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The canonical Notch signaling pathway mediated by Delta- and Jagged-like Notch ligands determines a
variety of cell fates in metazoa. In Caenorhabditis elegans and sea urchins, canonical Notch signaling is essential
for different cell fate specifications during early embryogenesis or the formation of endoderm, mesoderm, or
ectoderm germ layers. Transcripts of Notch signaling pathway genes are present during mouse blastogenesis,
suggesting that the canonical Notch signaling pathway may also function in early mammalian development. To
test this directly, we used conditional deletion in oocytes carrying a ZP3Cre recombinase transgene to generate
mouse embryos lacking both maternal and zygotic protein O-fucosyltransferase 1, a cell-autonomous and
essential component of canonical Notch receptor signaling. Homozygous mutant embryos derived from eggs
lacking Pofutl gene transcripts developed indistinguishably from the wild type until approximately embryonic
day 8.0, a postgastrulation stage after the formation of the three germ layers. Thus, in contrast to the case with
C. elegans and sea urchins, canonical Notch signaling is not required in mammals for earliest cell fate
specifications or for formation of the three germ layers. The use of canonical Notch signaling for early cell fate
specifications by lower organisms may represent co-option of a regulatory pathway originally used later in

development by all metazoa.

Identifying mechanisms responsible for early cell fate spec-
ifications and formation of the three germ layers is a funda-
mental issue in developmental and evolutionary biology. The
canonical Notch signaling pathway stimulated by Delta- and
Jagged-like ligands is functionally conserved among the meta-
zoa (2, 29) and is required for early cell fate specifications or
the formation of germ layers in Caenorhabditis elegans (12, 41)
and sea urchins (1, 43-45, 52) and for endoderm patterning in
zebrafish (3, 21). Drosophila melanogaster (5, 6) and C. elegans
(28) need maternal contributions of certain Notch pathway
components for early development, while sea urchins (25) and
zebrafish (11, 35, 53) apparently do not. In mammals, there are
four Notch receptors (Notchl through Notch4) and five Notch
ligands (DIl1, DII3, DIl4, Jagl, and Jag2) that mediate the ca-
nonical Notch signaling pathway (4, 55). Drosophila and mam-
malian Notch receptors require protein O-fucosyltransferase 1
that transfers fucose to epidermal growth factor-like (EGF)
repeats of their extracellular domain in order to signal through
Delta and Jagged/Serrate ligands (24, 31-33, 40, 46). Inactiva-
tion of the mouse Pofutl gene that encodes protein O-fucosyl-
transferase 1 leads to severe Notch signaling defects (46) sim-
ilar to those of embryos lacking downstream effectors of Notch
signaling through all four Notch receptors, such as RBP-Jk
(30), Psenl and Psen2 (10, 17), and Mibl (22). Protein O-
fucosyltransferase 1 is therefore an essential, cell-autonomous
component of the canonical Notch signaling pathway.

Gene expression studies at different stages of mouse blasto-
genesis have revealed a variety of Notch pathway gene tran-
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scripts, including Notch receptors, Notch ligands, downstream
targets, and presenilins, leading to the proposal that canonical
Notch signaling may be required for preimplantation develop-
ment in mammals (8, 54). However, all mouse mutants defec-
tive in global Notch signaling survive to approximately embry-
onic day 9.5 (E9.5) exhibiting unimpeded development of the
three germ layers (10, 17, 22, 30, 46), suggesting that canonical
Notch signaling is not required before gastrulation. On the
other hand, these Notch pathway mutant embryos may have
been “rescued” by maternal transcripts that were present in the
ovulated egg and obscured a Notch signaling requirement. To
investigate whether canonical Notch signaling is essential for
blastogenesis and early embryonic development, embryos lacking
maternal and zygotic transcripts of a nonredundant gene whose
action is essential and specific for signaling by the four mamma-
lian Notch receptors are required. Ablation of the Pofutl gene in
oocytes would allow such embryos to be produced. The only gene
in metazoan genomes related to Pofutl is Pofut2, whose product
transfers fucose to thrombospondin repeats but not to EGF re-
peats (27). Embryonic stem (ES) cells that lack Pofut1 but possess
Pofut2 do not transfer fucose to EGF repeats but do transfer
fucose to thrombospondin repeats (27).

