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Abstract

A requirement for B4galactosyltransferase-1 (B4GalT-1) activity in the modulation of Notch signaling by the glycosyltransferase Fringe was
previously identified in a mammalian co-culture assay. Notch signaling is necessary for the formation of somites in mammals. We therefore
investigated the expression of eleven Notch pathway and somitogenic genes in E9.5 mouse embryos lacking 4GalT-1. Four of these genes were
altered in expression pattern or expression level. The Notch target genes Hes5 and Mesp2 were affected to some degree in all mutant embryos. The
Notch ligand genes DI/ and DII3 were reduced or altered in expression in a significant proportion of mutants. While there were no differences in
the number or morphology of somites in E9.5 B4galtl null embryos, the number of lumbar vertebrae in mutant embryos differed from control
littermates (P <0.01). The subtlety of the in vivo phenotype may be due to redundancy since several B4galt genes related to B4galtl are expressed

during embryogenesis.
© 2005 Elsevier B.V. All rights reserved.
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1. Results and discussion

Notch receptors at the cell surface transmit signals critical
for the determination of cell fate in the metazoa (Lai, 2004;
Schweisguth, 2004). Many of the epidermal growth factor-like
(EGF) repeats in the extracellular domain of Notch receptors
are modified by O-linked fucose (Moloney et al., 2000b;
Haines and Irvine, 2003). Inactivation of protein O-fucosyl-
transferase 1 that transfers fucose to Notch receptors causes
severe, cell-autonomous Notch signaling defects that are
embryonic lethal in Drosophila (Okajima and Irvine, 2002;
Okajima et al., 2003; Sasamura et al., 2003) and mouse (Shi
and Stanley, 2003). Notch ligands (Jagged and Delta in
mammals) are cell surface glycoproteins that induce signal
transduction when they bind to Notch receptors. Ligand
binding does not occur when Drosophila Notch lacks O-fucose
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(Okajima et al., 2003), and similar results have been obtained
for mouse Notch receptors (K. Uemura and P. Stanley,
unpublished observations).

O-fucose (O-Fuc) on Notch is extended to the disaccharide
O-Fuc-GIcNAc by the action of Fringe, a B3N-acetylglucosa-
minyltransferase (Bruckner et al., 2000; Moloney et al.,
2000a). Fringe modulates Notch signaling in Drosophila
(Irvine and Wieschaus, 1994; Panin et al., 1997; Fleming
et al., 1997; Haines and Irvine, 2003), in the mouse (Evrard et
al., 1998; Zhang and Gridley, 1998; Zhang et al., 2002), and in
mammalian cell-based signaling assays (Chen et al., 2001;
Hicks et al., 2000; Moloney et al., 2000a; Shimizu et al., 2001;
Yang et al.,, 2005). Notch signaling is either enhanced or
inhibited by Fringe, depending on the Notch ligand (Haines
and Irvine, 2003; Haltiwanger and Stanley, 2002). Inactivation
of the Lfng gene or constitutive expression of Lfng in the
presomitic mesoderm (PSM) causes severe defects in
somitogenesis with altered expression of several Notch
pathway genes and severe perturbation of axial skeleton
formation (Evrard et al., 1998; Zhang and Gridley, 1998;
Zhang et al., 2002). In mammalian cells, the O-Fuc-GIcNAc
disaccharide formed by Fringe on Notch EGF repeats may be
further extended by the addition of galactose (Gal) followed by
sialic acid (Chen et al., 2001; Moloney et al., 2000a; Shao et al.,
2002). Using Chinese hamster ovary (CHO) glycosylation
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mutants in a co-culture assay, we showed that Fringe
modulation of Jaggedl-induced Notch signaling in CHO cells
requires the addition of Gal to form the trisaccharide O-Fuc-
GlcNAc-Gal on Notch (Chen et al., 2001). The galactosyl-
transferase 4GalT-1 was shown to be necessary to obtain the
Fringe-mediated effects on Notch signaling in this assay (Chen
et al., 2001). Here we characterize mouse embryos lacking
B4GalT-1 (Lu et al., 1997) encoded by the B4galt] gene for
expression of a subset of somitogenic and Notch signaling
pathway genes (Notchl, Jagl, DIli, DII3, Hes5, Hes7, Mesp2,
Lfng, Tbx18, Uncx4.1 and myogenin), and for skeletal
development during embryogenesis. While mice lacking
B4GalT-1 do not have skeletal defects at birth (Asano et al.,
1997; Lu et al., 1997), they have not previously been examined
during embryogenesis.

Hes)5 is expressed during somitogenesis in the prospective
somite, the PSM and the neural tube (Barrantes et al., 1999; de
la Pompa et al., 1997). Although Hesl, Hes3 and Hes5 Notch
target genes are expressed at E8.5 to E9.0, only Hes5 is
severely downregulated in the PSM of Notchl and DIl]1 mutant
embryos (Barrantes et al., 1999). In Lfng mutant embryos,
Hes5 expression is greatly reduced or completely lost in the
posterior half of the prospective somite and in the PSM (Evrard
et al., 1998). Similarly, B4galt] mutant embryos (n=26)
showed either no expression or only faint expression of Hes5
in the posterior half of the forming somite (Fig. 1; P<0.01 by
the exact Chi square test for association). Expression of Hes5
remained strong in the neural tube of mutant embryos (Fig. 1).
Wild type and B4galtl heterozygous embryos also had strong
Hes5 expression in neural tube (n=19), and the majority (14/
19) showed expression in the posterior half of the forming
somite and/or the PSM (Fig. 1).

