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The Notch signaling pathway is a conserved intercellular signaling mechanism that is essential for proper
embryonic development in numerous metazoan organisms. We have examined the in vivo role of the Jagged2
(Jag?2) gene, which encodes a ligand for the Notch family of transmembrane receptors, by making a targeted
mutation that removes a domain of the Jagged2 protein required for receptor interaction. Mice homozygous
for this deletion die perinatally because of defects in craniofacial morphogenesis. The mutant homozygotes
exhibit cleft palate and fusion of the tongue with the palatal shelves. The mutant mice also exhibit syndactyly
(digit fusions) of the fore- and hindlimbs. The apical ectodermal ridge (AER) of the limb buds of the mutant
homozygotes is hyperplastic, and we observe an expanded domain of Fgf8 expression in the AER. In the foot
plates of the mutant homozygotes, both Bmp2 and Bmp7 expression and apoptotic interdigital cell death are
reduced. Mutant homozygotes also display defects in thymic development, exhibiting altered thymic
morphology and impaired differentiation of yd lineage T cells. These results demonstrate that Notch signaling
mediated by Jag2 plays an essential role during limb, craniofacial, and thymic development in mice.
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The Notch signaling pathway is an evolutionarily con-
served signaling mechanism, and mutations in its com-
ponents disrupt cell fate specification and embryonic
development in organisms as diverse as insects, nema-
todes, and mammals (for recent reviews, see Artavanis-
Tsakonas et al. 1995; Gridley 1997; Robey 1997; Wein-
master 1997). This signaling pathway was first identified
and studied in Drosophila. The Notch gene of Dro-
sophila encodes a large transmembrane receptor that, at
the extracellular surface of a cell, interacts with mem-
brane-bound ligands encoded by the Delta and Serrate
genes. The signal induced by ligand binding is then
transmitted at the intracellular surface in a process in-
volving proteolysis of the receptor and interactions with
several novel cytoplasmic and nuclear proteins (Fortini
and Artavanis-Tsakonas 1994; Jarriault et al. 1995; Mat-
suno et al. 1995; Kopan et al. 1996; Blaumueller et al.
1997; Pan and Rubin 1997). Genes homologous to mem-
bers of the Notch signaling pathway have been cloned
from numerous vertebrate organisms, and many have
been shown to be essential for normal embryonic devel-
opment. In humans, the importance of Notch signaling
for growth and development is underscored by the find-
ing that mutations in genes encoding components of the
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Notch signaling pathway have been implicated in cancer
and in two inherited disease syndromes (Ellisen et al.
1991; Joutel et al. 1996; Li et al. 1997; Oda et al. 1997).

Four genes encoding ligands for the Notch family of
receptors have been cloned in mammals: Jaggedl (Jagl;
Lindsell et al. 1995), Jagged2 (Jag2; Shawber et al. 1996;
these genes are also referred to as Serratel and 2), Delta-
likel (DII1; Bettenhausen et al. 1995), and Delta-like3
(DII3; Dunwoodie et al. 1997). All of these Notch family
ligands are transmembrane proteins that, in their extra-
cellular domain, contain multiple EGF-like motifs as
well as a second conserved motif termed the DSL do-
main (named after three invertebrate Notch ligands;
Delta, Serrate, Lag-2). The DSL domain is required for
interaction of ligands with Notch family receptors
(Henderson et al. 1994; Muskavitch 1994). Two of these
ligands, Jaggedl and Jagged2, have been shown to acti-
vate Notchl in mammalian cells (Lindsell et al. 1995;
Luo et al. 1997).

We have been studying the role of Notch signaling
during embryonic development in mice. To study the
biological role of the Jag2 gene, we made a targeted mu-
tation that removes exons encoding the DSL domain of
the Jagged2 protein. Mice homozygous for this deletion
die at birth because of defects in craniofacial morpho-
genesis. The mutant mice have cleft palate, and dorsal
portions of the tongue are fused to the unelevated palatal
shelves. In addition, the mutant mice exhibit impaired
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differentiation of v lineage T cells and altered thymic
morphology.

The Jag2 mutant homozygotes also exhibit syndactyly
of the fore- and hindlimbs. Previously, we mapped the
Jag2 gene to distal Chromosome 12 (Lan et al. 1997), near
two mutations that exhibit limb and/or craniofacial de-
fects, syndactylism (sm; Grineberg 1956) and legless (lIgl;
Singh et al. 1991). Sidow et al. (1997) recently reported
that the sm mutation is a missense mutation in the Jag2
gene. Our results suggest that sm is a hypomorphic allele
of Jag2 because mice homozygous for our targeted DSL
domain deletion exhibit completely penetrant perinatal
lethality and syndactyly that is more severe than in sm
homozygous mice, many of which survive to adulthood.
These results demonstrate that Notch signaling medi-
ated by Jag2 plays an essential role during limb, cranio-
facial, and thymic development in mice.

Results
Targeted disruption of the mouse Jag2 gene

Recently, we described the isolation of a gene, Jag2,
which encodes a protein whose amino acid sequence and
expression pattern during rat embryogenesis suggest that
it functions as a ligand for the Notch family of receptors
(Shawber et al. 1996). Mouse Jag2 cDNA and genomic
clones were isolated by screening brain cDNA and geno-
mic libraries (see Materials and Methods). To investigate
the biological role of the Jag2 gene, we created a deletion
allele by gene targeting. A Jag2 targeting vector was con-
structed that deleted genomic sequence encoding the
DSL domain of the Jagged2 protein, which is required for
interaction of ligands with Notch family receptors in
both invertebrates (Henderson et al. 1994; Muskavitch
1994) and vertebrates (C. Lindsell and G. Weinmaster,
unpubl.). Deletion of the DSL domain should create a
null mutation in the Jag2 gene. We have named this
mutant allele Jag22PSt (Fig. 1A). The linearized targeting
vector was electroporated into ES cells, and germ-line
transmission of the Jag24PS- mutant allele was obtained.
Southern blot analyses confirmed the expected structure
of the transmitted allele, and also confirmed that the
fragment containing the exon encoding the DSL domain
was deleted in the transmitted Jag24PS- mutant allele
(Fig. 1B). Mice heterozygous for the Jag24PS- mutant al-
lele appeared normal.