In this study, we inactivated the Pofutl gene specifically in
oocytes by using a Cre recombinase transgene driven by the
zona pellucida 3 (ZP3) promoter. Various ZP3 promoter con-
structs have been used to express Cre specifically in oocytes
and thereby delete DNA flanked by loxP sites in early oogen-
esis (9, 20, 23, 42, 47). When eggs lacking maternal Pofutl
transcripts were fertilized by PofutI* sperm, embryos with no
maternal or zygotic Pofutl transcripts developed through em-
bryogenesis to approximately E8.0 in a manner indistinguish-
able from that of wild-type embryos. Thus, in contrast to the
case with more primitive species, canonical Notch signaling is
dispensable for early cell fate specifications in mammals.
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FIG. 1. The conditional Pofut] allele and phenotyping of Pofut1**
eggs. (A) Diagram of the targeted Pofutl locus before and after Cre
recombinase treatment to give exon 2 flanked by loxP sites (solid
arrows) and showing the positions of primers, probe P1 and BamHI
(B) restriction sites. Black boxes represent exons (E) and gray boxes
represent UTRs. neo tk, neomycin-thymidine kinase cassette.
(B) Southern analysis after digestion of genomic DNA with BamHI
probed with P1. (C) PCR of genomic DNA using primers 644 and 645.
+, wild-type Pofutl allele; F, floxed allele; A, deleted allele; M, mo-
lecular weight markers. (D) A single-egg equivalent of cDNA was
prepared from eggs of Pofutl®* and Pofutl”’*:ZP3Cre females and
subjected to PCR with primers 525 and 530 and primers for B-tubulin.
No RT control (C). (E) Pofutl cDNA from Pofut1""" eggs was digested
with Scal and gave the expected Pofutl fragments.

MATERIALS AND METHODS

Oocyte-specific deletion of the Pofutl gene. WW6 ES cells (18) were previously
engineered to contain exon 2 of the Pofut] gene flanked by two loxP sites and a
selection cassette (neomycin-thymidine kinase) as described previously (46).
Following Cre recombinase expression, ES cell lines with a Pofutl” allele and
devoid of the selection cassette were derived and injected into C57BL/6 blasto-
cysts. Germ line transmission was confirmed by PCR of genomic DNA (gDNA)
with primers 644 and 645 (46) and by Southern analysis with the P1 probe (46)
after digestion of gDNA with BamHI (Fig. 1A). Pofut1*/* females were mated
with Pofut1™/*:ZP3Cre transgenic males (47) to obtain Pofutl”F:ZP3Cre fe-
males.

Reverse transcriptase (RT) PCR phenotyping of ovulated eggs. Pofutl™’":
ZP3Cre females were injected with 5 TU of pregnant mare’s serum gonadotropins
(Calbiochem), followed after 44 to 46 h by 5 IU of human chorionic gonadotro-
pin (Sigma). Sixteen hours later, eggs were collected, cumulus cells were re-
moved by hyaluronidase treatment, and 10 eggs were transferred to 10 pl lysis
buffer (Cells-to-cDNA kit; Ambion). The mixture was heated at 75°C for 10 min,
and 1 pl (a single-egg equivalent) was taken for RT-PCR using the SuperScript
IIT one-step RT-PCR system with platinum Tag polymerase (Invitrogen) and
primers 525 (5'-ACTTGGATCCGCACTCTGGGGCTCTGCCGTCGACAT-
3") and 530 (5'-CGCTGAAGGAAACGCCTGTGAACAGTTCTGACTT-3")
that spanned three introns (Fig. 1A). B-Tubulin primers were 5'-TCACTGTG
CCTGGAACTTACC-3" (forward) and 5'-GGAACATAGCCGTAAACT-3’
(reverse), used in a parallel RT-PCR. Conditions for reverse transcription were
50°C for 20 min and 94°C for 2 min for predenaturing, followed by 45 cycles of
94°C for 15 s, 58°C for 30 s, and 68°C for 1 min. The RT-PCR products were
fractionated on a 1% agarose gel and confirmed as Pofutl gene products by
analysis after Scal digestion.