The Mesp2 gene encodes a bHLH protein expressed in the
anterior region of the PSM (Saga et al., 1997). Mesp2
expression demarcates the anterior compartment of the second
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Fig. 1. Expression of Hes5 in B4galt] mutant embryos. Whole-mount in situ
hybridization with a Hes5 probe performed on control and B4galt] mutant
embryos at E9.5. Hes5 expression was decreased or lost in the prospective
somite (arrow head) and/or in the PSM (arrow) in B4galt] mutant embryos.
Hes5 was strongly expressed in the neural tube of all embryos (vertical stripe).
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Fig. 2. Expression of Mesp2 in B4galt] mutant embryos. Whole-mount in situ
hybridization with a Mesp2 probe was performed on control and mutant
embryos at E9.5. Mesp2 expression in the prospective somite was lost or
reduced in $4GalT-1 mutant embryos.

presumptive somite in the PSM. Mice with a homozygous
mutation of the Mesp2 gene die shortly after birth and have
delayed somite segmentation and severe skeletal malfor-
mations (Saga et al., 1997; Takahashi et al., 2003; Takahashi
et al., 2005). In Lfng mutant embryos, Mesp2 expression is
expanded and more diffuse compared to controls (Zhang et al.,
2002). Altered Mesp2 expression was also observed in mice
lacking B4galtl (Fig. 2). In B4galt] mutant embryos (n=10),
Mesp2 expression was reduced or completely lost in the
posterior half of the prospective somite compared to the
expected expression of Mesp2 in wild type and heterozygous
embryos (n=16) (Fig. 2; P=0.03 by the exact Chi square test
for association).

The mouse DIII gene is expressed in the PSM as well as the
posterior half of formed somites (Bettenhausen et al., 1995).
Double label in situ hybridization showed that DIlI overlaps
with JagI expression in the posterior half of the forming somite
(Barrantes et al., 1999; Dunwoodie et al., 1997). Mice with an
inactivated DIII gene have a severe patterning defect in
paraxial mesoderm, segments have no cranio-caudal polarity
and epithelial somites do not form (Hrabe de Angelis et al.,
1997). In Lfng mutant embryos, DIII expression in the
posterior half of the formed somites is lost or becomes diffuse
in most somites (Evrard et al., 1998; Zhang and Gridley, 1998).
While strong expression of DIl remains in the PSM of Lfng
mutant embryos, the pattern is slightly more diffuse than in
controls. When in situ hybridization with a DII] probe was
performed in B4galt] mutant embryos, 4 out of 10 had
somewhat irregular and more diffuse DIl] expression in the
posterior half of formed somites (Fig. 3A). However, all the
wild type and heterozygous embryos (n = 18) had the expected
expression of DI/] in both the PSM and the caudal half of
somites (Fig. 3A; P=0.02 by the exact Chi square test for
association).

DII3 is expressed in the PSM, in the prospective somite and
in the rostral compartment of formed somites (Dunwoodie
et al., 1997). Mice with a targeted loss-of-function mutation in
the DII3 gene have a shortened body and truncated tail similar
to Lfng mutant mice and die within 10 days of birth
(Dunwoodie et al., 2002). The Pudgy mouse mutation is in
the DII3 gene (Bulman et al., 2000; Kusumi et al., 1998) and
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Fig. 3. Expression of DI/ and DII3 in B4galt] mutant embryos. Whole-mount
in situ hybridization with a DI/1 or DII3 probe performed on control and mutant
embryos at E9.5. DIl] expression in the posterior half of formed somites
(arrows) was decreased and diffuse in some B4galt/ mutant embryos.
Expression of DII3 in the prospective somite (bracket) was reduced and the
PSM border was not so sharply demarcated in some B4galt! mutant embryos.

alters the proper formation of morphological borders in early
somite formation as well as the anterior—posterior polarity
within somites (Kusumi et al., 2004). In Lfng mutant embryos,
DII3 expression in the prospective somite is also reduced, the
boundary with the PSM is not sharply demarcated, and strong
expression in the PSM is observed (Evrard et al., 1998; Zhang
and Gridley, 1998). All wild type and heterozygous B4galtl
embryos expressed DII3 strongly in the PSM, and in a faint
band through the prospective somite above the clearly
demarcated boundary with the PSM (Fig. 3B). A faint band
in the anterior region of the formed somite was observed but is
not visible in Fig. 3B. Three of seven B4galt] mutant embryos
showed a marked loss of expression of DII3 in the prospective
somite but maintained strong expression of DII3 in the PSM
and a well-demarcated border (Fig. 3B; P=0.03 by the exact
Chi square test for association).