Jag24PSt mutant mice die at birth with cleft palate

To examine whether mice homozygous for the Jag24PS-
mutation were viable, heterozygous F1 animals were in-
tercrossed, and the genotypes of F2 progeny were deter-
mined two to three weeks after birth. No mice homozy-
gous for the mutation were found, indicating that the
Jag24PSt mutation was lethal prior to this stage. To de-
termine when the Jag2“PS- homozygotes were dying,
embryos from timed matings were isolated. This analy-
sis revealed that Jag2“PS- homozygous mutants could
complete embryogenesis, but died at or shortly after
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Figure 1. Targeted disruption of the mouse Jag2 gene. (A) Tar-
geting scheme. The top line shows the genomic organization of
a portion of the Jag2 gene. Exons are indicated by black boxes.
Additional uncharacterized exons are present 3’ of the exons
indicated. The middle line represents the structure of the tar-
geting vector. A 5.0-kb deletion was created that removes exons
encoding the DSL domain and half of the first EGF repeat.
Shown at the bottom is the predicted structure of the Jag2 locus
following homologous recombination of the targeting vector.
Probes used for Southern blot analysis are indicated. (E) EcoRI;
(N) Notl; (S) Sacl; (Sp) Spel. (B) DNA isolated from embryos of
the intercross of Jag2*/4PS- heterozygous mice was digested
with EcoRl, blotted, and hybridized with the indicated probe.
Genotypes of progeny are indicated at the top of the lane. Lack
of hybridization of the DSL domain probe to DNA of the
Jag24PSt homozygotes confirms that the fragment containing
the exon encoding the DSL domain is deleted in the transmitted
Jag24Pst allele.

birth. Caesarean delivery at E18 of pups from heterozy-
gous intercrosses indicated that the majority of the
Jag24PS- homozygotes were unable to breathe, became
cyanotic, and died within a few minutes. A few of the
Jag24PSt homozygotes were able to breathe, but all of
these died within a few hours. Autopsy of these Jag24PS-
homozygous neonates revealed that they contained large
amounts of air in the stomach and intestines.

Further examination of the Jag22PS- mutant neonates
revealed a bilateral cleft of the secondary palate (Fig. 2).
During normal palatal morphogenesis, the palatal
shelves (consisting of the palatine and maxillary shelves)
elevate and grow toward the midline of the embryo
above the tongue. The shelves then undergo an epitheli-
al-mesenchymal transition to fuse and form the second-
ary palate, which ossifies and forms the roof of the oral
cavity. In Jag24PS- homozygous embryos, the palatal
shelves did not elevate, and the tongue became wedged
between the shelves (Fig. 2A,B). In dorsal regions of the
mutant embryos, the unelevated palatal shelves had un-
dergone an epithelial-mesenchymal transition and fused
on each side with the posterior portion of the tongue (Fig.
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Figure 2. Cleft palate in Jag2“PS- homozygotes. (A-D) Frontal
sections of E18 embryos. Sections A and B are more ventral than
sections C and D. Genotypes are indicated in each panel. Note
in the Jag24PS- homozygote fusion of the tongue with the un-
elevated palatal shelves (white arrows in D). (E,F) Ventral view
of stained skeletal preparations of neonatal skulls. The dorsal
extent of the palatine shelves is indicated with white arrows in
the heterozygote (E). In the Jag24PS- homozygote (F), the pala-
tine shelves have not grown toward and fused in the dorsal
midline. The maxillary shelves are also more lateral in the
Jag24PSt homozygote. (G,H) Jag2 RNA expression in wild-type
mouse embryos. In the head of a E10.5 mouse embryo (G), Jag2
is expressed in the epithelial cell layer of the branchial arches
and the area surrounding the nasal pits. (H) Sagittal section of an
E12.5 mouse embryo revealed high levels of Jag2 expression in
the epithelium and muscles of the tongue, and epithelium of the
palate and nasal pharynx. (m) Maxillary shelf; (p) palate; (pl)
palatine shelf; (t) tongue.

2C,D). Examination of stained skeletal preparations con-
firmed that the maxillary and palatine shelves were ab-
sent in the Jag24PS- mutant neonates (Fig. 2E,F). The
fusion of the unelevated palatal shelves with the tongue
prevents proper formation of the oral cavity, and is the
apparent cause of the breathing difficulties and perinatal
lethality of the Jag2“PS- homozygous neonates. To de-
termine if the palatal clefting in the Jag24PS- homozy-

1048 GENES & DEVELOPMENT

gotes correlated with a domain of Jag2 expression, we
analyzed craniofacial expression of Jag2 during embryo-
genesis in mice. High levels of expression were observed
in the epithelial cell layer of the branchial arches and the
area surrounding the nasal pits (Fig. 2G). Jag2 expression
in craniofacial epithelia, including nasal, tongue, and
palatal epithelia, was maintained throughout embryo-
genesis (Fig. 2H). A very similar pattern of Jag2 expres-
sion during mouse embryogenesis was recently reported
by another group (Luo et al. 1997).

Jag24PS- mutant mice have syndactylous limbs

and a hyperplastic apical ectodermal ridge

In the limb bud of wild-type embryos at E9.5, prior to
formation of the apical ectodermal ridge (AER), Jag2 is
expressed throughout the ectoderm of the developing
limb bud (Fig. 3A). Once the AER forms at E10.5, Jag2
expression in the limb becomes restricted to the AER
(Fig. 3B). Importantly, expression of the Notch1 gene has
been observed in the AER in both chicks and rats (Myat
et al. 1996; Shawber et al. 1996; Rodriguez-Esteban et al.
1997). Whole mount in situ hybridization of wild-type
mouse embryos at E10.5 also revealed weak expression
of Notchl in the AER (Fig. 3C).

