 5�
homology arm was generated by PCR on the pRYBP18 template with primers
containing HindIII sites (primer A, 5�-GTTAAGCTTACGCGTTGTGCAGAA
ATATTG-3�, and primer B, 5�-GTTAAGCTTCGATGCGAGGTTTCCTACA
AC-3�). The PCR product was then cloned in-frame with the fluorescent reporter
in an EYFP (Clontech)-floxed neo vector (kind gift of K. Hadjantonakis). For
the 3� homology arm, a 5.25-kb HindIII fragment distal to the 3� untranslated
region (UTR) of rybp was cloned into a SacII site situated after the floxed
pGK-Neo cassette. The targeting vector was linearized with Mlu1 (introduced via
primer A) and electroporated into R1 ES cells (21). Further details of targeting
vector construction are available upon request.

Generation and characterization of heterozygous null ES cell lines. R1 ES
cells were cultured as described previously (21). Following electroporation with
the targeting vector, clones resistant to G418 (200 �g/ml concentration; Gibco)
were selected, and homologous recombination events were identified by South-
ern blotting and PCR on genomic DNA prepared as described previously (21,
24). For the Southern blotting, DNA was digested with Xba1, electrophoresed,
blotted onto nylon membranes, and hybridized with a [�-32P]dCTP 0.35-kb
fragment from intron 2. This probe was generated by PCR on pRYBP18 using
primer A (5�-CAAACCCTATCTCGGGTTGCA-3�) and primer B (5�-GGGT
ACAATGCGAGGACAGTT-3�) and detected an 8.0-kb wild-type Xba1 frag-
ment and a 5-kb Xba1 fragment in properly targeted clones. For the genomic
PCRs, the rybp intron 2 primer A (5�-TATGGCTACACGATATGGGCT-3�)
and the EGFP-N sequencing primer (Clontech) were used for amplification with
33 cycles of 94°C for 40 s, 60°C for 30 s, and 72°C for 120 s, producing an 800-bp
fragment from the correctly targeted allele.

Generation of rybp mutant mouse lines and genotyping. Three correctly tar-
geted heterozygous ES cell clones (A6, F4, and G1) were injected into C57BL/6
blastocysts and produced germ line chimeras. Male chimeras were mated with
ICR or CD1 females, and their agouti offspring were tested for transmission by
PCR on genomic tail DNA with primers described above as well as with primers
that amplify YFP (primer A, 5�-AAGTTCATCTGCACCACCG-3�, and primer
B, 5�-TGCTCAGGTAGTGGTTGTCG-3�).

Animals heterozygous for the targeted allele were intercrossed, and over 1,000
offspring were analyzed for the three lines on the mixed (129 � ICR) back-
ground. All three lines exhibited the same mutant phenotypes. Mice were kept
on a 12-h light–12-h dark cycle and maintained in the barrier facility at AECOM
in accordance with institutional and federal guidelines.

Production of rybp�/� ES cells. To generate rybp double-knockout ES cell
lines, the PGKneo cassette was removed by electroporating two of the heterozy-
gous null ES cell clones (A6 and F4) with 25 �g of a cytomegalovirus-Cre-
recombinase expression plasmid (pBS185) (26). Two days after electroporation,
cells were replated at low density (5 � 104 ES cells/10-mm tissue culture dishes
with gelatin), allowing them to form single colonies. Five days later, single
colonies were picked, expanded, replica plated, and analyzed for the excision
event. Excised clones were identified based on acquired G418 sensitivity (200
�g/ml for 7 to 9 days; Gibco) and by PCR on genomic DNA. For the latter, the
following primers were used to assess the presence/absence of PGKneo: primer
A, 5�-AGAGGCTATTCGGCTATGACTG-3�, and primer B, 5�-CCTGATCG
ACAAGACCGGCTTC-3�. As a positive control for the PCR, the following
primers were used to amplify a genomic fragment of mouse mxi1: primer A,
5�-CTGGTGTTTCTTCTGGCTTCC-3�, and primer B, 5�-GGGGCTCGGCAT
GGAGGGGAA-3�). Clones that were negative for a 0.15-kb PCR product for
the PGKneo reactions but positive for the control reactions were chosen for the

next electroporation, wherein the original targeting vector was reintroduced.
DNA was extracted from the retargeted G418-resistant clones and screened by
Southern blotting analysis or PCR as described above.

Western blotting analysis. ES cells were washed with phosphate-buffered
saline (PBS) and lysed in ice-cold modified radioimmunoprecipitation assay
buffer (1% NP-40, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate, 150 mM
NaCl, 10 mM sodium phosphate [pH 7.2], 2 mM EDTA, and 50 mM Tris-HCl,
in the presence of proteinase inhibitors). Aliquots (10 �g) of cleared lysates were
fractionated on a 10% sodium dodecyl sulfate-polyacrylamide gel and analyzed
by Western blotting by incubating membranes overnight with the anti-RYBP
(anti-DEDAF; 1:1,000, Chemicon AB3637), anti-Max (1:1,000, Santa Cruz SC-
197) or anti-GFP (1:1,000, Molecular Probes A11122) primary antibodies. Mem-
branes were then probed with a 1:5,000 dilution of the horseradish peroxidase-
conjugated anti-rabbit secondary antibody (NA934V; Amersham), and detection
was by chemiluminescence (ECL kit; Amersham).