Notchl is expressed strongly in the prospective somite and
weakly throughout the PSM and Notchl null embryos have
somitogenic defects (Conlon et al., 1995; Swiatek et al., 1994).
While one group found that the boundary of Notchl expression
in the most recently formed somite was more diffuse in E9.5
Lfng mutant embryos (Zhang and Gridley, 1998), another
group did not observe this difference (Evrard et al., 1998). In
B4galt] null (n=4) and control (n=12) embryos Notchl
expression was sharply demarcated at the boundary of the
prospective somite and was expressed similarly in the PSM of
B4galt] mutant and control embryos (Fig. 4A).

The Notch ligand Jag! is expressed in the posterior region
of the prospective somite and in the tail bud (Xue et al., 1999).
Jagl expression in the prospective somite is severely reduced
in the Notch pathway mutants DIl/ (Barrantes et al., 1999),
Notchl (Conlon et al., 1995; Swiatek et al., 1994), Rbp-Jk (Oka
et al., 1995) and Pofutl (Shi and Stanley, 2003), suggesting
that Jagl expression depends on Notch pathway activation,
although Jagl null embryos have no apparent defects in

somitogenesis (Xue et al., 1999). In Lfng null embryos at E9.5,
the stripe of Jagl expression at the border of the forming
somite is not affected and Jag! is expressed at low levels in the
posterior half of the prospective somite as in wild type (Zhang
and Gridley, 1998). In B4galt] null (n=4) embryos,
expression of Jagl was also found in the posterior half of the
prospective somite and in the tail bud to be similar in mutant
(n=4) and control embryos (n~12; Fig. 4B).

Of the three mammalian Fringes, Lfng is the only one
expressed in the PSM (Cohen et al., 1997; Johnston et al.,
1997) in a dynamic pattern cycling every 2 h in a wave through
the PSM and across the forming somite in a manner similar to
the periodicity of somite formation (Aulehla and Johnson,
1999; Cole et al., 2002; Morales et al., 2002). Mice with a
targeted mutation of Lfng have defects in somite formation and
anterior—posterior polarity of somites (Evrard et al., 1998;
Zhang and Gridley, 1998). In several of the B4galt/ mutant
embryos (n=4), Lfng was expressed continuously throughout
the PSM (Fig. 4C), while in others (n=3) Lfng was expressed
in the prospective somite. In control embryos, Lfng was also
expressed either in the prospective somite (n=>5) or in the PSM
(n=3). Therefore, Lfng displays a dynamic expression pattern
in B4galt] mutant embryos.

Hes7 is a bHLH gene that is also a downstream target of the
Notch signaling pathway (Bessho et al., 2001a,b). Hes7 is
expressed in a dynamic pattern in the PSM in the same
oscillatory expression pattern as Lfng. Hes7 mutant mice have
a short trunk and tail, somites are not properly segmented and
their anterior—posterior polarity is lost in embryos (Bessho et
al., 2001b). While the expression of Notchl and its ligands is
not affected significantly in Hes7 mutant embryos, Lfng is
expressed throughout the PSM and its expression does not
oscillate in 2 h cycles (Bessho et al., 2001b). Hes7 functions as
a repressor that can block transcription from E-box containing
promoters and it plays an important role in the maintenance of
Lfng oscillation in the PSM (Cole et al., 2002; Morales et al.,
2002). In some of the B4galt] mutant embryos (n=3), Hes7
was strongly expressed throughout the PSM (Fig. 4D). In other
mutant embryos (n=3), Hes7 expression was weakly
expressed at the prospective somite as well as in the tail bud.
Hes7 was also expressed only in the tail bud in one mutant
embryo. In control embryos, Hes7 was expressed in the tail bud
(n=2), or in both the prospective somite and the tail bud (n=
3) and in the PSM (n=10). These results indicate that Hes7
displays a dynamic expression pattern in B4galt] mutant
embryos.

To evaluate the anterior—posterior expression pattern of
somitogenic genes in B4galt] mutant embryos the expression
of Uncx4.1, Myogenin and Tbx18 were examined at E9.5.
Uncx4.1 encodes a paired homeodomain protein and is
expressed in a metameric pattern in the posterior half of
formed somites at E9.5 (Mansouri et al., 1997). In Lfng mutant
embryos, posterior Uncx4.1 expression is reduced and the
expression pattern is disorganized (Evrard et al., 1998; Zhang
and Gridley, 1998). However, in B4galtl null embryos (n=4),
Uncx4.1 was expressed in a clear and regular pattern in the
posterior half of formed somites (Fig. 4E). Myogenin, a bHLH
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Fig. 4. Expression of Notch pathway and somitogenic genes in B4galt] mutant embryos. Whole-mount in situ hybridization of control and B4galt] mutant embryos
isolated at E9.5 with the following probes. (A) Notchl; (B) Jagl is expressed at low levels in the posterior half of the prospective somite in both control and B4galtl
mutant embryos (arrow); (C) Lfng was dynamically expressed in the posterior half of the prospective somite (arrow) or in the PSM (not shown) in both wild type and
mutant embryos; (D) dynamic expression pattern of Hes7 in both control and mutant embryos. Hes7 was expressed either in the tail bud (left panel, arrow), in both
the prospective somite (middle panel, arrow head) and the tail bud (middle panel, arrow) or in PSM (right panel, arrow). (E) Uncx4.1; (F) Myogenin.