Examination of the limbs of the Jag2PS- homozygous
neonates revealed that they exhibited syndactyly (digit
fusions) of both the fore- and hindlimbs (Fig. 4B). The
syndactyly affected digits 2, 3, and 4, and in many in-
stances appeared to involve soft tissue fusions, although
skeletal staining revealed that 5 of 13 mutant skeletons
examined had primary chondrogenic or secondary osse-
ous fusions of the distal phalanges, with the hindfeet
more severely affected (Fig. 4C-F). Several of the mutant
skeletons also exhibited splitting of the terminal pha-
lanx of digit 2 of the hindfeet (Fig. 4E,F).

Histological analysis revealed that the AER of
Jag24PS-  homozygous embryos was hyperplastic.
Whereas in wild-type and heterozygous littermates the
AER was a relatively thin epithelial thickening at the

r"l"*' b
Y |

Figure 3. Expression of Jag2 and Notchl in limb buds of wild-
type embryos. Whole mount in situ hybridization of mouse em-
bryos at E9.5 and E10.5. (A) Prior to formation of the AER at
E9.5, Jag2 is expressed throughout the limb ectoderm. (B) After
AER formation at E10.5, Jag2 expression becomes restricted to
the AER (arrows). (C) Low levels of Notchl expression are also
detected in the AER at E10.5 (arrows).




Figure 4. Limb defects in Jag24PS- homozygotes. (A,B) Feet of
neonatal mice. A forefoot (left) and hindfoot (right) is shown in
each panel. Jag22PSt homozygous neonates (B) exhibit syndac-
tyly of both fore- and hindlimbs, although the hindlimbs are
more severely affected. (C-F) Stained skeletal preparations of
neonatal limbs of a heterozygous (C) and three Jag24PS- homo-
zygous mice (D-F). Both a fore- and a hindfoot are shown in each
panel. The forefoot is on the right in C and E, and on the left in
D and F. The homozygotes display several defects affecting dis-
tal phalanges, including secondary osseous fusions of both fore-
and hindfeet (white arrows in D-F), primary chondrogenic fu-
sions (black arrow in D), and terminal splitting of a distal pha-
lanx (arrowheads in E,F).

distal end of the limb bud (Fig. 5A), in the Jag24PS- ho-
mozygotes the AER was larger and protruded into the
underlying mesenchyme of the progress zone (Fig. 5B).
Hyperplasia of the AER was also revealed by whole
mount in situ hybridization by use of marker genes ex-
pressed in the AER. These whole mount in situ studies
also revealed that the shape of the foot plate differed
between the Jag24PS- homozygous embryos and their
wild-type and heterozygous littermates. The foot plates
of the Jag24PS- homozygotes were rounder than those of
their littermates, and did not exhibit the same degree of
interdigital clefting as their littermates (see Figs. 5-7).
Fgf8 (fibroblast growth factor 8) is both an excellent
marker for the AER and is one of the molecules required
for AER function (Niswander and Martin 1993; Fallon et
al. 1994; Laufer et al. 1994; Mahmood et al. 1995; Cross-
ley et al. 1996; Vogel et al. 1996). We examined Fgf8
expression in the limb buds of Jag2PS- homozygotes
and littermate controls from E9.5 to E12.5. At E9.5 (prior
to AER formation), Fgf8 was expressed as a broad stripe
at the dorsal/ventral boundary of the forelimb bud and
throughout the ectoderm of the hindlimb bud. This pat-
tern of Fgf8 expression is the same in both Jag24PS“ ho-
mozygotes and littermate controls (Fig. 5C,D). At E10,
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the AER forms first on the forelimb bud and then on the
hindlimb bud. When examined at E10.5, the Fgf8 expres-
sion domain in the newly formed AER of the hindlimb
bud was the same in both Jag2PS- homozygotes and
littermate controls. However, the Fgf8 expression do-
main is expanded in some of the mutant forelimb buds
(Fig. 5E,F). At E11.5, all six mutant embryos examined
exhibited expanded domains of Fgf8 expression in both
fore- and hindlimb buds (Fig. 5G,H). By E12.5, the Fgf8
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Figure 5. Jag24PS" homozygotes have a hyperplastic AER and
exhibit altered marker gene expression. (A,B) Histological
analysis of forelimb buds of Jag2PS- homozygous mutant em-
bryo (B) and littermate control (A) at E11.5. The extent of the
AER is indicated by the white arrows. (C-J) Time course of Fgf8
expression in the limb bud. (C,D) At E9.5, Fgf8 is expressed in a
broad band in the forelimb bud ectoderm of both the Jag24Ps-
homozygote and the littermate control. (D,E) At E10.5, the Fgf8
expression domain in the AER of the forelimb is broader in the
some of the Jag24PS- homozygotes than in wild-type or hetero-
zygous littermates. (G,H) At E11.5, the Fgf8 expression domain
is expanded in the AER of both fore- and hindlimbs of all
Jag24Pst homozygotes. (1,J) At E12.5, the Fgf8 expression re-
mains broader in the mutants, and is also more irregular along
the anterior margin of the limb bud. (K,L) Bmp4 expression at
E11.5. (M,N) Shh expression at E11.5.
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Figure 6. Expression of Bmp2 and Bmp7 is reduced in limbs of
Jag24PSt homozygotes. (A,B) Bmp2 expression. Bmp2 expres-
sion is reduced in Jag22PS- homozygous mutants between the
developing digits 2 and 3 (white arrow). (C,D) Bmp7 expression.
Bmp7 expression is reduced in distal regions of the interdigital
mesenchyme in the Jag2“PS- mutants. (E,F) Bmp4 expression.
Bmp4 expression in distal mesenchyme is unaffected in the
Jag24PSt mutants. Note the altered morphology of the foot plate
in the Jag24PS- homozygous mutants (B,D,F). All embryos
shown are at E13.5.

expression domain in the Jag22PS- homozygotes was
still broader but was also more irregular, particularly
along the anterior margin of the limb bud, than in con-
trol littermates (Fig. 51,J).