Notch coculture signaling assay and Pofutl ¢cDNA correction. ES cell lines
that were Pofutl /™ or Pofut]®* were derived from blastocyst outgrowths ob-
tained from mating Pofutl */* heterozygotes (46) and cultured on feeder-free
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gelatinized plates with ES cell culture medium (alpha-minimal essential medium
[GIBCO], 10% ES-qualified fetal bovine serum, 1,000 U/ml leukemia inhibitory
factor [Chemicon], ampicillin and streptomycin [Invitrogen], 0.0004% beta-mer-
captoethanol [Sigma]). Primers 644 and 645 were used to genotype from gDNA
(Fig. 1A). RT-PCR was performed to determine phenotype from cDNA using
exon-spanning primers 525 and 530 (Fig. 1A). Coculture assays were performed
essentially as described previously (7). Duplicate cultures were plated at 2 X 10°
ES cells (clone 8-8 Pofut1*/* and clone 5-6-3 Pofut1**) per well of a six-well dish
in ES cell culture medium and, after ~24 h, were cotransfected with a total of 0.2
g of a plasmid carrying eight copies of an RBP-Jk DNA binding sequence
driving a firefly luciferase reporter gene termed the TP1-luciferase gene (50) and
0.05 pg of a plasmid with a Renilla luciferase reporter gene driven by the
thymidine kinase promoter (pRL-TK; Promega) and with 1.8 pg of a mouse
Pofutl ¢cDNA in pCDNA3.1/Zeo (Invitrogen) or vector alone using Lipo-
fectamine 2000 (Invitrogen). The Pofutl cDNA was generated from RT-PCR
products obtained from total RNA prepared from WW6 ES cells and amplified
with primer 525 in the 5" untranslated region (UTR) and primer 741 in the 3’
UTR (5'-ATCAGGATCCTGGGAGGTGGGGGCTTCAGA-3"). At 24 h post-
transfection, 10° rat Jaggedl-expressing L cells that had been presorted for high
Jagged] expression by using a goat anti-rat Jaggedl antibody (AF599 R & D
Systems) (7) or Deltal-expressing L cells that were presorted for high Deltal
expression by using a goat anti-human DLLI antibody (AF 1818; R & D Sys-
tems) or parental L cells presorted for low expression of Jagged1 (7), which also
had no detectable expression of Deltal, were overlaid. At 48 h after transfection,
firefly and renilla luciferase activities were quantitated in cell lysates by using a
dual luciferase assay (Promega). Ligand-dependent Notch activation was ex-
pressed as induction (n-fold) of normalized luciferase activity stimulated by
ligand/L cells compared to L cells.

Northern analysis. Northern blots with total RNA from mouse embryos were
obtained from Seegene (Korea). A Pofutl cDNA probe generated by RT-PCR
using primers 525 (see above) and 599 (5'-CCACCTCTGGCAGAAAAGAAA
AGGGATGTGTAAT-3") (Fig. 1A) was labeled using Prime-It (Stratagene)
with [3?P]dCTP. After hybridization, the blot was finally washed with 50 ml of 0.1
X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1%
sodium dodecyl sulfate at 65°C for 20 min.

RESULTS

Oocyte-specific deletion of the Pofutl gene. loxP sites were
previously engineered to flank exon 2 of the Pofutl gene by
homologous recombination in WW6 mouse ES cells (46) (Fig.
1A). Females with a Pofutl floxed allele (Pofutl™) were iden-
tified by genotyping tail DNA using Southern analysis (Fig. 1B)
and RT-PCR (Fig. 1C). To eliminate maternal Pofutl gene
transcripts in oocytes, Pofut1*’* females were crossed with wild
type Pofut]*’* males bearing a ZP3Cre transgene (47). When
Pofut1™*:ZP3Cre females (n = 13) were mated to wild-type
males, all pups (n = 78) were heterozygous and had a Pofut!
allele deleted, showing that the ZP3Cre transgene functioned
with 100% efficiency. The ovaries of Pofut1™’": ZP3Cre females
were of normal weight and appearance and had oocytes at all
stages of oogenesis in similar numbers. Most Pofut1”/":ZP3Cre
females (n = 21) had litters of the expected size (mean *
standard deviation, 7.2 £ 1.1), although a small proportion
produced several litters of small size.