transcription factor specific to the myogenic lineage, is
expressed in the myotomes in a repeating pattern along the
craniocaudal axis (Montarras et al., 1991). In Lfng mutant
embryos, the Myogenin gene is expressed in a metameric
pattern, but the stripes of expression are often fused and not
evenly spaced, especially in caudal somites (Evrard et al.,
1998; Zhang and Gridley, 1998). B4galt]l null embryos (n=4)
had a normal pattern of Myogenin expression with evenly
spaced stripes that were not diffuse (Fig. 4F). These results
indicate that there are no apparent defects of anterior—posterior
somite patterning in B4galt] null embryos at stage E9.5.
Consistent with this, there were no significant differences in
B4galt] mutant embryos (n=_8) in the expression of the Thx/8
gene that is required for the maintenance of anterior—posterior
somite polarity (Bussen et al., 2004) compared to expression in
controls (n=25; data not shown).

In summary, the expression of the Notch target genes Hes5
and Mesp2 and the Notch ligand genes DIlI and DII3 were

altered in a significant proportion of E9.5 B4galt] mutant
embryos. The expression of each of these genes is changed in a
similar manner in Lfng null embryos (Evrard et al., 1998;
Zhang and Gridley, 1998; Zhang et al., 2002). However, Lfng
mutant embryos and mutants in other Notch pathway genes
also show altered expression of the Notchl, Myogenin,
Uncx4.1 and TbxI8 genes (Barrantes et al., 1999; Bussen
et al., 2004; Weinmaster and Kintner, 2003) that were not
apparently changed in B4galt] mutant embryos. It appears that
the defects in gene expression observed in B4galt] mutants at
E9.5 were transient as they did not lead to changes in the
number, polarity or segmentation of somites. However, there
was a significant difference in the number of lumbar vertebrae
in older embryos (Fig. 5). When skeletons were compared at
E18.5 or older, B4galtl null embryos were most likely to have
6 lumbar vertebrae (Table 1). By contrast control embryos
were more likely to have 5 lumbar vertebrae. Three
heterozygote embryos had an additional Al vertebra that was
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Fig. 5. B4galt] mutant embryos have an extra lumbar vertebra. Skeletons were
prepared from embryos at E18.5 and stained for bone and cartilage as described
in methods. L marks the lumbar vertebrae. (A) Control embryo with five
lumbar vertebrae. (B) B4galt! null mutant with 6 lumbar vertebrae.

of mixed lumbar/sacral symmetry. This difference between
mutant and control B4galt]l embryos is significant (P <0.01
based on the Chi squared test). The number of lumbar vertebrae
is regulated by Notch signaling via an influence on Hox gene
expression. Thus, Rbp-Jk null embryos with globally defective
Notch signaling exhibit reduced Hoxd-1 and Hoxd-3 gene
expression in the PSM (Zakany et al., 2001). In DII] and Lfng
heterozygotes, or transgenic mice expressing a dominant
negative DIl] or a constitutive Lfng transgene in the PSM,
structural transformations in cervical, thoracic and lumbar
vertebrae are observed (Cordes et al., 2004). An increase from
6 to 7 lumbar vertebrae occurs with variable penetrance in
Hoxd-11 mouse mutants (Davis and Capecchi, 1994). Mice
doubly mutant for Hoxa-11 and Hoxd-11 have as many as 8
lumbar vertebrae (Zakany et al., 1996) whereas overexpression
of Hoxd-11 causes a reduction to as few as 4 lumbar vertebrae
(Boulet and Capecchi, 2002; Zakany et al., 1996). Deletion of
whole clusters of Hox genes has shown that the clusters of
Hox10 and Hox11 genes are necessary for the development of a
normal skeleton and that many of these Hox genes function
redundantly (Boulet and Capecchi, 2004; Wellik and Capecchi,
2003).

The comparatively mild differences between B4galtl
mutant and control embryos may be due to compensation by
several factors. Thus, fibroblast growth factor pathways
(Dubrulle et al., 2001; Sawada et al., 2001; Yamaguchi et al.,
1994) and Wnt pathways (Aulehla et al., 2003; Galceran et al.,

Table 1
Skeletal vertebrae of B4galt]l and control embryos
Embryos® Cervical Thoracic Lumbar®

5 6
Control (n=30) 7 13 17 13¢
Bdgaltl '~ (n=13) 7 13 1 12

# Embryos were at E18.5, E19.5 or postnatal P1. Control embryos were
BA4galtl™'~ or Bdgaltl ™'+ .

® Difference between control and B4galt] ~'~ is P<0.01 based on the exact
Chi square test.

¢ Three heterozygotes had five lumbar and one asymmetric lumbar/sacral Al
vertebra.