We also examined expression of other genes expressed
in the AER to determine whether they would show ex-
panded expression domains similar to Fgf8. We exam-
ined expression of the genes encoding the bone morpho-
genetic proteins Bmp2, Bmp4, and Bmp7. At E10.5, all of
these genes were expressed in the AER, and no differ-
ences in their domains of expression were detected be-
tween Jag24PS- homozygotes and littermate controls

Figure 7. Visualization of interdigital cell
death by Nile Blue Sulphate vital staining.
Limb buds were isolated at E13.5. Plantar
(ventral) apects of hindfeet are shown.
Apoptotic cells that stain blue with Nile
Blue Sulphate are observed between all
forming digits of wild-type and heterozy-
gous littermates, as well as in the anterior
(@) and posterior (p) necrotic zones (A) In
Jag24PSt homozygotes (B,C), the numbers
of staining cells are greatly reduced in the
regions where digits 2, 3, and 4 would nor-
mally form. There is no apparent reduction
of staining cells in the region between digits
1 and 2, and in the anterior and posterior
necrotic zones.
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(data not shown). Other sites of expression of these genes
in the limb bud (e.g., expression of Bmp2 in the zone of
polarizing activity and expression of Bmp7 in the ante-
rior and posterior mesenchyme) were also unchanged in
the mutants. By E11.5, expression of both Bmp2 and
Bmp7 was downregulated in the AER, whereas Bmp4
was still expressed in the AER. This Bmp4 expression
domain is expanded in the Jag24PS- homozygotes (Fig.
5K,L). These data are consistent with the time course of
the AER hypertrophy that we had observed histologi-
cally and by Fgf8 expression.

Previous work has demonstrated a positive feedback
loop in the developing limb between the AER and the
zone of polarizing activity (ZPA), the organizing center
responsible for anterior—posterior patterning of the limb
(Laufer et al. 1994; Niswander et al. 1994; for review, see
Johnson and Tabin 1997). The ZPA exerts its activity
through the production of the morphogen Sonic hedge-
hog (Shh). Because of this positive feedback loop between
the AER and the ZPA, one consequence of a hyperplastic
AER might be an expansion of the ZPA. Therefore, we
examined Shh expression in limb buds of Jag24Ps- ho-
mozygotes and littermate controls, and found that the
domain of Shh expression was expanded in the Jag24Ps-
homozygous mutants (Fig. 5M,N).

It is apparent from the histological analyses and
marker gene expression data described above that the
AER forms normally in the Jag24PS- homozygous mu-
tants and becomes hyperplastic between E10.5 and
E11.5. We examined whether there might be decreased
programmed cell death in the AER of the Jag2*PS“- ho-
mozygous mutants by analyzing in situ detection of ter-
minal transferase-catalyzed digoxigenin-dUTP labeling
(TUNEL assay) on sections of E10.5 limb buds. Very few
apoptotic cells were detected in the AER, and the num-
bers of labeled cells did not differ significantly between
Jag24PSt homozygotes and littermate controls (data not
shown).

Jag22PSt mutant mice exhibit reduced Bmp2 and
Bmp7 expression and decreased interdigital cell death

In amniote vertebrates, the formation of digits occurs by
the elimination of mesenchymal cells in the interdigital
regions through programmed cell death. Apoptotic cell




death in the interdigital regions is regulated by BMP-
mediated signaling (Macias et al. 1996, 1997; Yokouchi
et al. 1996; Zou and Niswander 1996). Therefore, we ex-
amined Jag22PS- homozygotes for expression of Bmp2,
Bmp4, and Bmp7 at later stages than were used to exam-
ine hypertrophy of the AER. At E13.5 in wild-type em-
bryos, Bmp2 was strongly expressed in the interdigital
mesenchyme and along the margins of the foot plate in
the anterior and posterior necrotic zones (Fig. 6A). In the
Jag24PS- homozygotes, expression of Bmp2 was reduced
between developing digits 2 and 3 (the digits most se-
verely affected by the syndactylous phenotype; Fig. 6B).
Bmp7 was also expressed in the interdigital mesen-
chyme of wild-type embryos at E13.5, although it was
not expressed as strongly as Bmp2 (Fig. 6C). In the
Jag24PSt homozygotes, Bmp7 expression was reduced,
particularly in the distal portions of the interdigital re-
gion (Fig. 6D). Bmp4 was expressed at E13.5 in the distal
mesenchyme of the limb bud (Fig. 6E; also see Dunn et
al. 1997). Bmp4 expression was unaffected in the
Jag24PSt homozygotes (Fig. 6F).

We also directly visualized apoptotic cells in the limb
bud by vital staining with Nile Blue Sulphate (Mori et al.
1995). This analysis revealed a reduction of interdigital
cell death in the mutants in the region where digits 2, 3,
and 4 were forming, whereas the region between digits 1
and 2 and the anterior and posterior necrotic zones (in
which anterior and posterior marginal mesoderm of the
limb bud is removed) were unaffected (Fig. 7A-C). Thus,
the syndactyly of the Jag2PS- homozygotes is accompa-
nied by hyperplasia of the AER, altered morphology of
the foot plate, an expanded domain of Fgf8 expression,
and reductions in expression of Bmp2 and Bmp7, and a
reduction of interdigital cell death.