Histology and immunohistochemistry. Embryos were fixed overnight in fresh
buffered 4% paraformaldehyde, and paraffin-embedded sections (6 �m) were
mounted for staining. For immunohistochemistry, deparaffinized and rehydrated
tissue slides were first treated for 30 min with 3% H2O2 to inactivate endogenous
peroxidases. After rinsing in double-distilled H2O and soaking in PBS for 5 to 10
min, slides were blocked with 10% (wt/vol) bovine serum albumin in PBS and
then exposed at 4°C overnight to the following antibodies: anti-phospho-histone
H3 (Ser 10), clone RR002 (mouse monoclonal, 1:1,000; Upstate 05-598MG) and
anti-RYBP (rabbit anti-DEDAF polyclonal, 1:100; Chemicon AB3637). After
excess antibody was removed from the samples, they were incubated with a 1:400
dilution of biotin-conjugated secondary anti-rabbit or anti-mouse antibodies
(Vector labs) for 45 min at room temperature, washed in PBS, and incubated
with avidin-biotinylated enzyme complex for 45 min. The reaction was developed
with a DAB kit (Vector labs) and monitored by microscopy for the proper
exposure.

Cell death assay. For terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) analysis (as described in reference 13), em-
bryos or uteri were fixed overnight in 4% formalin, and paraffin-embedded
sections (6 �m) were mounted for staining. Sections were preincubated briefly in
1� One-Phor-All (OPA) buffer (Pharmacia Biotech) containing 0.1% Triton
X-100. The solution was then replaced with the hybridization solution consisting
1� OPA buffer, 6 �M dATP, 3 �M biotin-UTP (Sigma), 1 �l terminal trans-
ferase (TdT; Pharmacia), and 0.1% Triton X-100 in total volume of 100 �l and
incubated at 37°C for 1 h. After being washed with PBS, slides were incubated
with Texas Red-coupled streptavidin (1:150 dilution; Calbiochem), in PBS for 30
min at 4°C. Slides were then washed three times in PBS, with 4�,6�-diamidino-
2-phenylindole (DAPI) being added to the final wash. Coverslips were applied,
and samples were viewed and photographed under epifluorescent illumination
with an Axiovert 200M microscope.

Blastocyst outgrowth assay. Heterozygous intercrosses were performed and
blastocysts were flushed from uteri at 3.5 days postcoitum; four separate litters
were analyzed. Blastocysts were cultured individually on gelatin (Sigma) in 12-
well dishes in ES medium, assessed by microscopy, and photographed over a
4-day period. Blastocysts normally attached within 48 h, and subsequent out-
growth formation was defined by the observation of a trophectodermal layer
spreading from the attached blastocyst.

For genotyping, cells recovered from the blastocysts preplating were lysed in
2 �l of lysis buffer (5 mM dithiothreitol, 0.8% Igepal CA630, and 900 �g/ml
proteinase K in double-distilled H2O). Samples were heated at 65°C for 15 min
and 94°C for 15 min prior to PCR with cycling conditions of 95°C for 12 min; 35
cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min; and a final extension
at 72°C for 7 min. The primers for the rybp 3�UTR PCR (not present in null
embryos) were as follows: primer A, 5�-GCGACATGTCAGCAGTGAATG-3�,
and primer B, 5�-GTGTCAAGAATAACTGTCAGGG-3�; for the rybp 5� UTR
PCR (control reaction), primers were as follows: primer A, 5�-CAAACCCTAT
CTCGGGTTGCA-3�, and primer B, 5�-GGGTACAATGCGAGGACAGTT-3�.
Products (220 bp for 3� UTR reactions and 400 bp for the 5� UTR reactions)
were visualized after gel electrophoresis and ethidium bromide staining. Blasto-
cysts negative for the 3� UTR and positive for the 5� UTR PCRs were considered
to be nulls.

Chimera production. Chimeric embryos were generated by microinjecting
rybp�/� R1 ES cells (129/Sv � 129-Cp) into blastocysts derived from wild-type
(rybp�/�) mice (C57BL/6). The injected blastocysts were implanted into surro-
gate mothers, and embryos were harvested at various gestational stages. Dis-
sected embryos were visualized for chimerism by fluorescent microscopy, pho-
tographed, and processed for histology.
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RESULTS

Targeted disruption of rybp results in early embryonic le-
thality. To elucidate the role of Rybp in mouse development,
a mutant allele of rybp was generated by gene targeting in ES
cells and introduced into the mouse germ line. Briefly, genomic
clones of the 3� end of the mouse rybp locus were characterized
and shown to contain exons 3 to 5 (Fig. 1A) (see Materials and
Methods). These exons encode domains that have been shown
to mediate key Rybp functions, including its interactions with
PRC1 components, various transcription factors, and DED-
containing proteins (9, 30, 33), as well as its transcriptional

repression activity (9). The targeting vector was designed to
deliver a fluorescent reporter (EYFP) into the endogenous
locus in-frame with the start of exon 3, while at the same time
eliminating the remainder of exon 3 and exons 4 to 5 and
introducing a floxed PGK-neo cassette (Fig. 1A) (see Materials
and Methods). As shown in Fig. 1C and D, Western blotting
analysis of ES cells harboring two targeted rybp alleles (ho-
mozygous mutant) showed a complete absence of the 38-kDa
Rybp protein and the presence instead of the predicted Rybp-
YFP fusion protein. Because 75% of the Rybp coding region
(including many key functional domains) is absent from this
fusion protein, we expect that the normal function of Rybp has
been eliminated by the targeting event.