2004; Takada et al., 1994; Yoshikawa et al., 1997) function in
somitogenesis and may partially rescue B4galt]! mutant
embryos. It is also known that modifier genes exist because,
depending on genetic background, B4galt] null mice may
survive to adulthood (Asano et al., 2003; Mori et al., 2004;
Nishie et al., 2004). However, perhaps the most likely
compensation is from the expression of other B4galt genes
(Almeida et al., 1997; Lo et al., 1998). In situ hybridization
analyses showed that the B4galt] and B4galt2 genes are
ubiquitously expressed in wild type E9.5 embryos (J. Chen and
P. Stanley, unpublished observations). Microarray analyses
reveal expression of 5 genes related to B4galt! during
embryogenesis and increased expression of B4galtl and
B4galt3 genes at E6.5 and E7.5 (Su et al, 2004). The
B4GalT-1, P4GalT-2 and P4GalT-3 galactosyltransferases
have a similar substrate specificity (Almeida et al., 1997).
Thus, more than one of the B4galt genes may need to be
inactivated to observe a strong phenotype during somitogenesis
and skeleton formation.

2. Experimental procedures
2.1. Mice

Mice heterozygous for a targeted mutation in the B4galt] gene encoding the
B4GalT-1 glycosyltransferase (Lu et al., 1997) were obtained from Barry Shur,
Emory University School of Medicine, Atlanta, Georgia. The B4galt] mutant
strain was maintained as heterozygotes by cousin matings because homozygous
B4galt] mutants generally died at birth. The genetic background of the mice
was mixed 1295Y and C57B1/6 (Lu et al., 1997). Timed matings were
performed to obtain embryos at different stages of development with day 0.5
being the morning after females were found to be plugged. All animal
experiments were approved by the Animal Institute Committee of the Albert
Einstein College of Medicine.

2.2. Whole-mount embryo in situ hybridization

All RNA probes were from mouse gene coding sequences: Notchl
extracellular fragment, (4.7 kb) from Jeffrey Nye, Northwestern University,
Chicago, Illinois; Jagl (1.8 kb) from Tim Mitsiadis, King’s College, London,
UK; DIIl (2.1kb) and Tbx18 (2.0kb) from Achim Gossler, Institut fur
Molekularbiologie, Hannover, Germany; Lunatic fringe (700 bp) from Thomas
Vogt, Merck Research Laboratories, West Point, PA; D113 (729 bp), Uncx4.1
(1.7 kb), Hes5 (1.3 kb) and Hes7 (790 bp) from Ryoichiro Kageyama, Kyoto
University, Japan; Myogenin (1.5 kb) from Hanh Nguyen, Albert Einstein
College of Medicine, New York; and Mesp2 (1.1 kb) from Yumiko Saga,
National Institute of Genetics, Mishima, Japan. Probes were transcribed and
labeled with the digoxigenin RNA labeling kit (Roche) as previously described
(Shi and Stanley, 2003).

2.3. Alcian Blue and Alizarin Red staining of bone and cartilage

Embryos were fixed in 95% ethanol overnight at room temperature and
stained with 150 pg/ml Alcian Blue in 1:4 mixture of acetic acid and 95%
ethanol at RT for 24-48 h. After washing with 95% ethanol for 1h, the
embryos were treated with 2% KOH for 6-24 h. Embryos were subsequently
stained with 75 pg/ml Alizarin Red S in 1% KOH solution for 12-24 h and
cleared in a solution of 20% glycerol and 1% KOH for a week with daily
changes. Samples were transferred to 50% glycerol, 50% ethanol for
photography and storage.



J. Chen et al. / Gene Expression Patterns 6 (2006) 376-382 381

Acknowledgements

We are most grateful to Barry Shur for B4galt] mice and to
all those who supplied plasmids for the generation of in situ
probes (see Methods). We also thank Achim Gossler, Thomas
Vogt, Robert Haltiwanger and Ken Irvine for helpful
comments on the manuscript. This work was supported by
NIH CA 95022 to PS and by the core facilities and biostatistics
unit of the Albert Einstein Cancer Center grant PO1 13330.

References

Almeida, R., Amado, M., David, L., Levery, S.B., Holmes, E.H., Merkx, G.,
et al., 1997. A family of human beta4-galactosyltransferases. Cloning and
expression of two novel UDP-galactose:beta-n-acetylglucosamine betal,
4-galactosyltransferases, beta4Gal-T2 and beta4Gal-T3. J. Biol. Chem.
272, 31979-31991.

Asano, M., Furukawa, K., Kido, M., Matsumoto, S., Umesaki, Y., Kochibe, N.,
et al.,, 1997. Growth retardation and early death of beta-1,4-galactosyl-
transferase knockout mice with augmented proliferation and abnormal
differentiation of epithelial cells. Eur. Mol. Biol. Org. J. 16, 1850-1857.

Asano, M., Nakae, S., Kotani, N., Shirafuji, N., Nambu, A., Hashimoto, N.,
et al., 2003. Impaired selectin-ligand biosynthesis and reduced inflamma-
tory responses in beta-1,4-galactosyltransferase-I-deficient mice. Blood
102, 1678-1685.

Aulehla, A., Johnson, R.L., 1999. Dynamic expression of lunatic fringe
suggests a link between notch signaling and an autonomous cellular
oscillator driving somite segmentation. Dev. Biol. 207, 49-61.

Aulehla, A., Wehrle, C., Brand-Saberi, B., Kemler, R., Gossler, A., Kanzler, B.,
et al., 2003. Wnt3a plays a major role in the segmentation clock controlling
somitogenesis. Dev. Cell 4, 395-406.