Jag22PS- mutant mice exhibit impaired differentiation
of v T cells

Another major site of Jag2 expression during embryogen-
esis is the thymus (Shawber et al. 1996; Luo et al. 1997).
Both Jag2 and Notchl are coexpressed in the fetal thy-
mus (Luo et al. 1997), suggesting a role for the Notch
signaling pathway during thymic development. Indeed,
Robey and colleagues have shown previously that per-
turbations in Notch signaling mediated by the Notchl
gene can affect the development of particular T cell lin-
eages (Robey et al. 1996; Washburn et al. 1997). To ex-
amine whether loss of Jag2 gene function leads to similar
alterations in T cell development, we performed flow
cytometric analyses on thymocytes isolated from
Jag24PSt homozygous mutant embryos and control lit-
termates at E18 (1L day prior to birth).

The vast majority (>95%) of mature murine T cells
express either the CD4 or CD8 marker and utilize anti-
gen-specific T cell receptor (TCR) molecules consisting
of an o and B chain heterodimer (af lineage T cells).
During their course of differentiation in the thymus,
TCRaf expression is first observed in CD4"/CD8*
(double positive) T cells. However, a subset of murine T
cells utilize an antigen-specific TCR molecule com-
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prised of a vd chain heterodimer (yd lineage T cells). In
the thymus, TCR+y3 expression is generally restricted to
a subset of CD47/CD8” (double negative) cells whose
appearance precedes that of double positive cells. In fetal
thymuses from Jag24PS- homozygotes, the percentage of
total v& T cells, as well as those among the CD4/CD8"~
double negative subset, was approximately one-half that
observed in wild-type and heterozygous littermate con-
trols (representative data shown in Fig. 8A,B; data from
all embryos analyzed is summarized in Table 1). In con-
trast, fetal thymuses from Jag24PS- homozygotes and lit-
termate controls did not differ in the proportion of CD4/
CD8 double positive cells that expressed rearranged
TCRaB molecules. Similarly, fetal thymuses from
Jag24PSt homozygotes and littermate controls did not
differ in proportions of total double negative, double
positive, CD4 single positive, or CD8 single positive
cells.

Histological analyses also revealed alterations in thy-
mic morphology in the Jag24P*- homozygous embryos.
Examination of hematoxylin and eosin stained sections
of fetal thymuses from wild-type and Jag24PS- heterozy-
gous littermate controls revealed darker-stained cortical
regions and multiple lighter-stained medullary regions
(Fig. 8C). In sections of fetal thymuses from Jag24PSt
homozygotes, the amount and number of the lighter-
staining medullary regions appeared reduced (Fig. 8D,E).
Thus, Jag24PS- homozygous mutant embryos exhibit
both impaired differentiation of v3 lineage T cells and
altered thymic morphology.

Discussion

To determine the biological role of the Jag2 gene in mice,
we constructed and analyzed animals homozygous for a
deletion that removed the exons encoding the DSL do-
main of the Jagged2 protein. The phenotype of the
Jag22PS- homozygotes demonstrates that Jag2-mediated
Notch signaling is essential for proper craniofacial mor-
phogenesis, as well as for proper thymic and limb devel-
opment. These phenotypes correlate well with domains
of Jag2 expression in the tongue and palatal epithelium,
in the embryonic thymus, and in the AER of the limb
bud.

Cleft palate in Jag24PS- mutant mice

Cleft palate is among the most common birth defects in
humans, and is also commonly observed in both sponta-
neous and targeted mouse mutants and in mouse em-
bryos exposed to teratogenic agents during embryogen-
esis (e.g., Lohnes et al. 1994; Satokata and Maas 1994,
Kaartinen et al. 1995; Proetzel et al. 1995; Orioli et al.
1996; Mo et al. 1997, and references therein). This sug-
gests that disruptions in multiple developmental path-
ways can lead to palatal clefting. Much less commonly
observed, however, is completely penetrant cleft palate,
which we have seen in the Jag22PS- homozygous mu-

GENES & DEVELOPMENT 1051



Jiang et al.

Figure 8. Jag2“PS- homozygotes exhibit

impaired differentiation of vy T cells and nnedes

altered thymic morphology. (A,B) FACS
profiles of fetal thymocytes from a repre-
sentative control littermate (A) and a
Jag24PSt homozygous mutant (B) assessed
for CD4 vs. CD8 expression, proportion of
TCRaB™ cells in the CD4"CD8" popula-
tion, and TCRv3" cells in the CD4™CD8~
population. Broken lines denote the back-
ground staining levels that were used to
establish gates for respectively assessing
labeling of CD4*CD8" and CD4 CD8~
cells by phycoerythrin-conjugated TCR
afp- or yd-specific monoclonal antibodies.
Annotated numbers denote the percent
positive cells of the indicated phenotype.
(C-E) Altered morphology of the fetal thy-
mus in Jag24PS- homozygotes at E18. (C)
Thymus section from heterozygous litter-
mate. (D,E) Thymus sections from two
Jag24PSt homozygotes. In the heterozy-
gote, both darker-stained cortical regions
and multiple lighter-stained medullary re-
gions (arrows) can be observed. In the
Jag24PSt homozygotes, both the number
and the size of the developing medullary
regions are reduced.

tants. This suggests that the Jag2 gene may play a highly
specific role during palatal morphogenesis, and that the
palatal clefting observed in the Jag22PS- homozygotes is
not a secondary defect.

During normal palatal morphogenesis, the palatal
shelves must elevate, then grow toward the midline of
the embryo above the tongue. When the two palatal
shelves from either side of the embryo come into prox-
imity, they undergo an epithelial-mesenchymal transi-
tion to fuse and form the secondary palate, which ossi-
fies and forms the roof of the oral cavity (Ferguson 1988).
Mutations have been found that block different stages of
this process. In some mutants that exhibit cleft palate,
the shelves elevate and come into proximity, but are
unable to undergo the epithelial-mesenchymal transfor-
mation and fail to fuse along the midline of the embryo
(e.g., Kaartinen et al. 1995; Proetzel et al. 1995). In other
mutants, the palatal shelves elevate but do not grow to-
ward the midline of the embryo, possibly because of a
deficiency of craniofacial mesenchyme (e.g., Satokata
and Maas 1994). The type of cleft palate exhibited in the
Jag24PSt homozygotes represents a third category, in
which the palatal shelves fail to elevate. Lack of palatal
shelf elevation is also observed in mouse embryos ho-
mozygous for a particular deletion in the piebald com-
plex (O’Brien et al. 1996). However, the fusions between
the unelevated palatal shelves and the tongue that we
observe in the Jag2“PS- homozygotes appears to be quite
unusual.
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Thymic development in Jag mutant mice