PofutI1*'* eggs lack Pofutl transcripts. A sensitive RT-PCR
assay that readily detected Pofut1®’* gene transcripts in a sin-
gle-egg equivalent using primers that spanned three introns
was developed (Fig. 1D, lane F/F). Digestion of these Pofutl
PCR products with the restriction enzyme Scal produced two
fragments of the predicted size from Pofutl cDNA (Fig. 1E).
By contrast, eggs from Pofutl1”:ZP3Cre mutant females did
not possess any transcripts from the floxed Pofut! alleles. Thus,
there was no maternal contribution of Pofutl RNA. In three of
the mutant samples, PofutI* transcripts of the expected size for
transcripts lacking exon 2 were faintly visible. These truncated
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FIG. 2. Pofut]®* ES cells do not exhibit canonical Notch signaling.
(A) Genomic DNA from Pofutl™'* and Pofut]®* ES cells was sub-
jected to PCR with primers 644 and 645 (Fig. 1A). (B) cDNA prepared
from total RNA of Pofutl*'* and Pofut1*’® ES cells was subjected to
PCR with primers 525 and 530 (Fig. 1A). (C) Induction (n-fold) (eight
cultures) of Notch signaling induced by coculture of ES cells with
Jagged1/L cells compared to L cells before and after transfection with
mouse Pofutl cDNA. (D) Induction (n-fold) (four cultures) of Notch
signaling induced by coculture of ES cells with Deltal/L cells com-
pared to L cells before and after transfection with mouse Pofutl
cDNA. Error bars represent standard deviation.

Pofutl transcripts are usually difficult to detect (46), presum-
ably because of removal by nonsense-mediated decay. All mu-
tant eggs gave products from B-tubulin cDNA performed in a
parallel RT-PCR (Fig. 1D).

Pofut1®* ES cells are defective in canonical Notch signal-
ing. In order to determine if Notch signaling was inhibited in
Pofut]*'* blastocysts, ES cells were derived from outgrowths of
E3.5 blastocysts. Genotyping by PCR is shown in Fig. 2A.
Pofut1®* ES cells were found by RT-PCR to lack Pofutl
transcripts from the floxed Pofut! alleles (Fig. 2B). However,
truncated, mutant Pofutl transcripts were evident in Pofut1*/*
ES cells (Fig. 2B). The 34-amino-acid peptide encoded by
these transcripts would not be expected to enter the secretory
pathway, as it is largely a signal peptide (26, 33). Wild-type and
mutant ES cells were tested for ligand-induced Notch signaling
in a coculture reporter assay. Pofutl ™" ES cells exhibited
Notch signaling when cocultured with either of the Notch li-
gand-expressing cell types, Jagged1/L or Deltal/L. By contrast,
mutant Pofut1** ES cells were not stimulated to signal when
cocultured with either Jagged1/L (Fig. 2C) or Deltal/L cells
(Fig. 2D). Cotransfection of a Pofutl cDNA rescued Notch
signaling in Pofut1** ES cells (Fig. 2C and D) showing that the
lack of canonical Notch signaling in these cells was due to the
absence of Pofutl. Overexpression of a Pofutl cDNA did not,
however, enhance Notch signaling in Pofutl ™" ES cells.

Pofut1*'* embryos from eggs lacking maternal Pofutl tran-
scripts develop indistinguishably from wild-type embryos. To
determine if fertilized eggs devoid of Pofutl transcripts could
be fertilized and develop, Pofutl”’":ZP3Cre females were
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mated with Pofut]™* males and embryos were examined at
E9.5. Of 34 embryos from five crosses, 16 were mutants
(PofutI®*) and 18 were heterozygous (Pofutl ™'*). No embryos
had a Pofut]” allele. Therefore, eggs lacking Pofut1 were fer-
tilized by sperm that also lacked Pofutl and gave the same
number of E9.5 embryos as eggs fertilized with a Pofurl™
sperm.

