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ABSTRACT The Notch signalling pathway has a central role in a wide variety of developmental
processes and itis not therefore surprising that mutations in components of this pathway can cause
dramatic human genetic disorders. One developmental process in which the Notch pathway is
involved at multiple levels is somitogenesis, the mechanism by which the embryo is divided into
segments that ultimately form structures such as the axial skeleton and skeletal muscle of the trunk.
We are investigating the human genetic disorder spondylocostal dysplasia (SCD), which is a group
of malsegmentation syndromes that occur when this process is disrupted. Mutations in the Notch
ligand DELTA-LIKE 3 (DLL3) are responsible for cases of autosomal recessive SCD type | (SCDO1),
and we are using information derived from these mutations to study the structure of the DLL3
protein. To aid in elucidation of the underlying developmental defect in SCDO1, we have generated
a mouse model by targeted deletion of the DI/I3 gene (Dunwoodie et al., 2002). These mice show
segmentation defects similar to those seen in SCDO1. In addition, these mice have a distinct set of
neural defects that may be useful in future neurological assessment of affected individuals. Finally,
since not all cases of SCD are due to mutation of DLL3, we are investigating various genes to find
other candidates involved in this genetic disease.
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Introduction

The Notch signalling pathway is a highly evolutionarily con-
served signal transduction mechanism that has key roles in the
regulation of cell fate decisions during embryonic development of
metazoans, from sea urchins to humans (reviewed in Artavanis-
Tsakonas et al., 1999). Notch proteins are large transmembrane
receptors that are expressed in awide range of different cell types
in temporally and spatially restricted patterns. These receptors
interact with membrane-bound ligands belonging to both the
Serrate/Jagged and the Delta-like families. Ligands tend to be
expressed in more highly restricted patterns than the receptors
within the developing embryo. Inthe mammalian system there are
four Notch homologues (Notch 1-4; Weinmaster et al., 1991,
Weinmaster et al., 1992; Lardelli et al., 1994; Uyttendaele et al.,
1996;), three Delta-like proteins DIl 1, 3 and 4; Bettenhausen et
al., 1995; Dunwoodie et al., 1997; Shutter et al., 2000) and two
Serrate/Jagged proteins (Jagged 1 and 2; Lindsell et al., 1995;
Shawber et al., 1996). Structurally the mammalian receptors
consist of several distinct conserved domains including EGF,

Notch/lin-12 and ankyrin repeats; and RAM23, PEST and trans-
membrane domains (depicted schematically in Fig. 1; reviewed in
Fleming, 1998). The mammalian ligands bind to EGF repeats 11
and 12 of the receptor via the Delta/Serrate/Lag-2 domain (DSL).
In addition, both families of ligands contain EGF repeats and a
transmembrane domain, and the Jagged proteins also contain a
cysteine-rich domain (Fig. 1). As a consequence of both receptor
and ligand being membrane-bound, activation of the Notch path-
way requires intimate cell-cell interaction. Ligand binding results
in proteolytic cleavage of the receptor close to the transmem-
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Fig. 1. Mammalian Notch receptors and ligands; a schematic representation of their

Structure.

brane domain, and translocation of the Notch intracellular domain
(NICD) to the nucleus of the cell receiving the signal. Here, the
NICD interacts with transcription factors of the CSL family, con-
verting them from repressors to activators of transcription, and
thus causing direct activation of target genes. These include
transcription factors and signalling molecules that can either
inhibit or promote differentiation along particular developmental
pathways (reviewed in Mumm and Kopan, 2000). Genetic studies
in Drosophila and C. elegans have revealed that the basic
pathway is modulated at a variety of different levels by a large
array of accessory proteins (reviewed in Panin and Irvine, 1998
and Mumm and Kopan, 2000), the majority of which are also
represented in mammals.

During development, this signalling pathway controls the speci-
fication of cell fate via three mechanisms that have been well
defined in Drosophila (reviewed in Bray, 1998). Firstly, lateral
inhibition is a mechanism by which isolated cells within a field of
cells with equivalent developmental potential can undergo speci-
fication and simultaneously inhibit the neighbouring cells from
following the same developmental pathway. This process acts
through a positive feedback loop which amplifies small differ-
ences in the levels of Notch activation between neighbouring
cells, and often involves induction of the HES family of transcrip-
tional repressors which inhibit the expression of tissue-specific
transcription factors. It has been suggested that in this process
Notch signalling is acting to repress a “default” differentiation
pathway, and promote a “secondary” fate. Notch signalling is also
involved in lateral specification that drives the lineage decisions
of progenitor cells with the potential to differentiate into more than
one cell type. In this process, cells are triggered to commit to a
specific fate by the reception of a signal via the Notch receptor. An
example of this process is in lymphocyte development (see
below). Finally, Notch signalling is a key component in the
process of forming boundaries between different types of cells.
The best described examples are the formation of the dorsal/
ventral boundary in both the Drosophila wing imaginal disc and in
the vertebrate wing (Irvine and Vogt, 1997); and somite formation
in vertebrates (see below).
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Defects in Notch Signalling Cause Human Genetic
Disease

Since Notch signalling is involved in a wide variety of
processes, it is not surprising that mutations of either
receptors or ligands has been found to be the underlying
cause of human genetic disorders. Four such diseases
have been identified and studied in detail, and the
mechanisms of these reflect the multiple roles of the
Notch pathway in both development and differentiation
(Table 1). They include two developmental disorders, a
cancer, and a degenerative disease. We will briefly
discuss three of these disorders, and then focus in more
detail on the syndrome spondylocostal dysplasia.