Alterations in Notch signaling mediated by the Notchl
gene have been shown previously to affect development

Table 1. Summary of flow cytometry analyses of fetal
thymocytes from Jag24PS- mutant embryos and
littermate controls

Jag2 genotype
Thymic subset 9°9 P

analyzed ++, +/- /-

CD4°CD8” 7.9+0.9 (n=14) 80x11(n= 11)
CD4*CD8" 836+12(n=14) 856+1.4(n=11)
CD4*CD8” 3.2+03(n=14) 3.3+x0.3(n=11)
CD4 CD8" 43+09(n=14) 3.3+£09(n=11)

TCRaB* among
CD4*CD8" cells
TCRy8" among total

thymocytes
TCRy3" among
CD47CD8 cells

521+1.0(n=19) 50.5+1.1(n=15)

26+01(n=19) 1.3%0.1(n=157

19.6+13(n=19) 11.8+1.0(n=157

Total cells isolated per thymic lobe did not differ between mu-
tants and controls. No differences were noted between +/+ and
+/- littermate controls, so data from these two genotypes were
combined. Data are presented as the mean % = s.e.m. of cells
expressing the indicated differentiation markers. Numbers of
embryos tested are given in parentheses.

aSignificantly less (P < 0.001, Student’s t-test) than in +/+ and
+/- littermate controls.



of particular T cell lineages (Robey et al. 1996; Washburn
et al. 1997). The Jag2 gene is expressed at high levels in
the embryonic thymus (Shawber et al. 1996; Luo et al.
1997), which suggests that Jagged2 protein may function
as the ligand for the Notchl protein during thymic de-
velopment. Jag2“PS- homozygous mutant embryos at
E18 exhibit both altered thymic morphology and a re-
duction in the number of yd T cells. These results dem-
onstrate that Notch signaling mediated through the Jag2
gene is essential for normal thymic development and for
the differentiation of normal numbers of v8 T cells.

It is informative to compare our experiments with
those of Robey and colleagues (Washburn et al. 1997). In
the experiments described in this report, we directly ana-
lyzed thymocytes of Jag2PS- homozygotes and litter-
mate controls just before birth (we could not analyze
them after birth, because of the completely penetrant
neonatal lethality associated with the craniofacial de-
fects of the Jag2“PS- homozygotes). However, thymo-
cytes from Notchl-deficient mice cannot be analyzed di-
rectly because homozygous Notchl-deficient embryos
die during embryogenesis, prior to differentiation of the
thymus (Swiatek et al. 1994; Conlon et al. 1995). There-
fore, Washburn et al. (1997) examined T cell differentia-
tion in irradiated ragl mutant mice reconstituted with a
mixture of equal portions of fetal liver or bone marrow
cells from Notch1*/* and Notchl*/~ donor mice
(Notch1™~ stem cells could not be examined, because
Notchl-deficient embryos die prior to differentiation of
fetal liver cells). Under these conditions, they found that
T cells derived from Notch1*/~ stem cells are less likely
than T cells derived from Notch1™* stem cells to differ-
entiate as a8 T cells. This effect was observed only in
chimeras reconstituted with a mixture of Notch1*/* and
Notch1*/~ stem cells. In either intact Notch1*/~ mice, or
in same genotype chimeras (i.e., chimeras reconstituted
with only Notch1*/* or Notch1*/~ stem cells, but not a
mixture of the two), no effect on differentiation of af T
cells was observed. Washburn et al. (1997) also found
that T cells derived from Notch1*/~ stem cells are less
likely than T cells derived from Notch1*/* stem cells to
differentiate as vd T cells, and observed that the ratio of
vd to B T cells was higher in T cells derived from
Notch1*/~ stem cells. Therefore, they suggested that re-
duced Notch signaling mediated by the Notch1l gene fa-
vored differentiation of the 3 lineage over the of lin-
eage.

Our analysis of T cell differentiation in Jag24Ps- ho-
mozygous mutant embryos provides further evidence
that perturbations of the Notch signaling pathway can
influence the differentiation of particular T cell subsets.
However, in the Jag24PS- homozygotes, only differentia-
tion of 3 lineage T cells is impaired, whereas differen-
tiation of af T cells is unaffected. This may suggest that
another ligand interacts with the Notchl protein during
differentiation of the o T cell lineage. A more detailed
analysis of the role of the Jag2 gene during T cell differ-
entiation will require chimera studies similar to those
performed to analyze Notchl function (Washburn et al.
1997).

Analysis of Jag2 mutant mice

Limb defects in mice mutant for two different Jag2
mutant alleles

Previously, we mapped the Jag2 gene to distal Chromo-
some 12 (Lan et al. 1997), near the spontaneous mouse
mutation sm. Sidow et al. (1997) have shown recently
that the sm mutation is a missense mutation in the Jag2
gene that causes a glycine to serine substitution in the
first EGF repeat. Therefore, we will refer to the mutant
allele present in the sm mutants as the Jag2®™ allele. The
Jag2°™ mutation arose spontaneously in the A/Fa inbred
strain (Gruneberg 1956). In Jag2°™ homozygotes, digits of
the forefeet were joined by soft tissues only, whereas
fusions of cartilage or bone were often observed on the
hindfeet. Considerable postnatal mortality of Jag2*™ ho-
mozygotes was also observed, although the cause of this
lethality was not studied further (Grineberg 1956).