Lines of mice carrying one mutant rybp allele were gener-
ated from three independently targeted ES cell clones (Fig.
1B), and heterozygous intercrosses were performed. Live-born
heterozygous offspring appeared grossly normal, were fertile,
and did not show overt signs of ill health (as assessed over a
�2-year period of observation). Of note, statistical analysis
revealed that the number of live-born rybp heterozygotes de-
viated significantly from the expected Mendelian number (data
not shown); indeed, a subset of these animals does not survive
beyond birth (see below). Live-born mice homozygous for the
disrupted allele were not recovered.

To determine the developmental stage at which the lack of
Rybp causes death, litters were dissected at various time points
between E7.5 and E18.5 (Table 1 and data not shown). Again,
homozygous mutants were not recovered, indicating that the
mutation was lethal either before or around the time of im-
plantation. For further assessment, blastocysts were isolated
from heterozygous intercrosses by flushing uteri at E3.5 and
were then individually photographed and genotyped by PCR.
The homozygous null rybp genotype was represented (Table 1;
E3.5), and these blastocysts were indistinguishable from wild-
type and heterozygote blastocysts. Having established the pe-
riod of lethality to be between E3.5 and E7.5, we focused on
this developmental window. Morphological analysis suggested
that all Rybp-deficient embryos were markedly abnormal by
E6.5 and resorbed by E7.5 (Table 1 and data not shown).

The histology of embryos at E5.0 to E5.5 showed that ho-
mozygous mutants were retarded in overall growth and pat-
terning (compare Fig. 2e and a); these mutants could be iden-
tified by the absence of Rybp immunoreactivity (for example,

FIG. 1. Targeting of the murine rybp gene by homologous recom-
bination. (A) The structure of the mouse rybp locus is shown (upper
diagram); the targeting vector and disrupted allele are shown in the
middle and lower diagrams, respectively. Rectangles represent the five
exons (E1 to E5), filled areas represent the Rybp coding region, and
unfilled areas represent untranslated regions. The checkered region in
exon 1 indicates the 5� open reading frame of Rybp, whose precise
genomic structure remains to be characterized. The double slashes
between exon 2 and exon 3 indicate the large size of intron 2 (�53 kb).
The location of the start codon (ATG) in exon 1 and the stop codon
(TGA) in exon 5 is indicated, along with the diagnostic XbaI restric-
tion enzyme sites and the 5� probe (gray rectangle) used to detect
homologous recombination events by Southern blotting (data not
shown). Thin horizontal arrows indicate the locations of primers used
in PCRs to detect homologous recombination events. The protein
product encoded by the targeted locus is a fusion between the 5� open
reading frame of Rybp (retains amino acids 1 to 58) and the EYFP
reporter (Fig. 1D); this fusion protein is likely to be expressed in a
pattern that recapitulates endogenous rybp gene expression. A floxed
PGK-neo cassette (NEO surrounded by triangles) also has been intro-
duced for selection purposes. (B) Southern blot of PCRs performed to
identify correctly targeted ES cell clones with the PCR primers shown
in panel A. The primers utilized amplify a product of 800 bp that is
specific for the homologously recombined locus. The blot was probed
with the 5� probe (gray rectangle in panel A). (C) Immunoblot of total
cellular lysates from ES cells probed with affinity-purified antibody
directed against the carboxyl-terminal 33 amino acids of Rybp (called
anti-DEDAF; Chemicon). An Rybp band of the expected 38-kDa size
is present in the rybp�/� sample, slightly reduced in the rybp�/� sample,
and absent in the rybp�/� sample. Immunoblotting for the 21-kDa Max
protein (anti-Max; Santa Cruz) was performed with the same samples
as the loading control. (D) Immunoblot of total cellular lysates from
ES cells probed with an anti-GFP antibody (Molecular Probes). An
Rybp-YFP fusion protein band of the predicted 33-kDa size is present
in the rybp�/� sample and absent in the rybp�/� sample. R1 ES cells
stably transfected with GFP were loaded as a control (c) and show the
expected 27-kDa GFP protein.

TABLE 1. Gross phenotypic and genotypic analysis of staged
embryos from rybp heterozygous intercrossesa

Age

No. with morphology
indicated No. with genotype indicated (%)b

Normal Abnormal �/� �/� �/�

E3.5 41 0 13 (33) 22 (56) 4 (10)
E4.5 19 3 6 (27) 13 (59) 3 (14)
E5.5 38 7 ND ND ND
E6.5 65 17c 17 (22) 48 (62) 12 (16)
E7.5 44 9R 16 (36) 28 (64) 0
E8.5 37 9R 15 (41) 22 (59) 0

a R, resorbed; ND, not determined.
b %, the ratio of embryos of a given genotype to the total number of embryos

genotyped at a given stage, expressed as a percentage.
c Of these 17 morphologically abnormal embryos, 12 were genotyped as ho-

mozygous null and 5 as heterozygous.

VOL. 25, 2005 ESSENTIAL ROLES FOR Rybp IN MOUSE DEVELOPMENT 7195



compare Fig. 2h and d). In the mutants, the embryonic and
extraembryonic layers were indistinguishable, the presumptive
epiblast was disorganized, and cellular degeneration was ob-
served. By E6.0, a cylinder-like two-layered cellular structure
was observed for the wild-type embryos, with evident embry-
onic and extraembryonic compartments surrounded by visceral
endoderm cells having classical columnar morphology (Fig.
2c). In contrast, the Rybp-deficient embryos lacked such a
cylinder-like structure, and cells present at the site of the
presumptive visceral endoderm showed extensive vacuoliza-
tion (Fig. 2g). Moreover, a decreased number of polyploid
trophoblast giant cells was noted for the null animals (data not
shown). By E7.5, consistent with what was observed morpho-
logically, disorganized embryos were no longer seen, and a
number of “empty” decidua examined at high power did not
show remnants of the embryo.

