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The Notch signaling pathway is an evolutionarily conserved signaling system which has been shown to be
essential in cell fate specification and in numerous aspects of embryonic development in all metazoans thus far
studied. We recently demonstrated that several components of the Notch signaling pathway, including the four
Notch receptors and their five ligands known in mammals, are expressed in mouse oocytes, in mouse preim-
plantation embryos, or both. This suggested a possible implication of the Notch pathway in the first cell fate
specification of the dividing mouse embryo, which results in the formation of the blastocyst. To address this
issue directly, we generated zygotes in which both the maternal and the zygotic expression of Rbpsuh, a key
element of the core Notch signaling pathway, were abrogated. We find that such zygotes give rise to blastocysts
which implant and develop normally. Nevertheless, after gastrulation, these embryos die around midgestation,
similarly to Rbpsuh-null mutants. This demonstrates that the RBP-J�-dependent pathway, otherwise called the
canonical Notch pathway, is dispensable for blastocyst morphogenesis and the establishment of the three germ
layers, ectoderm, endoderm, and mesoderm. These results are discussed in the light of recent observations
which have challenged this conclusion.

Notch signaling is an evolutionarily conserved system which
controls cell fate and has been shown in all metazoans studied
so far, in particular in Drosophila melanogaster, Caenorhabditis
elegans, and vertebrates, to be mandatory in various develop-
mental processes, including stem cell homeostasis, cell growth,
cell differentiation, and survival (1, 18, 28). It is therefore not
a surprise that mutations perturbing Notch signaling may
result for humans in various pathologies including cancer (9,
12, 24).

Notch signaling takes place through cell-to-cell contact, and
the core of the pathway is relatively simple. Indeed, upon
binding between the Notch receptor on one cell and a ligand
on an adjacent cell, the former, a single-path transmembrane
protein, undergoes several proteolytic steps which result in the
release of the soluble intracellular domain of Notch (NICD).
NICD is then translocated to the nucleus, where it interacts
with the transcriptional regulator CSL [CBF1 in humans/Su(H)
in Drosophila/LAG1 in C. elegans], also known as RBP-J� in
mammals. In the absence of a signal-receptor interaction,
RBP-J� represses transcription through interactions with a
corepressor complex containing a histone deacetylase. The
binding of NICD to RBP-J� in the nucleus displaces the core-
pressor complex and allows recruitment of histone acetylase, a
nuclear protein (Mastermind), and other cofactors, resulting in
the transcription of various target genes (2, 20). This core
pathway is further regulated at different levels involving many
factors (13). Furthermore, interactions with other signaling
pathways have been documented (12, 16). Thus, beyond the
relative simplicity of its core, the implementation of the Notch
signaling pathway is extremely refined, implicating the inter-

play of many different factors and allowing a very versatile and
cellular context-dependent action (13).

We are interested in the first lineage specification of the
mouse embryo, which results in the formation of the blastocyst
made of two different cell lineages: the trophectoderm, which
will give rise to part of the placenta, and the inner cell mass,
which is at the origin of all the tissues of the fetus. This process
implies cell-cell signaling (17, 25), in which Notch signaling
could be implicated. As a first step to address this question, we
set out to monitor the expression of various components of the
Notch signaling core pathway. We found that the genes coding
for the four receptors (Notch1, Notch2, Notch3, and Notch4)
and the five ligands (Delta-like 1 [Dll1], Dll3, and Dll4 and
Jagged1 and Jagged2) known in mammals (18) as well as the
transcription factor RBP-J� and the two regulatory proteins
Deltex-1 and Deltex-2 were transcribed during oogenesis and/or
mouse preimplantation development (4). These observations,
which have been subsequently confirmed (34), were consistent
with the possibility of Notch signaling being instrumental in
blastocyst formation. On the other hand, it is important to note
that disruption of these genes by targeted mutagenesis leads
either to no obvious phenotype (Notch3 and Notch4) or to
embryonic lethality (Notch1, Notch2, Jagged1, Jagged2, Dll1,
and Rbpsuh) but not until several days after implantation (35),
seemingly dismissing the possibility of Notch signaling being
mandatory in preimplantation development. Nevertheless,
early embryonic lethality could be rescued for one of the two
following reasons. Firstly, there could be functional redun-
dancy due to the expression of a gene(s) compensating for the
role of the disrupted gene. However, this hypothesis is unlikely
because embryos lacking either Rbpsuh, which codes for
RBP-J� (21), or both PS1 and PS2 presenilin genes (6) implant
and develop beyond gastrulation. The second possibility is that
maternal expression of a given component of the Notch path-
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way could compensate for the zygotic absence of gene func-
tion. To address this latter possibility, we decided to disrupt
Rbpsuh in such a way that both maternal and zygotic expres-
sion would be abrogated. We chose Rbpsuh because it codes
for RBP-J�, which has been shown to associate with the NICD
of all four Notch receptors and consequently to be instrumen-
tal in the transcriptional control of target genes mediated by
the four receptors (15). RBP-J� therefore stands as an essen-
tial component of the so-called canonical Notch signaling (21).
Thus, monitoring the fate of zygotes lacking both maternal and
zygotic RBP-J� should allow us to answer the question of the
possible participation of canonical Notch signaling in the very
early steps of mouse embryonic development.