Barrantes, I.B., Elia, A.J., Wunsch, K., De Angelis, M.H., Mak, T.W., Rossant,
J., et al., 1999. Interaction between notch signalling and Lunatic fringe
during somite boundary formation in the mouse. Curr. Biol. 9, 470—480.

Bessho, Y., Miyoshi, G., Sakata, R., Kageyama, R., 2001a. Hes7: a bHLH-type
repressor gene regulated by Notch and expressed in the presomitic
mesoderm. Genes Cells 6, 175-185.

Bessho, Y., Sakata, R., Komatsu, S., Shiota, K., Yamada, S., Kageyama, R.,
2001b. Dynamic expression and essential functions of Hes7 in somite
segmentation. Genes Deyv. 15, 2642-2647.

Bettenhausen, B., Hrabe de Angelis, M., Simon, D., Guenet, J.L., Gossler, A.,
1995. Transient and restricted expression during mouse embryogenesis of
DIl1, a murine gene closely related to Drosophila Delta. Development 121,
2407-2418.

Boulet, A.M., Capecchi, M.R., 2002. Duplication of the Hoxd11 gene causes
alterations in the axial and appendicular skeleton of the mouse. Dev. Biol.
249, 96-107.

Boulet, A.M., Capecchi, M.R., 2004. Multiple roles of Hoxall and Hoxd11 in
the formation of the mammalian forelimb zeugopod. Development 131,
299-3009.

Bruckner, K., Perez, L., Clausen, H., Cohen, S., 2000. Glycosyltransferase
activity of Fringe modulates Notch—-Delta interactions. Nature 406, 411-
415.

Bulman, M.P., Kusumi, K., Frayling, T.M., McKeown, C., Garrett, C., Lander,
E.S., et al., 2000. Mutations in the human delta homologue, DLL3, cause
axial skeletal defects in spondylocostal dysostosis. Nat. Genet. 24, 438—
441.

Bussen, M., Petry, M., Schuster-Gossler, K., Leitges, M., Gossler, A.,
Kispert, A., 2004. The T-box transcription factor Tbx18 maintains the
separation of anterior and posterior somite compartments. Genes Dev.
18, 1209-1221.

Chen, J., Moloney, D.J., Stanley, P., 2001. Fringe modulation of Jaggedl-
induced Notch signaling requires the action of beta 4galactosyltransferase-
1. Proc. Natl Acad. Sci. USA 98, 13716-13721.

Cohen, B., Bashirullah, A., Dagnino, L., Campbell, C., Fisher, W.W., Leow,
C.C., et al, 1997. Fringe boundaries coincide with Notch-dependent
patterning centres in mammals and alter Notch-dependent development in
Drosophila. Nat. Genet. 16, 283-288.

Cole, S.E., Levorse, J.M., Tilghman, S.M., Vogt, T.F., 2002. Clock regulatory
elements control cyclic expression of Lunatic fringe during somitogenesis.
Dev. Cell 3, 75-84.

Conlon, R.A., Reaume, A.G., Rossant, J., 1995. Notchl is required for the
coordinate segmentation of somites. Development 121, 1533-1545.

Cordes, R., Schuster-Gossler, K., Serth, K., Gossler, A., 2004. Specification of
vertebral identity is coupled to Notch signalling and the segmentation
clock. Development 131, 1221-1233.

Davis, A.P., Capecchi, M.R., 1994. Axial homeosis and appendicular skeleton
defects in mice with a targeted disruption of hoxd-11. Development 120,
2187-2198.

de la Pompa, J.L., Wakeham, A., Correia, K.M., Samper, E., Brown, S.,
Aguilera, R.J., etal., 1997. Conservation of the Notch signalling pathway in
mammalian neurogenesis. Development 124, 1139-1148.

Dubrulle, J., McGrew, M.J., Pourquie, O., 2001. FGF signaling controls somite
boundary position and regulates segmentation clock control of spatiotem-
poral Hox gene activation. Cell 106, 219-232.

Dunwoodie, S.L., Henrique, D., Harrison, S.M., Beddington, R.S., 1997.
Mouse DI13: a novel divergent Delta gene which may complement the
function of other Delta homologues during early pattern formation in the
mouse embryo. Development 124, 3065-3076.

Dunwoodie, S.L., Clements, M., Sparrow, D.B., Sa, X., Conlon, R.A.,
Beddington, R.S., 2002. Axial skeletal defects caused by mutation in the
spondylocostal dysplasia/pudgy gene DII3 are associated with disruption of
the segmentation clock within the presomitic mesoderm. Development 129,
1795-1806.

Evrard, Y.A., Lun, Y., Aulehla, A., Gan, L., Johnson, R.L., 1998. Lunatic
fringe is an essential mediator of somite segmentation and patterning.
Nature 394, 377-381.

Fleming, R.J., Gu, Y., Hukriede, N.A., 1997. Serrate-mediated activation of
Notch is specifically blocked by the product of the gene fringe in the dorsal
compartment of the Drosophila wing imaginal disc. Development 124,
2973-2981.

Galceran, J., Sustmann, C., Hsu, S.C., Folberth, S., Grosschedl, R., 2004.
LEF1-mediated regulation of Delta-likel links Wnt and Notch signaling in
somitogenesis. Genes Dev. 18, 2718-2723.