Proliferative failure and lack of full decidual reaction in
rybp null conceptuses. To gain insight into the basis for the
developmental arrest of the Rybp-deficient embryos, levels of
cell proliferation and apoptosis were examined by phospho-
histone H3 (p-H3) staining and a TUNEL assay, respectively
(Fig. 2 and 3). In contrast to the significant number of p-H3-
positive, mitotically active cells in the wild-type conceptuses, in
both embryonic and extraembryonic structures (Fig. 2b), the
Rybp-deficient embryos showed dramatically reduced staining
at E5.0 and a lack of staining by E6.0 (Fig. 2f and data not
shown). With respect to cell death, TUNEL assays showed
minimal staining with the wild-type E5.0 to 6.5 embryos, with
no apparent differences with the mutant embryos (Fig. 3b and
e, em; data not shown). These findings suggest that reduced
proliferation but not excessive cell death in the Rybp-deficient

early postimplantation embryo likely contributes to the devel-
opmental arrest at this stage.

Strikingly, while there was strong positive TUNEL signal
surrounding the implanting wild-type E6 to E6.5 embryos, the
signal was markedly reduced for the null embryos (compare
Fig. 3b and c with Fig. 3e and f; this difference also was
observed at E5.5 [data not shown]). The observed TUNEL
reactivity of the wild-type sample marks the apoptosis that
normally occurs during the implantation process—first the
uterine epithelium apoptoses in response to signaling by the
blastocyst, and then the decidual cells regress in response to
the invasion by the trophectoderm (see reference 11 and the
references therein). That the mutant embryos began to un-
dergo implantation is suggested by the facts that decidual
swellings were elicited and that implantation sites were detect-
able by the method of Evans Blue dye injection (data not
shown). However, the near lack of TUNEL reactivity for these
mutant embryos at the implantation sites (Fig. 3e) indicates
that the absence of Rybp compromises the ability of the epi-
blast and/or trophoblasts to trigger fully the uterine reaction.

To assess further the nature of the developmental defect,
E3.5 blastocysts from heterozygous intercrosses were cultured
in vitro in a surrogate assay for peri-implantation development
(Fig. 4). During days 1 to 4 in culture, the majority of the
blastocysts hatched from the zona pellucida and developed

FIG. 2. Impaired viability and morphological characteristics of
rybp�/� embryos. Representative examples of the histological abnor-
malities and decreased proliferation in the Rybp-deficient embryos
(bottom panels) are shown in comparison to wild-type littermate con-
trols (top panels). Hematoxylin and eosin (H&E) staining of transverse
sections of E5.5 embryos is shown in panels a and e, and anti-phos-
phorylated histone H3 (p-H3) immunohistochemistry is shown on sim-
ilar sections in panels b and f. The null embryos are growth retarded
and lack mitotic activity. Note the imperfect decidual reaction around
the mutant embryos in panel e (white arrows). H&E staining of sagittal
sections of E6.0 embryos is shown in panels c and g, and anti-Rybp
(anti-DEDAF) immunohistochemistry is shown on similar sections in
panels d and h. The representative null embryo (outlined) is develop-
mentally arrested and lacks nuclear embryonic and extraembryonic
Rybp staining. FIG. 3. Lack of apoptosis in the decidua surrounding Rybp-defi-

cient conceptuses. Sagittal sections of rybp�/� (a to c) and rybp�/� (d
to f) embryos and deciduas at E6.0 to E6.5 stained with the nuclear
marker DAPI (a and d) and the TUNEL reaction (b and e) are shown;
the merge is shown in panels c and f. Note the appearance of TUNEL-
positive cells within the deciduas surrounding wild-type embryos and
the near lack of the apoptotic decidual reaction for the Rybp-deficient
embryos. em, embryo; de, decidual epithelium; ue, uterine epithelium.
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trophectodermal (TE) outgrowths and proliferating inner cell
masses (ICMs) (Fig. 4, left panels [�/�]). In contrast, a subset
of the blastocysts failed to survive in vitro or to yield TE; only
a few scattered outgrowth cells resembling endoderm were
observed (Fig. 4, right panels [�/�]). The genotypes of normal
and defective blastocysts were identified by PCR, and the latter
group was shown to correlate strictly with the rybp�/� geno-
type. Taken together, our in vitro and in vivo observations
suggest that Rybp is required for early postimplantation devel-
opment.