MATERIALS AND METHODS

Mice and embryos. We used two lines of transgenic mice: a zona pellucida
3-cre (ZP3-Cre) transgenic mouse line (5) and a mouse line containing an exon
6- and 7-floxed Rbpsuh allele (11). These two lines were crossed in order to
obtain Rbpsuhf/�; ZP3-Cretg/� females. Embryos were recovered from mating
between Rbpsuhf/�; ZP3-Cretg/� females and Rbpsuhf/� males. The age of the
embryos was determined according to the detection of the vaginal plug (day 1).

Mouse genotyping. Genotyping was done by PCR analysis of tail tips of mice
or placental tissue of embryos. The wild-type, floxed, and deleted Rbpsuh alleles
were detected using the following primers: F1, 5�-GTT CTT AAC CTG TTG
GTC GGA AAC-3�, and R1, 5�-GCT TGA GGC TTG ATG TTC TGT ATT
GC-3�, for the wild-type allele; F1 and R2, 5�-GGG CTG CTA AAG CGC ATG
CT-3�, for the floxed allele; F3, 5�-CCT TGG TTT GTT GTT TGG GTT-3�, and
R3, 5�-GTG GCT CTC AAC TCC CAA TCG T-3�, for the deleted allele. The
Cre transgene was detected using the following primers: Cre1, 5�-GGA CAT
GTT CAG GGA TCG CCA GGC G-3�, and Cre2, 5�-GCA TAA CCA GTG
AAA CAG CAT TGC TG-3�.

RT-PCR on ovulated oocytes. Females were superovulated by injection of 5
units of pregnant mare serum gonadotrophin (Calbiochem) followed by injection
of 5 units of human chorionic gonadotrophin (Intervet) 48 h later. Sixteen hours
after human chorionic gonadotrophin injection, oocytes were collected and the
cumulus cells were removed by a hyaluronidase treatment (0.5 mg/ml). Poly(A)�

RNAs were isolated from 50 to 100 oocytes using Dynabeads (mRNA DIRECT
kit; DYNAL). Poly(A)� RNAs were reverse transcribed during 60 min at 42°C
using 200 units of SuperScript II (Invitrogen). An equivalent of five oocytes was
then used for nested reverse transcription-PCR (RT-PCR). Conditions for RT-
PCR were 96°C for 5 min and then 30 cycles of 96°C for 1 min, 60°C for 1 min,
and 72°C for 30 s, followed by 10 min at 72°C. A second round of PCR was
performed under similar conditions using 1 �l of the first PCR mixture. Two
nested primer pairs were used: RBP1, 5�-GGC ACT CCC AAG ATT GAT A-3�,
and RBP2, 5�-GGT CCG CCA GCC AGT CCA G-3�, and RBP3, 5�-CAG ACA
AGG CCG AGT ACA C-3�, and RBP4, 5�-GTT TCG GCT TCT ACA TCC
C-3�. Hypoxanthine phosphoribosyltransferase primers (5�-GTT CTT TGC TGA
CCT GCT GGA TTA C-3� and 5�-GTC AAG GGC ATA TCC AAC AAC AAA
C-3�) were used to check the amount and integrity of cDNAs.