Haines, N., Irvine, K.D., 2003. Glycosylation regulates Notch signalling. Nat.
Rev. Mol. Cell Biol. 4, 786-797.

Haltiwanger, R.S., Stanley, P., 2002. Fringe is a b3-N-acetylglucosaminyl-
transferase. Biochim. Biophys. Acta 1573, 328-335.

Hicks, C., Johnston, S.H., diSibio, G., Collazo, A., Vogt, T.F., Weinmaster, G.,
2000. Fringe differentially modulates Jaggedl and Deltal signalling
through Notchl and Notch2. Nat. Cell Biol. 2, 515-520.

Hrabe de Angelis, M., Mclntyre II., J., Gossler, A., 1997. Maintenance of
somite borders in mice requires the Delta homologue DII1. Nature 386,
717-721.

Irvine, K.D., Wieschaus, E., 1994. Fringe, a boundary-specific signaling
molecule, mediates interactions between dorsal and ventral cells during
Drosophila wing development. Cell 79, 595-606.

Johnston, S.H., Rauskolb, C., Wilson, R., Prabhakaran, B., Irvine, K.D., Vogt,
T.F., 1997. A family of mammalian Fringe genes implicated in boundary
determination and the Notch pathway. Development 124, 2245-2254.

Kusumi, K., Sun, E.S., Kerrebrock, A.W., Bronson, R.T., Chi, D.C., Bulotsky,
M.S., et al., 1998. The mouse pudgy mutation disrupts Delta homologue
DII3 and initiation of early somite boundaries. Nat. Genet. 19, 274-278.

Kusumi, K., Mimoto, M.S., Covello, K.L., Beddington, R.S., Krumlauf, R.,
Dunwoodie, S.L., 2004. DII3 pudgy mutation differentially disrupts
dynamic expression of somite genes. Genesis 39, 115-121.

Lai, E.C., 2004. Notch signaling: control of cell communication and cell fate.
Development 131, 965-973.

Lo, N.W., Shaper, J.H., Pevsner, J., Shaper, N.L., 1998. The expanding 4-
galactosyltransferase gene family: messages from the databanks. Glyco-
biology 8, 517-526.



382 J. Chen et al. / Gene Expression Patterns 6 (2006) 376-382

Lu, Q., Hasty, P., Shur, B.D., 1997. Targeted mutation in B1,4-galactosyl-
transferase leads to pituitary insufficiency and neonatal lethality. Dev. Biol.
181, 257-267.

Mansouri, A., Yokota, Y., Wehr, R., Copeland, N.G., Jenkins, N.A., Gruss, P.,
1997. Paired-related murine homeobox gene expressed in the developing
sclerotome, kidney, and nervous system. Dev. Dyn. 210, 53-65.

Moloney, D.J., Panin, V.M., Johnston, S.H., Chen, J., Shao, L., Wilson, R.,
et al., 2000a. Fringe is a glycosyltransferase that modifies Notch. Nature
406, 369-375.

Moloney, D.J., Shair, L.H., Lu, F.M., Xia, J., Locke, R., Matta, K.L.., et al.,
2000b. Mammalian Notch1 is modified with two unusual forms of O-linked
glycosylation found on epidermal growth factor-like modules. J. Biol.
Chem. 275, 9604-9611.

Montarras, D., Chelly, J., Bober, E., Arnold, H., Ott, M.O., Gros, F., et al.,
1991. Developmental patterns in the expression of Myf5, MyoD, myogenin,
and MRF4 during myogenesis. New Biol. 3, 592-600.

Morales, A.V., Yasuda, Y., Ish-Horowicz, D., 2002. Periodic Lunatic fringe
expression is controlled during segmentation by a cyclic transcriptional
enhancer responsive to notch signaling. Dev. Cell 3, 63-74.

Mori, R., Kondo, T., Nishie, T., Ohshima, T., Asano, M., 2004. Impairment of
skin wound healing in [B1,4-galactosyltransferase-deficient mice with
reduced leukocyte recruitment. Am. J. Pathol. 164, 1303-1314.

Nishie, T., Miyaishi, O., Naruse, C., Hashimoto, N., Asano, M., 2004. Analysis
of human IgA nephropathy-like disease in galactosyltransferase KO mice.
Nephrology (Carlton) 9 (Suppl. 2), A48.

Oka, C., Nakano, T., Wakeham, A., de la Pompa, J.L., Mori, C., Sakai, T., et al.,
1995. Disruption of the mouse RBP-J kappa gene results in early embryonic
death. Development 121, 3291-3301.

Okajima, T., Irvine, K.D., 2002. Regulation of notch signaling by O-linked
fucose. Cell 111, 893-904.

Okajima, T., Xu, A., Irvine, K.D., 2003. Modulation of notch-ligand binding by
protein O-fucosyltransferase 1 and fringe. J. Biol. Chem. 278, 42340—
42345.

Panin, V.M., Papayannopoulos, V., Wilson, R., Irvine, K.D., 1997. Fringe
modulates Notch-ligand interactions. Nature 387, 908-912.

Saga, Y., Hata, N., Koseki, H., Taketo, M.M., 1997. Mesp2: a novel mouse
gene expressed in the presegmented mesoderm and essential for
segmentation initiation. Genes Dev. 11, 1827-1839.