Morphological and histological examination of the
limb buds of Jag2°™ homozygotes indicates that the AER
is hyperplastic (Gruneberg 1960; Milaire 1967; Sidow et
al. 1997). We show here that the AER of the Jag24Ps-
homozygotes is also hyperplastic (Fig. 5A,B). The authors
of these earlier studies suggested that the syndactyly of
the Jag2®™ homozygotes was the result of mechanical
constraints caused by the hyperplastic AER (Gruneberg
1960; Milaire 1967). However, recent work has estab-
lished that the onset of interdigital cell death in the foot
plate is concomitant with the cessation of AER function,
and that local administration of fibroblast growth factors
(FGFs) in the interdigital region of chick limb buds can
inhibit interdigital cell death and cause the formation of
soft-tissue syndactyly (Macias et al. 1996). This pheno-
type is strikingly similar to the phenotypes of the
Jag24PSt and Jag2®™ mutants. We demonstrate here that
in the Jag24PS- homozygotes, Bmp2 and Bmp7 expres-
sion and interdigital cell death are reduced. Our model is
that the hyperplastic AER of the Jag24PS"- (and Jag2s™)
homozygotes produces excess FGF activity that inhibits
expression of Bmp2 and Bmp7 in the foot plate, with a
consequent reduction of interdigital cell death. The ex-
pansion of the Shh expression domain in the Jag24Pst
homozygotes (presumably via the positive feedback loop
between the ZPA and the AER) supports our idea that
the hyperplastic AER of the Jag24PS- mutants produces
excess FGF activity. Antagonistic interactions between
the FGF and BMP signaling pathways have been reported
previously for both limb and mandibular development
(Niswander and Martin 1993; Neubuser et al. 1997).
However, the altered morphology of the foot plate ob-
served in the Jag24PS- and Jag2*™ homozygotes most
likely also contributes to the syndactylous phenotype,
particularly the secondary osseous fusions of the distal
phalanges.

Our model that excess FGF activity produced by the
hyperplastic AER inhibits BMP expression in the limb
mesenchyme and thus causes a reduction of interdigital
cell death is consistent with the hypothesis that BMPs
are important regulators of programmed cell death in the
limb bud (e.g., Macias et al. 1996, 1997; Yokouchi et al.
1996; Zou and Niswander 1996; Dunn et al. 1997; Hof-
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man et al. 1997). However, given the gross morphologi-
cal change of the AER and the expansion of the Fgf8
expression domain throughout the anterior-posterior
axis of the Jag2“PS- mutant AER, it is striking that only
interdigital cell death, but not cell death in the anterior
and posterior necrotic zones, are affected in the Jag24Ps-
homozygotes. It has been shown that overexpression of a
dominant-negative form of BMP2/4 receptor la in the
chick limb inhibited programmed cell death in both the
interdigital mesenchyme and the anterior and posterior
necrotic zones (Yokouchi et al. 1996). This indicates
that, at least in the chick, BMPs are regulators of pro-
grammed cell death in all regions of the limb mesen-
chyme. In Jag24Ps- mutant limb buds, both Bmp2 and
Bmp7 are downregulated only in the interdigital regions,
leaving the BMP-mediated apoptotic signaling pathway
intact in the anterior and posterior necrotic zones. One
possible explanation for the specific reduction of
Bmp2/7 expression only in the interdigital region of the
Jag24PSt mutant limb bud might be an asymmetric dis-
tribution of a positive regulator(s) of Bmp2/7 transcrip-
tion in the limb bud. If such a positive regulator were
expressed at higher levels in the anterior and posterior
regions of the limb mesenchyme, it could counteract the
inhibitory FGF activity and result in unaltered expres-
sion of Bmp2 and Bmp7 in the anterior and posterior
mesenchyme.

Amorphic and hypomorphic alleles of Jag2

The Jag2®™ missense mutation changes an invariant gly-
cine to serine at codon 267 in the first EGF repeat of the
Jagged2 protein, which Sidow et al. (1997) suggest creates
a hypomorphic Jag2 mutant allele. The more severe phe-
notype of the Jag24PS- homozygotes supports the idea
that Jag2®™ is a hypomorphic allele, whereas Jag2*Ps" is
an amorphic (null) allele. The limb phenotype of
Jag24PS- homozygotes, although similar to that of
Jag2°™ homozygotes, appears more severe. Neither sec-
ondary osseous fusions of the forefeet nor terminal split-
ting of distal phalanges (both of which are present in
Jag24PSt homozygotes) were reported in Jag2s™ homozy-
gotes (Griineberg 1956, 1960). In addition, no Jag24Ps-
homozygote has survived for more than a few hours after
birth, whereas many Jag2°™ homozygotes are viable. Al-
though postnatal lethality was noted in the original de-
scription of the Jag2*™ mutation (Gruneberg 1956), its
cause was not determined. One obvious implication
from our work is that the postnatal lethality originally
described for the Jag2*™ mutants may be caused by in-
completely penetrant craniofacial defects, such as the
cleft palate and tongue fusions observed in the Jag24Ps-
homozygotes. Interestingly, a genome scan in mice for
teratogen-induced cleft palate and cleft lip susceptibility
loci identified several chromosomal regions associated
with clefting susceptibility (Diehl and Erickson 1997).
One of the identified regions maps to distal chromosome
12 and includes the map postition of the Jag2 gene. This
result suggests Jag2 as a possible candidate gene involved
in teratogen-induced clefting susceptibility in mice.
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Recent results in the chick have suggested that Jag2
acts downstream of the Radical Fringe gene in regulating
formation of the AER (Laufer et al. 1997; Rodriguez-Es-
teban et al. 1997). Whether this regulatory pathway is
conserved in mice is open to question, because expres-
sion of the Radical Fringe gene cannot be detected in
mouse limb buds by whole mount in situ hybridization
(Johnston et al. 1997; N. Zhang and T. Gridley, unpubl.).
Our results demonstrate that Jag2 is not required in mice
for AER formation, and instead suggest that Jag2 may act
to negatively regulate growth and function of the AER.