RESULTS

Rbpsuh disruption in oocytes. In order to deplete the Rbpsuh
maternal store, we adopted a conditional mutagenesis ap-
proach. To do this, we used two different lines of transgenic
mice: ZP3-Cre transgenic (ZP3-Cretg/tg) mice, which express
Cre specifically during early oogenesis (5, 19), and Rbpsuhf/f

mice, which carry Rbpsuh floxed alleles in which loxP sites flank
exons 6 and 7 coding for the DNA binding domains of RBP-J�
such that, upon Cre action, these exons are deleted, resulting
in a null allele, Rbpsuh� (31). Thus, as depicted in Fig. 1A,
ZP3-Cretg/tg females were crossed with Rbpsuhf/f males, giving
rise to Rbpsuhf/�;ZP3-Cretg/� progeny. Females born from this
cross, which produce oocytes with one Rbpsuh-disrupted allele,
due to Cre expression in oogenesis (Fig. 1A), were then back-
crossed to an Rbpsuhf/f male. The progeny of this cross showed

a balanced distribution of Rbpsuhf/� and Rbpsuhf/� animals (25
of the former and 21 of the latter, respectively) (Fig. 1B and
1C), therefore demonstrating consistent expression of Cre in
oocytes, with very efficient deletion of the Rbpsuhf allele.

Rbpsuhf/�; ZP3-Cretg/� females produce oocytes deprived of
maternal Rbpsuh functional transcripts. Rbpsuhf/�; ZP3-
Cretg/� females obtained in the latter cross were recovered. To
demonstrate that these females produce oocytes deprived of a
functional Rbpsuh allele, the deletion of coding exons 6 and 7
of Rbpsuh was monitored in ovulated oocytes, using nested
RT-PCR. The first step was designed to amplify the 3� region
of the mRNA encompassing exons 7 to 11. RT-PCR should
efficiently amplify transcripts produced by wild-type Rbpsuh
(Rbpsuh�) and Rbpsuhf alleles but not the nonfunctional tran-
script produced by the Rbpsuh� allele, as it lacks exons 6 and
7. As can be seen in Fig. 2, the presence of Rbpsuh transcripts
was readily detected in oocytes from Rbpsuhf/f; ZP3-Cre�/�

females, by the presence of a band of the predicted size (181
bp). In contrast, the same primers did not reveal any transcript
allowing the amplification of a 181-bp fragment in oocytes
from Rbpsuhf/�;ZP3-Cretg/� females. This demonstrated the
absence of transcripts containing the region coding for the
DNA binding region and therefore the absence of a functional
Rbpsuh maternal contribution.

Rbpsuh�/� zygotes deprived of maternal transcripts implant
and develop beyond gastrulation. Having obtained females
producing oocytes lacking maternal Rbpsuh contribution, we
then asked whether zygotes lacking both maternal and zygotic
Rbpsuh contribution could survive and develop normally be-
yond implantation and gastrulation despite the complete ab-
sence of RBP-J� and therefore the disruption of the RBP-J�-
dependent canonical Notch signaling. To do this, Rbpsuhf/�;
ZP3-Cretg/� females were crossed with Rbpsuh�/� males and
embryos were recovered at different times during develop-
ment. An examination of embryos at 4 days postcoitum (dpc)
revealed that the blastocysts appeared morphologically normal
(data not shown). We then examined embryos at 9 dpc to 11
dpc. All together, 85 embryos were collected, carefully exam-
ined, and genotyped. Among them, 45 were homozygous
(Rbpsuh�/�) mutant and 40 were heterozygous (Rbpsuh�/�),
further confirming the highly efficient activity of the Cre re-
combinase in oocytes. At 9 dpc, none of eight mutant embryos
examined exhibited obvious morphological anomalies. From
10 dpc, Rbpsuh�/� embryos showed severe growth retardation,
and they exhibited a reduction in size compared to Rbpsuh�/�

embryos with associated defects (Fig. 3A and B). These defects
became more pronounced 1 day later. Somites were poorly
formed in Rbpsuh�/� embryos, and they were disorganized
(Fig. 3C and D). The neural tube of Rbpsuh�/� embryos ap-
peared twisted in shape (Fig. 3C and D), and the anterior
neuropore was not closed at 10 dpc whereas closure was evi-
dent between 9 and 10 dpc in wild-type embryos (data not
shown). Mutant embryos had also a distended pericardium (Fig.
3B and F) and a compact unfused allantois (Fig. 3E). Taken
together, these results show that Rbpsuh�/� and Rbpsuh�/�

zygotes are produced at Mendelian ratios and that the latter,
which lack both maternal and zygotic RBP-J�, develop nor-
mally through the blastocyst stage, implantation, and gastrula-
tion. Later in development, starting at 9.5 dpc, Rbpsuh�/� em-
bryos exhibit gross developmental anomalies, as originally
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described by Oka et al. for homozygous-null Rbpsuh em-
bryos (21).