Localization of Rybp expression in the early embryo. To
gain further support for the early embryonic role for Rybp, we
determined the Rybp protein expression profile throughout
embryogenesis by utilizing a newly developed anti-Rybp (anti-
DEDAF) antibody (Chemicon). First, Rybp was shown to be
readily detectable in blastocysts and in their ES cell derivatives
(Fig. 1C and data not shown). From the beginning of postim-
plantation development (E5.0 to E5.5), scattered Rybp stain-
ing was observed in both the embryonic and extraembryonic
compartments, with the latter being more pronounced (data
not shown). The prominent extraembryonic Rybp expression
persisted during embryogenesis. By E6.0 to 6.5, staining was
found in the ectoplacental cone, the extraembryonic ectoderm,
the visceral and parietal endoderm (future fetal extraembry-
onic membranes), and the trophoblast giant cells (Fig. 5a and
b; Fig. 2d). This pattern was maintained at later stages in
derivatives of these structures, including the chorion (Fig. 5d

and e), the allantois (Fig. 5e), the yolk sac (Fig. 5f), and the
mature placenta (Fig. 5i). Of note, from E6.0 and beyond, the
most intense and reproducible sites of Rybp expression were
the trophoblast giant cells, postmitotic polyploid cells that are
the first cells to invade the uterus during the process of im-
plantation (Fig. 5h) (for reviews on trophoblast biology and
placental development, see references 4 and 25). With respect
to the embryo itself from E6.0 to E7.5, specific staining was
observed with some cell types, but these cells could not be
discriminated histologically from those that were negative for
Rybp (Fig. 5a to c); this pattern may suggest that Rybp is
differentially expressed throughout the cell cycle. With contin-
ued development and organogenesis, a low level of Rybp was
observed for many tissues throughout the embryo, with selec-
tive upregulation in certain cell types/tissues (e.g., neurons,
mesenchyme, and endothelial cells) at various developmental
stages (for examples, see Fig. 5g; M. Pirity and N. Schreiber-
Agus, unpublished data; and reference 9). Taken together with
the phenotypes described above, this expression pattern is con-
sistent with the idea that Rybp is required around the time of
implantation for the normal development/function of extraem-
bryonic tissues (e.g., trophectoderm and its derivatives) and
possibly also for the embryo proper.

Reduction in Rybp levels interferes with normal central
nervous system (CNS) development. To analyze further the
developmental potential of cells deficient for Rybp, rybp�/� ES
cells were generated by sequential targeting and injected into
wild-type blastocysts for the production of chimeric embryos
(see Materials and Methods). In these chimeras, the epiblast
represents a mixture of rybp�/� and rybp�/� cells, while the
primitive endoderm and the trophectoderm are derived en-
tirely from the wild-type host blastocyst (reviewed in reference
29). Moreover, the mutant cells of the embryo proper can be
distinguished from the wild-type ones by virtue of the intro-
duced EYFP reporter on both rybp-targeted alleles in the mu-
tant cells.

Foster mothers carrying these chimeric embryos were sacri-
ficed at various stages between gestational days 8 and 13.5, and
a total of �50 embryos were dissected and examined morpho-
logically and by fluorescent microscopy. These embryos dis-
played low levels of chimerism (mostly in the limbs and con-
nective tissue) (Fig. 6b), an observation supported by
fluorescence-activated cell sorter analysis of dissociated chi-
meric embryos, which showed an average of 12% YFP posi-
tivity (data not shown). This finding, and the fact that a signif-
icant number (�50%) of early resorptions were observed,
suggests that high contribution of the deficient ES cells is
incompatible with embryonic survival.

Interestingly, a significant proportion of the chimeric em-
bryos harvested at mid-gestation displayed marked CNS mal-
formations (compare Fig. 6d and c). A histological analysis of
sections of E11.5 to E13.5 chimeras revealed a range of ce-
phalic abnormalities, including structural disorganization and
convolutions, massive hyperplasia, and ectopic neuronal struc-
tures, among others. These abnormalities were localized most
often to the forebrain, wherein differentiation of the telence-
phalic and diencephalic vesicles had occurred, but both regions
were marked by chaotic overgrowth and invaginations as well
as shrunken ventricles (for a representative example, compare
Fig. 6f and e). Also observable in the forebrain as well as the

FIG. 4. Failure of Rybp-deficient blastocysts to survive and to yield
trophectodermal outgrowths in vitro. rybp�/� (left panels) and rybp�/�

(right panels) blastocysts were cultured for 1 to 4 days (24-, 48-, and
72-h timepoints are shown). Note the proliferating ICM and TE out-
growth layer in the wild-type culture, both of which do not survive in
the rybp�/� cultures. Genotypes were determined by PCR with cells
recovered from the blastocyst preplating.
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hindbrain were localized regions of disrupted neural tube clo-
sure, although these were unusual in nature in that the over-
lying surface ectoderm had fused (for a representative exam-
ple, compare Fig. 6h and g).

The finding that the CNS repeatedly was affected in the
chimeras likely reflects the need to maintain the appropriate
spatiotemporal expression pattern and levels of Rybp for
proper CNS development. This theory also gains support from
the observation that a subset (about 15%) of the rybp heterozy-
gotes in our conventional knockout colony (all three indepen-
dent lines) succumbed to death at the time of birth due to
exencephaly—exposed, focally hemorrhagic brain masses pro-
truding through open cranial vaults (compare Fig. 6k and i).
Histological analysis of exencephalic embryos at E14.5 to
E16.5 showed forebrain overgrowth and ventricular stenosis,
similar to what was seen with the chimeric animals. Structural
displacement/reorganization (e.g., the forebrain appeared to
be “buried” under the midbrain) and even the absence of
certain structures (e.g., the dorsal aspect of the midbrain/hind-
brain, including the cerebellum) were observed as well (com-
pare Fig. 6l and j). The recovery of affected rybp heterozygotes
from earlier developmental stages allowed us to determine that
this “exencephaly” results in part from the failure/disruption of
primary neural tube closure in the anterior region (Fig. 6,
compare panels o and p with panels m and n). The histology of
these open neural tubes revealed both a thickening and a
disorganization of the neuroepithelial cells surrounding the
affected region (data not shown). In the cranial region of
wild-type mice, the process of neural tube closure begins at
E8.5 at the hindbrain/cervical boundary (closure 1), continues
with closure events at the forebrain/midbrain boundary (clo-
sure 2) and the rostral end of the forebrain (closure 3), and is
complete by E9.5 (for reviews, see references 3 and 12). The
fact that the neural tube is still open (convex) around closure
2 in some E10.5 rybp heterozygotes (Fig. 6o and p) suggests
that the proper execution of this process is sensitive to Rybp
dosage.