Materials and methods

Isolation of genomic and cDNA clones and targeting vector
construction

To isolate mouse Jagged2 cDNA clones, the dBEST expressed
sequence tag database was searched with the rat Jagged2 cDNA
sequence (Shawber et al. 1996). The insert from one of the ho-
mologous EST clones identified in this search (dBEST no.
336371) was used as a probe to screen a mouse brain cDNA
library. One clone isolated in this screen (Cl4a) had a 1.4-kb
insert that exhibited >85% nucleotide sequence identity to the
rat Jagged2 cDNA (the mouse gene was given the symbol Jag2
by the International Committee on Standardized Genetic No-
menclature for Mice). The sequence of this partial cODNA clone
has been submitted to GenBank (accession number AF010137).
Genomic clones were isolated from a Lambda DASH-II mouse
genomic library (Stratagene), with a 1.2-kb insert encoding part
of the EGF repeat region of the rat Jagged2 cDNA as a probe. The
genomic organization of a portion of the mouse Jag2 locus was
determined by restriction enzyme mapping, blot hybridization,
and nucleotide sequencing.

To construct the targeting vector, a 2.2-kb Sacl fragment of
the Jag2 gene was subcloned upstream of a PGK-neo expression
cassette (Soriano et al. 1991), and a 4.0-kb Spel-Notl Jag2 frag-
ment was subcloned downstream of the PGK-neo cassette. This
resulted in the deletion of a 5.0-kb genomic fragment containing
the exons encoding the DSL domain and half of the first EGF
repeat of the Jagged2 protein. We refer to this allele as Jag24PSt.
An HSV-tk cassette (Mansour et al. 1988) was also introduced
to allow negative selection against random integration of the
targeting vector.

Electroporation, selection and screening of ES cells, and
mouse and embryo genotyping

CJ7 ES cells were electroporated with 25 pg of linearized target-
ing vector, selected, screened, and injected into blastocysts from
C57BL/6J mice, and the resulting chimeras bred with C57B1/6J
females as described previously (Swiatek et al. 1994). F1 animals
heterozygous for the Jag22PSt allele were intercrossed for analy-
sis. Mice and embryos were genotyped by Southern blot analysis
or by allele-specific PCR. PCR primers for the wild-type Jag2
allele were DSL1 (5'-ACTACAGTGCCACCTGCAAC-3') and
DSL2 (5'-CTTCGTGGCCTACTAAAGCC-3'), giving a 374-bp
amplification product. The primers for the Jag22PS" allele were
J2KO2 (5'-GCACGAGACTAGTGAGACGTG-3'), located in
the neo cassette and J2KO3 (5'-GAGTGAGAGTGTTCATGC-
TGAG-3'), giving a 530-bp amplification product.

Histology and in situ hybridization

Embryos were dissected and DNA was prepared from the yolk
sacs or tails for genotyping by PCR or by Southern blot analysis.



Embryos for histological analysis were fixed in Bouin’s fixative.
Fixed embryos were dehydrated through graded alcohols, em-
bedded in paraffin, sectioned at 6 um, and stained with hema-
toxylin and eosin. Embryos for in situ hybridization were fixed
overnight at 4°C in 4% paraformaldehyde in PBS. Whole mount
in situ hybridization and hybridization of cryostat-sectioned
embryos with nonradioactive probes were performed as de-
scribed previously (Lindsell et al. 1996).

Detection of apoptotic cell death and skeletal analyses

Apoptotic cell death in the AER of Jag22PSt homozygotes and
littermate controls at E10.5 was assessed by TUNEL labeling.
E10.5 embryos were fixed in 3.7% paraformaldehyde in PBS
overnight at 4°C, embedded in paraffin, and sectioned. Apop-
totic cells were detected by use of the ApopTag in situ apoptosis
detection kit (Oncor, Gaithersburg, MD) following the manu-
facturer’s instructions. Apoptotic cell death in limb buds at
E13.5 was assessed by whole mount vital dye staining with Nile
Blue sulfate (Mori et al. 1995). Embryos from Jag24PSt hetero-
zygous intercrosses were dissected and were stained in a
1:50,000 (wt/vol) solution of Nile Blue sulfate (Fluka) in Hank’s
balanced salt solution for 60-90 min at 37°C. After staining,
limb buds were rinsed in PBS and photographed. Alizarin-red-
stained skeletal preparations were performed as described (Mar-
tin et al. 1995).

Flow cytometry

Multicolor flow cytometric (FACScan, Becton Dickinson, Palo
Alto, CA) analysis was used to compare T cell differentiation in
fetal thymuses from Jag24PS- homozygous mutant embryos and
heterozygous and wild-type littermates. Single cell suspensions
were prepared from thymuses of individual embryos at E18 and
suspended at 2 x 107/ml in FACS buffer (Ca®* and Mg?* free PBS
containing 0.1% sodium azide with 2% FBS). Aliquots of 10°
thymocytes (50 ul) were stained simultaneously with monoclo-
nal antibodies specific for the T cell differentiation markers
CD4 and CD8. CD8 expression was detected with the mono-
clonal antibody 53-6.72 conjugated to a green fluorescent FITC
tag. CD4 expression was detected with the biotin conjugated
monoclonal antibody GK1.5 that was developed subsequently
with a red fluorescent streptavidin-Red670 tag (Pharmingen,
San Diego CA). Separate aliquots of thymocytes stained for both
CD4 and CD8 expression were assessed respectively for the
presence of rearranged T cell receptor (TCR) a3 or yv& complexes
with the monoclonal antibodies H57-597 and GL3 conjugated to
a phycoerythrin (PE) tag, whose red fluoresence intensity could
be readiliy distinguished from that of Red670. Viable cells, iden-
tified by their forward versus side scatter profiles, were analyzed
for staining with the antibodies described by use of the Cell
Quest 3.0 data reduction program. Data are presented as the
mean % = s.E.M. of cells expressing the indicated array of differ-
entiation markers.
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