DISCUSSION

In this study, we addressed the possibility of a role for Notch
signaling in early development in the mouse. This was based on
our recent observation that several essential actors of the
Notch pathway are expressed in oocytes and/or preimplanta-
tion embryos from the fertilized oocyte to the blastocyst stage,
where the first cell fate specifications of the mouse embryo
have taken place (4). To address this question, we generated
zygotes lacking both maternal and zygotic expression of Rbpsuh, a
gene which has been shown to be an essential component of
the core of Notch signaling (21) but also a bottleneck in the
Notch cascade, i.e., being implicated in the signaling through
all four Notch receptors (15). We showed not only that such
zygotes give rise to normal blastocysts but that the latter im-
plant and develop through gastrulation and finally die around
day 10 to 11 dpc, exhibiting the same phenotypic anomalies as
reported earlier for embryos homozygous for a null mutation
in the Rbpsuh gene (21). This strongly suggests that the canon-

FIG. 1. Disruption of Rbpsuh in the oocyte. (A) Successive crosses to obtain zygotes deprived of maternal and zygotic Rbpsuh products.
(B) Schematic representation of the wild type (�), floxed (f), and deleted (�) Rbpsuh alleles. The PCR primers used for genotyping mice are
indicated by arrowheads. Black boxes represent exons. (C) PCR of genomic DNA of Rbpsuhf/� and Rbpsuhf/� mice. �, wild-type Rbpsuh allele;
f, floxed Rbpsuh allele; �, deleted Rbpsuh allele; M, molecular weight markers (Smartladder, small fragment; Eurogentec).

FIG. 2. Deletion of floxed Rbpsuh allele in oocytes produced by
Rbpsuhf/�; ZP3-Cretg/� females. (A) Primers used to detect Rbpsuh
transcripts by nested RT-PCR. (B) cDNA equivalent to that in five
eggs was prepared from Rbpsuhf/f (f/f) or from Rbpsuh�/� (�/�) oocytes
obtained from Rbpsuhf/f and Rbpsuhf�; ZP3-Cretg/� females, respec-
tively. It was subjected to a nested RT-PCR using the two pairs of
primers (RBP1-RBP2 and RBP3-RBP4 indicated in panel A). The
experiment was performed twice, using oocytes from different females
in each case. As a control for cDNA synthesis and amount, RT-PCR
was performed using hypoxanthine phosphoribosyltransferase (HPRT)
primers.
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ical RBP-J�-dependent Notch signaling system is dispensable
for the early development of the mouse embryo, including
gastrulation and therefore the formation of the three embry-
onic germ layers. In light of the described expression of the

Notch signaling pathway (4, 34), this finding is quite unex-
pected. It should be noted that a similar conclusion was
reached in a very recent study by Shi et al. (29). These authors
used a strategy similar to the one used in the present study but

FIG. 3. Rbpsuh�/� zygotes lacking both maternal and zygotic Rbpsuh products develop until beyond gastrulation, when they exhibit gross develop-
mental abnormalities. (A and B) Rbpsuh�/� (right) and Rbpsuhf/� (left) embryos were isolated from crosses between Rbpsuhf/�; ZP3-Cretg/� females and
Rbpsuhf/� males at 10 dpc (A) and 11 dpc (B). (C) Defective somitogenesis (white arrowhead) and neurogenesis (black arrowhead) in mutant embryos
at 10 dpc. (D) Enlarged view of the boxed part of the embryo in panel C showing abnormal somites (white arrowhead) and neural tube (black arrowhead).
(E) Unfused allantois in Rbpsuh�/� embryos. (B and F) Distended pericardium in two different Rbpsuh�/� embryos (white arrowheads).
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targeted Pofut1, a gene which encodes the protein O-fucosyl-
transferase 1 (O-FucT-1) and has been shown, both in Dro-
sophila (22, 27) and in mouse (30), to act upstream in the
canonical Notch signaling pathway and to be an essential com-
ponent of this pathway. The authors generated embryos lack-
ing both maternal and zygotic Pofut1 gene product and re-
ported that these embryos develop beyond the blastocyst stage
until after gastrulation (29). Thus, our study provides further
evidence and substantiates the unexpected notion of the dis-
pensability of the canonical RBP-J�-dependent Notch pathway
for mouse early embryonic development.