The embryos lacking both maternal and zygotic Pofutl gene
transcripts were examined at E8.0 and E9.5. Figure 3A shows
that PofutI®’® and Pofut™® embryos at ES.0 from the same
litter were indistinguishable from each other. However, by
E9.5, the Pofut]** embryos were significantly smaller than the
wild type, and the severe Notch signaling phenotype described
in detail previously (46) was readily apparent (Fig. 3B). As
observed previously (46), all PofutI*'* E9.5 embryos were sur-
rounded by a yolk sac with defective vascularization and had
Notch signaling defects in somitogenesis, cardiogenesis, vascu-
logenesis, and neurogenesis (data not shown). The earliest
visible Notch signaling defects were observed at approximately
ES8.5 in somitogenesis (somites fused and irregular) and neu-
rogenesis (kinked neural tube), as in embryos with RBP-Jk,
Mibl, and Psenl/2 null mutations (10, 17, 22, 30, 46). There-
fore, despite the absence of canonical Notch signaling, eggs
were fertilized, Pofut]®® blastocysts progressed through each
stage of blastogenesis, implanted and developed in the same
time and with the same morphology as heterozygous embryos
derived from Pofutl*'* eggs.

It is apparent that the ready detection of Pofut! transcripts
in Pofut1"'* eggs (Fig. 1D) and E6.5 embryos (Fig. 3C) cannot
be used to predict a requirement for Pofutl during blastogen-
esis or the time at which Pofutl activity is required during
postimplantation development. Northern analysis showed that
Pofutl transcripts are low just after implantation and remain
barely detectable until mid-gestation (Fig. 3D). The inability to
correlate transcript level with function may also apply to tran-
scripts of other Notch pathway genes detected during blasto-
genesis (8, 54). In fact, not all microarray studies indicate
upregulation of Notch pathway gene transcripts prior to gas-
trulation (15, 16, 51).

DISCUSSION

Blastocysts lacking maternal and zygotic Notch signaling
develop normally. By generating Pofutl”’*:ZP3Cre female
mice, we obtained eggs that lacked maternal Pofutl transcripts
based on a sensitive RT-PCR assay. With the ZP3Cre trans-
gene, the Pofutl gene is inactivated at the beginning of oogen-
esis when an oocyte has a volume ~200-fold less than a pre-
ovulatory oocyte. Any protein O-fucosyltransferase 1 present
in oocytes before the Pofutl gene was inactivated should be
lost over the 2 to 3 weeks of oogenesis prior to ovulation. We
previously showed this to be the case for another glycosyltrans-
ferase responsible for the synthesis of complex N-glycans (47).
In that case, it was possible to show that MgatI*~'* eggs did not
produce the glycan products synthesized by the GlcNAc-TI
enzyme encoded by the Mgatl gene. Moreover, the same strat-
egy was used successfully by others to eliminate maternal tran-
scripts of another glycosyltransferase gene (42). Blastocysts
derived from eggs and sperm lacking Pofutl developed nor-
mally in the absence of this essential component of the canon-
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ZP3Cre female and a Pofut]™’* male are shown. (C) cDNA prepared from total RNA of E6.5 embryos from a cross between Pofutl™'* and
Pofut]™'® mice was subjected to PCR with primers 525 and 530 (Fig. 1A). M, molecular weight markers; C, no RT control. (D) Northern analysis
with total RNA from mouse embryos at different stages postimplantation probed with a Pofutl cDNA generated by primers 525 and 599 (Fig. 1A).

ical Notch signaling pathway. The fact that canonical Notch
signaling was inactive was shown in a coculture assay using ES
cells obtained from Pofutl** blastocysts (Fig. 2). While
Pofut]*"* ES cells exhibited Deltal- and Jaggedl-induced
Notch signaling, Pofut1** ES cells did not. Therefore, mouse
embryos lacking maternal and zygotic Pofutl are unable to
undergo canonical ligand-induced signaling through Notch re-
ceptors, and yet they develop like wild type embryos to approx-
imately E8.0. Thus, it can be concluded that canonical Notch
signaling is not required for cell lineage specifications during
blastogenesis or for the formation of the ectoderm, endoderm,
or mesoderm layers prior to gastrulation in the mouse embryo.