Localization of Rybp expression in the developing CNS. As
a first attempt to understand the basis for Rybp’s integral role
in the developing CNS, Rybp protein expression patterns
therein were assessed by immunohistochemistry (Fig. 7). At
E8.5, modest staining in the pseudostratified neuroepithelial
cells of the neural plate was observed, with a specific enrich-
ment in certain cells of the median hinge point (Fig. 7a; also
see Fig. 5g). By E10.5, distinct regions of Rybp positivity were
observed in neuroblasts of the forebrain (both diencephalon

FIG. 5. Early postimplantation expression patterns of Rybp in nor-
mal embryos. Representative examples of immunohistochemistries
performed with an anti-Rybp (anti-DEDAF; Chemicon) antibody
(brown) on counterstained (purple) sections from various stages of
postimplantation mouse development (a, E6.0; b, E.6.5; c and d, E7.5;
e to h, E8.5; and i, E13.5). (a) E6.0 embryo; mosaic Rybp staining can
be seen in all cell layers. (b) E6.5 embryo; note strong expression of
Rybp in the trophoblasts and more modest staining of the epiblast and
in the visceral endoderm. (c) E7.5 embryo; staining pattern is similar to
that for the E6.5 embryo shown in panel b, except that the newly
formed mesodermal layer also shows positivity. (d) Extraembryonic
portion of an E7.5 embryo showing abundant and almost homogenous
expression of RYBP in the chorionic ectoderm. (e) Staining in the
allantois and chorion of an E8.5 embryo. (f) Staining in the endoder-
mal lining of the yolk sac of an E8.5 embryo. (g) Head region of an

E8.5 embryo showing Rybp expression in the head mesenchyme and in
the neuroepithelium of a closing neural plate (see also Fig. 7a). (h)
Intensely staining trophoblast giant cells within the decidua surround-
ing an E8.5 embryo. (i) Strongly stained E13.5 placenta, specifically in
the inner labyrinth layer that is chorion plus allantois derived. Of note,
Rybp is expressed in the fetal but not maternal compartments of the
placenta, and staining is absent in a nonpregnant uterus (data not
shown). High-level placental expression of rybp transcripts also was
reported in references 5 and 33). ExE, extraembryonic ectoderm; EE,
embryonic ectoderm; Tg, trophoblast giant cell; De, decidual epithe-
lium; Ve, visceral endoderm; Me, mesoderm; Epc, ectoplacental cone;
Ch, chorion; Al, allantois; Am, amnion; Ne, neuroepithelium; Hm,
head mesenchyme; Fg, foregut; Lb, labyrinth layer of the placenta.
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FIG. 6. Reduction in Rybp levels interferes with normal CNS development. (a to h) Malformations selectively in the CNS of rybp�/�7rybp�/�

diploid embryo chimeras. Bright-field (a) and fluorescent (b) microscopic posterior views of a chimeric embryo at E8.5 are shown. The fluorescing
cells in panel b are rybp�/� ES cell derived; note the weak contribution of these cells to the developing embryo. (c and d) Bright-field views of an
E11.5 control and affected chimera, respectively, showing marked forebrain abnormalities and overgrowth (arrows) in the latter. (e to h) Histology
of coronal sections of affected chimeric brain (f and h) in comparison to control (e and g). Note the chaotic overgrowth, ventricular stenosis, and
hemorrhaging (f, arrow) in the forebrain of the chimera as well as the localized openness of the chimeric neural tube (h, arrow). (i to p)
Exencephaly and open neural tube defects in some rybp heterozygous null embryos. Representative bright-field views of affected rybp heterozygotes
(k and o) and wild-type littermate controls (i and m) are shown. Panels i and k show E16.5 embryos; panels m and o show E10.5 embryos. Panels
j, l, n, and p show the histology of the corresponding embryos (j, embryo i; l, embryo k; n, embryo m; p, embryo o); panels j and l, sagittal sections;
panels n and p, coronal sections. Note the structural displacement/disorganization and ventricular stenosis (black arrows in panels j and l) and the
absence of the cerebellum (white arrows in panels j and l) in the affected heterozygote. Note the open (convex) neural tube of the E10.5 rybp�/�

embryo (panel p compared to panel n, arrows). In the affected heterozygotes, other types of open neural tube defects, including craniorachischisis
and spina bifida, were never observed.
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and telencephalon) and of the isthmus (junction between mid-
brain and hindbrain) and the dorsal hindbrain (Fig. 7b to d and
data not shown), similar to what has been reported previously
for rybp mRNA localization during early organogenesis (9). In
the cerebral cortex at E11.5 and E12.5, Rybp staining adopted
a stratified pattern in which the proliferative ventricular layer
was consistently negative, and the postmitotic neurons of the
preplate were often positive (Fig. 7e and f; E12.5 not shown).
This pattern persisted in the E16.5 cortex, with the cortical
plate and marginal zone neurons (derived from the preplate)
staining positive, although there was a thin inner layer above
the ventricular zone that also showed modest positivity (Fig. 7g
to i ) (see reference 10 for a review of cerebral cortex forma-
tion). Consistent with this result, at the newborn stage, a great
many outer cortical neurons of the forebrain and midbrain
expressed Rybp, albeit in a mosaic pattern (data not shown).
Significant postnatal Rybp expression also was observed in the
dentate gyrus of hippocampus (Fig. 7j), in peripheral and cra-
nial nerve ganglia, and in the cephalic mesenchyme (data not
shown). Other relevant structures that showed significant Rybp
expression during development included the spinal cord (Fig.
7k) and the olfactory epithelium (Fig. 7l). Taken together,
these data indicate that Rybp appears to be selectively upregu-
lated in distinct structures and cell types of the developing
CNS, and, at least in the cerebral cortex, may play a role in
more mature neurons. Of note, several general features of
Rybp’s neural developmental expression profile are overlap-
ping with that described for the related Yaf2 protein, as as-
sessed by in situ hybridization for yaf2 with a riboprobe that
recognized the known yaf2 mRNA isoforms collectively (15).
Specifically, at the E10.5 to E11.5 stage, yaf2 transcripts were
found in regions of the forebrain and midbrain, the olfactory
placodes, various ganglia, the cephalic mesenchyme, as well as
the neural tube and migrating neural crest cells of the spinal
cord (15). This possible overlap between Rybp and Yaf2 ex-
pression obviously was not sufficient to prevent aberrant neu-
rulation/neurogenesis resulting from reduced Rybp levels in
our affected heterozygous and chimeric animals (Fig. 6).

DISCUSSION

In the present study, we have addressed the biological role of
the multifunctional Rybp protein through the targeted dele-
tion of Rybp in mice. We provide the first genetic evidence for
a requirement for Rybp in the early postimplantation period
and in CNS development. The phenotypic alterations seen are
in accord with the expression pattern of Rybp during embry-
ogenesis.

Rybp-deficient embryos survive the early cleavage and pre-
implantation periods but succumb to death around E5.5 to
E6.0. Survival through the earlier developmental time points
likely reflects that Rybp function at these stages is compen-
sated for by maternal Rybp stores or by related proteins or that
it is dispensable altogether. At least in ES cells, Rybp defi-

FIG. 7. Expression pattern of Rybp in the developing central ner-
vous system of normal embryos. Representative sites of Rybp expres-
sion during various stages of CNS development are shown. Brown
staining corresponds to Rybp protein; sections in panels a to d and j to
l also were counterstained with hematoxylin and eosin. (a) High-power
view of the neuroepithelium of a still-open neural plate in a wild-type
E8.5 embryo; a low-power view is shown in the bottom right (and the
same embryo is shown in Fig. 5g). The arrow indicates enhanced
expression at the median hinge point. (b) Dorsal neopallium of an
E10.5 embryo, with arrows showing specific expression of Rybp in the
outermost cell layers; a low-power view of the forebrain is shown in the
bottom right. (c) Rybp staining in the ventral diencephalon of an E10.0
embryo (arrow). Rybp is also expressed in Rathke’s pouch (round
structure below); a low-power view is shown in the bottom right. (d)
Positively staining isthmus of an E10.5 embryo; a low-power view of
this midbrain/hindbrain junction is shown in the bottom right. (e to i)
Rybp exhibits a stratified pattern of expression in layers of the mouse
neocortex. Panels e and f, H&E-stained and low-power views of anti-
Rybp immunohistochemistry, respectively, of an E11.5 neocortex.
Note the absence of staining in the ventricular (V) zone and marked
staining in the preplate (PP). Panels g to i, H&E-stained and low-
power and high-power views of anti-Rybp immunohistochemistry, re-
spectively, of an E16.5 neocortex. Note the absence of staining in the
ventricular (V) zone and the strong staining in the cortical plate (Cp)
and marginal (M) zones emerged from the preplate. Staining is also
apparent in the outer ventricular/subventricular zone. V, ventricular
zone; Sv, subventricular zone; I, intermediate zone; PP, preplate; Cp,

cortical plate; M, marginal layer; S, skin. (j) Significant and specific
Rybp staining in the dentate gyrus of a newborn mouse brain. (k) Rybp
positivity in neuroblasts of the spinal cord of an E16.5 embryo. (l)
Rybp positivity in the olfactory epithelium of an E11.5 embryo.
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ciency is not cell lethal—doubly targeted ES cells could be
recovered, and these cells exhibited proliferative profiles sim-
ilar to those of their parental controls and were morphologi-
cally indistinguishable from these controls by electron micros-
copy (data not shown). Some degree of compensation may be
mediated by Rybp’s related family member Yaf2 that has been
shown to be expressed in blastocysts (as well as in the early
embryo and the placenta) (15). However, around the time of
implantation, zygotic Rybp appears to be limiting for embry-
onic proliferation/survival (Fig. 2). This role also is supported
by our in vitro studies showing that rybp�/� blastocysts fail to
give rise to a surviving ICM component (Fig. 4). Of note, the
cultured deficient blastocysts also failed to produce recogniz-
able TE structures, a finding of particular interest in light of
the dramatically high level of Rybp expression in trophoblast
cells and their derivatives, including the chorion and mature
placenta (Fig. 4 and 5). Trophoblast cells are known to play an
important role in the implantation process, as they invade the
uterine tissue and help to establish the hybrid environment
between the maternal and fetal vascular components. It is
tempting to speculate that some aspect of early trophoblast
biology (proliferation, differentiation, migration, or function)
becomes compromised with Rybp deficiency, as has been de-
scribed previously for other knockout mice (reviewed in refer-
ences 4 and 25). Defective trophoblasts may explain why the
rybp�/� embryos are unable to trigger full decidualization in
vivo, as evidenced by the lack of apoptotic response following
the initiation of implantation (Fig. 3). In turn, failed decidu-
alization may provide the basis for the developmental arrest as
well, although we cannot rule out that there also may be an
inherent defect in the epiblast. Future studies can address
whether the early defect is primarily extraembryonic in nature,
and, if so, whether and how trophoblasts may be affected. Of
note, several of the Polycomb group (PcG) repressors have
been shown to function in the trophectoderm and its deriva-
tives, as well as in the process of imprinted X inactivation that
occurs therein (6, 8, 20, 32). Included among these is the
Ring1B PcG protein that is a verified binding protein for both
Rybp and Yaf2 (9, 15).