Recent studies of Drosophila have given further insight into
the molecular mechanisms underlying the function of O-fuco-
syltransferase 1 in Notch signaling. Firstly, it was shown to be
required for the activity of the full-length Notch receptor and
essential for the physical interaction of Notch with its ligands
Delta and Serrate (23, 27). Secondly, it was demonstrated that,
besides its well-established activity of fucosylating serine and
threonine in EGF repeats of the Notch extracellular domain
(reviewed in reference 10), O-fucosyltransferase 1 has a chap-
erone activity required for Notch egression from the endoplas-
mic reticulum and subsequent transport to the membrane.
Thus, it would be essential for the proper localization of Notch
at the cell surface. To date, these results have not been ex-
tended to mammals. However, should it be the case, one would
assume that in embryos lacking both maternal and zygotic
O-FucT-1, like those generated by Shi et al. (29), both O-
fucosylation and chaperone activity of O-FucT-1 could not
take place, resulting in defective ligand-receptor binding and
therefore the absence of NICD production. Thus, in such em-
bryos, both RBP-J�-dependent and RBP-J�-independent modes
of Notch signaling would be precluded, reinforcing the notion
that Notch signaling is dispensable for mammalian early em-
bryonic development.

Two sets of observations based on the generation of knock-
out mice might, however, challenge this contention. In fact,
disruption of either Brainiac1 or mouse Notchless (mNle) genes
results in a dramatic early phenotype: the embryos homozy-
gous for a null mutation die either before implantation as
regards to Brainiac1 (32) or shortly after with a degeneration
of the inner cell mass in the case of mNle (3). Importantly, both
Brainiac1 and Notchless have been shown in Drosophila to
interact genetically with members of the Notch signaling path-
way (7, 8, 26). Brainiac was initially characterized as a neuro-
genic gene, with mutant flies exhibiting neural hyperplasia and
epidermal hypoplasia (7), and recently shown to code for a
glycosyltranferase, involved in the glycosphingolipid biosyn-
thetic pathway (33). In addition, it has been implicated in the
proper differentiation of the epithelial cells surrounding the
oocyte (7). Both phenotypes in fly as well as the results of a
very recent study of the C. elegans Brainiac gene (bre-5) un-
covering its functional implication upstream of the lin12
(Notch) signaling system (14) point to a role for Brainiac in
Notch signaling which could be conserved in mammals. It is
therefore tempting to speculate that defective preimplantation
development of mouse embryos lacking Brainiac might reflect
some misfunctioning of the Notch pathway. However, other
explanations related to the fact that Brainiac is a glycosyltrans-
ferase cannot be excluded whereby Brainiac-dependent glyco-
sphingolipid synthesis might be important in other ways. Other

findings suggest a role for Notch in mouse preimplantation
development related to the observation that embryos lacking
mNle die very shortly after implantation (3). Notchless was
initially discovered in Drosophila in a genetic screen for mod-
ifiers of Notch activity: loss-of-function dominantly suppressed
the wing notching induced by certain Notch alleles (26). It was
also shown that depending on the context, Notchless regulates
either negatively or positively the Notch pathway. Further-
more, using a biochemical approach, it was demonstrated that
Notchless binds to NICD (26). Similarly and importantly, we
recently demonstrated that murine Nle protein has conserved
its ability to modulate Notch activity (3). Therefore, the phe-
notypic consequences of disrupting mNle, the mouse ortholog
of Notchless, namely, death of embryos shortly after implanta-
tion, were consistent with the notion that Notch signaling is
implicated in very early development, in apparent contradic-
tion to the delayed phenotypic consequences of Pofut1 or Rbp-
suh disruption. One possible explanation to resolve this con-
tradiction would be to assume that mNle acts to repress Notch
signaling or maintain it below a certain level and that its ab-
rogation would result in enhanced canonical Notch signaling
with detrimental consequences for the development of the
embryo.

In conclusion, the phenotypic consequences of the abroga-
tion of zygotic and maternal Rbpsuh contribution (this study)
on the one hand and Pofut1 (29) on the other hand strongly
suggest that Notch signaling is dispensable in preimplantation
mouse development. However and intriguingly, both the ex-
pression of various components of the Notch pathway and the
phenotypic analysis of embryos mutant for either Brainiac (32)
or mNle (3), two genes recognized as modulators of the Notch
pathway, are consistent with an opposite conclusion. Presently,
it remains unclear how to reconcile these different studies,
until the precise molecular mechanisms underlying the pheno-
types observed are elucidated.
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