Jaggedl does not require O-fucose to function during oo-
genesis. Another conclusion from the oocyte-specific deletion
of the Pofutl gene is that O-fucose is not required on any
protein with EGF-repeats containing the O-fucose consensus
site (14) for functions during oogenesis, ovulation, fertilization,
or early embryonic development. In situ hybridization studies
have suggested that Jaggedl in the oocyte stimulates Notch
receptors in cumulus cells (13, 19), and Lfng mutant studies

have shown that Notch signaling modulated by Lunatic fringe
in cumulus cells is required for meiosis (13). Both Serrate/
Jagged and Delta Notch ligands have EGF repeats that are
substrates of Pofutl and Fringe (34). The fact that mouse
oocytes in which the Pofutl gene is inactivated at the beginning
of oogenesis are not impaired in their development or ovula-
tion suggests that Jaggedl in the oocyte does not require O-
fucose to induce Notch signaling or for any other reason. This
is consistent with experiments with Drosophila showing that
inactivation of OFUT1 does not cause functional defects in
either of the two Notch ligands Delta and Serrate (31, 40).
Roles of canonical Notch signaling are not evolutionarily
conserved in early cell fate specifications. Canonical Notch
signaling is utilized in early embryonic development in several
species but at different stages of embryogenesis. In C. elegans,
canonical Notch signaling is involved in primitive mesoderm
induction by interacting with TBX37 and TBX38, T-box genes
that lack clear orthologs in other species (12). The most related
T-box gene in mice is the Tbx6 gene, which is expressed in the
presomitic mesoderm and is thought to work upstream of
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Notch signaling in influencing the formation of posterior
somites (56). In C. elegans, inhibition of canonical Notch sig-
naling in the AB cell results in retention of an ectodermal
primary cell fate (38, 41). In sea urchins, LvNotch signaling
determines the ectoderm-endoderm boundary (45) and altered
expression or inhibition of LvNotch signaling changes that
boundary. Notch action is also required for the subdivision of
mesendoderm into mesenchyme and endoderm at the blastula
stage in sea urchins (1, 36, 43, 44). In zebrafish, Notch/Delta
signaling is involved in the regionalization of her5 gene expres-
sion by inhibiting its expression (3). her5 is the zebrafish hairy/
enhancer of split-related gene, and it plays a critical role in
endoderm patterning in zebrafish. Overexpression of activated
Notch at an early stage in zebrafish embryos inhibits the for-
mation of endoderm (21). However, inhibition of Notch sig-
naling did not lead to an accumulation of endodermal precur-
sors (21). In Drosophila, Notch signaling is utilized early in
development to maintain a proneuroblast cell fate (6). We
show here that, in mice, canonical Notch signaling is dispens-
able for early embryonic development.

During evolution, mammals may have lost the ability to use
Notch signaling for early embryogenesis and the formation of
the three germ layers. However, the differences in functions
and stages at which canonical Notch signaling is utilized in
more primitive organisms and the fact that only C. elegans and
Drosophila require a maternal contribution of Notch signaling
components, suggest that early embryonic roles of canonical
Notch signaling may not have originated with a common an-
cestor. Rather, the common ancestor may have been like mam-
mals and not used canonical Notch signaling for early cell
specifications. Canonical Notch signaling may have evolved
originally to function in more advanced developmental pro-
cesses, such as neurogenesis and segmentation, with the use of
Notch signaling in cell fate decisions being restricted to these
novelties (49, 57). During subsequent evolution leading to C.
elegans and sea urchins, canonical Notch signaling may have
been co-opted to function also in embryonic development by
interacting with different genetic networks to regulate early cell
fate specifications (37, 39). This proposal is consistent with the
fact that the published genomes of the unicellular protists
Plasmodium falciparum and P. yeolii (http://www.tigr.org/) lack
Notch signaling pathway genes. While several homologues of
Notch signaling pathway genes have been found in the hydra
(48), a cnidarian consisting of two layers, some two-layer spe-
cies may not possess genes for Notch signaling.
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