Beyond the role of Rybp function in the implanting embryo,
Rybp function is suggested by our findings to be crucial for
normal CNS development. These findings were made possible
by the fact that the early lethal effect of Rybp deficiency was
overcome in the context of our heterozygous null or chimeric
mice. The CNS defect in the heterozygotes manifests as exen-
cephaly in part due to defective neural tube closure (Fig. 6i to
p), suggesting that this process is sensitive to changes in Rybp
abundance. The variable penetrance of this defect in the rybp
heterozygotes may indicate that expression and/or function of
the retained wild-type rybp allele is being modified differen-
tially in affected or nonaffected animals. This is also supported
by the observation that the penetrance of the exencephaly was
influenced by genetic background, rising with increased 129Sv
and decreased CD1 genome contribution (data not shown). It
is important to note that exencephaly is a common phenotype
in genetically engineered mice (most often reported for ho-
mozygous null animals) (for reviews, see references 3 and 12)
and has sometimes been classified as a mere indicator of a
moribund or compromised animal. However, the additional
fact that the CNS is the organ that selectively suffers the con-

sequences of Rybp deficiency in our chimeric animals suggests
a more specific role for Rybp therein. In the chimeras, the
presence of Rybp-deficient cells during the course of CNS
development resulted in chaotic forebrain overgrowth, among
other cephalic abnormalities, including some degree of neural
tube openness (Fig. 6c to h). Clues as to why the overgrowth
occurs may be derived from Rybp’s expression profile in the
developing cerebral cortex, wherein Rybp appears to be ex-
pressed more in postmitotic neurons (Fig. 7e to i); this may
indicate a role for Rybp in cell cycle exit or the commitment to
differentiation.

With respect to open neural tube defects (NTDs), disruption
in the balance of neuroepithelial cell proliferation/differentia-
tion is a known cause. Other cellular processes involved in
neural tube closure include proliferation/expansion of the cra-
nial mesenchyme, cytoskeletal reorganization, neural crest mi-
gration, and neuroepithelial cell death (for reviews, see refer-
ences 3 and 12). While numerous transcriptional regulators
have been tied to NTD etiology, PcG proteins have not yet
been implicated (although YY1 is a possible exception; see
reference 7). However, a recent study has shown that the
antiepileptic drug valproic acid, a potent teratogen and inducer
of NTDs in mice and humans, can affect PcG gene expression,
at least in the context of the axial skeleton (23). As such, the
NTDs we observed could reflect a role for Rybp in PcG pro-
tein-mediated silencing of genes controlling neuronal survival,
differentiation, or migration. It is also worth noting that the
CNS phenotype observed in our heterozygous animals is rem-
iniscent of that reported previously for mice homozygous null
for the proapoptotic factor caspase 9, caspase 3, or apaf1 (see
reference 17 and the references therein). Specifically, these
null embryos develop exencephaly due to perturbed apoptosis
as well as increased proliferation of immature neurons and
precursor cells of the forebrain (see reference 17 and the
references therein). The similarity to the rybp CNS phenotype
(in both the heterozygotes and the chimeras) could be pursued
further, given (i) the published roles of Rybp in interacting
with components of the death receptor pathway (33) and (ii)
our finding of an impaired apoptotic response triggered by
implanting rybp�/� conceptuses (see above and Fig. 3).

On a final note, several other knockout mice have been
reported to exhibit phenotypes similar to those resulting from
Rybp deficiency, namely lethality around the time of implan-
tation for the homozygotes and exencephaly for a subset of the
heterozygotes. Among the genes manipulated in those mice
are transcription factors such as YY1 (7) and chromatin re-
modeling factors such as Brg1 (2) and Srg3 (16). It is of interest
that these factors, as well as Rybp, have the potential to affect
numerous downstream gene targets, this perhaps being the
basis for the complex phenotypes seen in the engineered mice.
The cells and mice we have generated may allow us to assess
the potential relationships between Rybp and these proteins
and to place Rybp within known genetic networks. These tools
also will provide opportunities for the elucidation of the pre-
cise molecular roles of Rybp as they relate to transcriptional
regulation, apoptosis, and/or yet-to-be-identified cellular pro-
cesses. In the future, the generation of conditional or tissue-
specific knockout mice, with the CNS being an attractive focus,
will allow us to understand more about Rybp’s biological roles
during development and in the context of aging and disease.
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