Sasamura, T., Sasaki, N., Miyashita, F., Nakao, S., Ishikawa, H.O., Ito, M.,
et al., 2003. Neurotic, a novel maternal neurogenic gene, encodes an
O-fucosyltransferase that is essential for notch-Delta interactions.
Development 130, 4785-4795.

Sawada, A., Shinya, M., Jiang, Y.J., Kawakami, A., Kuroiwa, A., Takeda, H.,
2001. Fgt/MAPK signalling is a crucial positional cue in somite boundary
formation. Development 128, 4873-4880.

Schweisguth, F., 2004. Notch signaling activity. Curr. Biol. 14, R129-R138.

Shao, L., Moloney, D.J., Haltiwanger, R.S., 2002. Fringe modifies O-fucose on
mouse notchl at EGF repeats within the ligand-binding site and the
Abruptex region. J. Biol. Chem. 278, 7775-7782.

Shi, S., Stanley, P., 2003. Protein O-fucosyltransferase 1 is an essential component
of Notch signaling pathways. Proc. Natl Acad. Sci. USA 100, 5234-5239.
Shimizu, K., Chiba, S., Saito, T., Kumano, K., Takahashi, T., Hirai, H., 2001.
Manic fringe and lunatic fringe modify different sites of the Notch2
extracellular region, resulting in different signaling modulation. J. Biol.

Chem. 276, 25753-25758.

Su, A.L, Wiltshire, T., Batalov, S., Lapp, H., Ching, K.A., Block, D., et al.,
2004. A gene atlas of the mouse and human protein-encoding
transcriptomes. Proc. Natl Acad. Sci. USA 101, 6062-6067.

Swiatek, P.J., Lindsell, C.E., del Amo, F.F., Weinmaster, G., Gridley, T., 1994.
Notchl is essential for postimplantation development in mice. Genes Dev.
8, 707-719.

Takada, S., Stark, K.L., Shea, M.J., Vassileva, G., McMahon, J.A., McMahon,
A.P., 1994. Wnt-3a regulates somite and tailbud formation in the mouse
embryo. Genes Dev. 8, 174-189.

Takahashi, Y., Inoue, T., Gossler, A., Saga, Y., 2003. Feedback loops
comprising D111, D113 and Mesp2, and differential involvement of Psen! are
essential for rostrocaudal patterning of somites. Development 130, 4259—
4268.

Takahashi, Y., Kitajima, S., Inoue, T., Kanno, J., Saga, Y., 2005. Differential
contributions of Mesp1 and Mesp?2 to the epithelialization and rostro-caudal
patterning of somites. Development 132, 787-796.

Weinmaster, G., Kintner, C., 2003. Modulation of notch signaling during
somitogenesis. Annu. Rev. Cell Dev. Biol. 19, 367-395.

Wellik, D.M., Capecchi, M.R., 2003. Hox10 and Hox11 genes are required to
globally pattern the mammalian skeleton. Science 301, 363-367.

Xue, Y., Gao, X., Lindsell, C.E., Norton, C.R., Chang, B., Hicks, C., et al.,
1999. Embryonic lethality and vascular defects in mice lacking the notch
ligand Jaggedl. Hum. Mol. Genet. 8, 723-730.

Yamaguchi, T.P., Harpal, K., Henkemeyer, M., Rossant, J., 1994. fgfr-1 is
required for embryonic growth and mesodermal patterning during mouse
gastrulation. Genes Dev. 8, 3032-3044.

Yang, L.T., Nichols, J.T., Yao, C., Manilay, J.O., Robey, E.A., Weinmaster, G.,
2005. Fringe glycosyltransferases differentially modulate Notchl proteol-
ysis induced by Deltal and Jaggedl. Mol. Biol. Cell 16, 927-942.

Yoshikawa, Y., Fujimori, T., McMahon, A.P., Takada, S., 1997. Evidence that
absence of Wnt-3a signaling promotes neuralization instead of paraxial
mesoderm development in the mouse. Dev. Biol. 183, 234-242.

Zakany, J., Gerard, M., Favier, B., Potter, S.S., Duboule, D., 1996. Functional
equivalence and rescue among group 11 Hox gene products in vertebral
patterning. Dev. Biol. 176, 325-328.

Zakany, J., Kmita, M., Alarcon, P., de la Pompa, J.L., Duboule, D., 2001.
Localized and transient transcription of Hox genes suggests a link between
patterning and the segmentation clock. Cell 106, 207-217.

Zhang, N., Gridley, T., 1998. Defects in somite formation in lunatic fringe-
deficient mice. Nature 394, 374-377.

Zhang, N., Norton, C.R., Gridley, T., 2002. Segmentation defects of Notch
pathway mutants and absence of a synergistic phenotype in lunatic
fringe/radical fringe double mutant mice. Genesis 33, 21-28.



	Expression of Notch signaling pathway genes in mouse embryos lacking beta4galactosyltransferase-1
	Results and discussion
	Experimental procedures
	Mice
	Whole-mount embryo in situ hybridization
	Alcian Blue and Alizarin Red staining of bone and cartilage

	Acknowledgements
	References