A subset of T-cell acute lymphoblastic leukaemias
were originally associated with the NOTCH1 gene by
the discovery of three patients carrying a chromosomal
translocation between chromosomes 7 and 9. Such
translocation occurs by somatic mutation, and thus is
not inherited. It results in the overexpression of trun-
cated Notch1l polypeptides that lack most of the extra-
cellular domain (ECD) and constitutively activate the
Notch pathway (Ellisen et al., 1991), thus acting through a gain-of-
function mechanism. This disease highlighted the role of Notch
signalling in lymphocyte development, and subsequent studies have
shown that this pathway acts at three critical stages in this process
(reviewed in Deftos and Bevan, 2000 and Anderson et al., 2001).
Initially lymphoid progenitor cells can differentiate towards either the
B-cell or T-cell lineages. T-cell precursors can then either form af or
ydcells, and finally of3 cells can form either helper T cells (CD4+) or
cytolytic cells (CD8+). It is not clear how overexpression of the
truncated Notch receptor causes the disease, but transgenic mice
expressing the truncated Notch receptor have higher levels of CD8+
cells. Also in mice, similar translocations have frequently been
observed in T cell tumours arising in MMTVP/myc transgenic mice
infected with murine leukaemia virus (MuLV), suggesting that
overexpression of the constitutively active Notchl1 receptor in mice
causes the same effect as in humans, with the viral LTR acting as a
strong promoter. In addition, in vitro transformation of T cells and
fibroblasts has been achieved using overexpression of various
truncated Notchl proteins (Hoemann et al., 2000; Anderson et al.,
2001).

Another example of a disease caused by mutation in a Notch
receptor is provided by CADASIL (Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy,
MIM125310). The key feature of this disorder is relapsing strokes
affecting relatively young adults of both sexes, leading to a progres-

TABLE 1

HUMAN GENETIC DISEASES CAUSED BY MUTATION OF NOTCH
PATHWAY COMPONENTS

Gene Locus Disease MIM

NOTCH1 9934.3 Acute T-cell lymphoblastic leukaemia 190198
NOTCH3 19p13.1-2 CADASIL 125310
JAG1 20p12.2 Alagille syndrome 118450
DLL3 19913.1 SCDO1 277300

MIM details were derived from Online Mendelian Inheritance in Man, OMIM™.,
McKusick-Nathans Institute for Genetic Medicine, Johns Hopkins University (Balti-
more, MD) and National Center for Biotechnology Information, National Library of
Medicine (Bethesda, MD), www.ncbi.nlm.nih.gov/omim/.



sive dementia. The mutant gene is NOTCH3, which was isolated by
a positional cloning approach after mapping of the disorder to
chromosome 19 by linkage analysis in a large affected family (Joutel
et al., 1996). Analysis of a large number of NOTCH3 mutations
suggest that in 90% of cases this disease is caused by a missense
mutation that changes the number of cysteine residues in a single
EGF repeat, frequently in repeats 1-5. These protein domains
contain six highly conserved cysteine residues that form disulphide
bonds critical to the correct folding of the polypeptide. The mutations
reported either delete or insert a single cysteine residue. Itis not yet
clear how mutation of NOTCH3 causes CADASIL, however the
underlying defect involves a deterioration of the vascular smooth
muscle cells throughout the body. To date the mouse Notch3has not
be targeted, and thus it is not known whether such a system would
be a useful model for studying CADASIL.

Thefirstdisease shown to be caused by mutationin a Notch ligand
was Alagille syndrome (AGS MIM118450). This is an autosomal
dominantly inherited developmental disorder characterised by five
key features, including neonatal jaundice due to intrahepatic
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cholestasis; posterior embryotoxon and retinal pigmentary changes
in the eye; pulmonic valvular stenosis as well as peripheral arterial
stenosis in the heart; abnormal (“butterfly”) vertebrae; and character-
istic facies with prominent forehead and chin, and deep-set eyes.
Cytogenetic analysis of some patients revealed either deletion or
translocation of chromosome 20p12, and the defective gene was
identified as JAGGED1 by positional cloning techniques (Li et al.,
1997; Oda et al., 1997). 3-7% of all patients have a complete deletion
of the JAGGEDI1 gene. Of the remainder, some 233 intragenic
mutations have been identified (reviewed in Spinner et al., 2001).
The majority of these lead to premature termination codons (72%),
and the remainder are comprised of 13% missense mutations and
15% splice junction mutations. Because there is little if any pheno-
typic difference between AGS patients with total deletion of the
JAGGED1 gene and those with premature termination codons or
missense mutations, it is generally assumed that AGS is due to
haploinsufficiency. In mice, a Jagged1 null mutant has been created
by gene targeting (Xue et al., 1999). Mice heterozygous for the null
allele exhibit eye dysmorphology, but do not show any of the other
phenotypic abnormalities associated with AGS in humans. Interest-
ingly, homozygous nulls are embryonic lethal, with defects of the
remodelling of yolk sac and embryonic vasculatures, especially
apparent in the cranial vasculature. This underlines the importance
of Notch signalling in the formation of the vasculature and may
provide some hints to the vascular defectin CADASIL. There are two
other mouse mutants of Jaggedl. The coloboma line of mice has
been shown to carry a large deletion of mouse chromosome 2
including the entire Jagged1 locus (Xue et al., 1999). The slalom
allele was generated in an ENU mutagenesis screen, and has been
shown to be a missense mutation that replaces a conserved proline
residue with a serine in EGF repeat 2 (P269S; Tsai et al., 2001). Like
the targeted mouse line, neither of these mouse mutants replicates
the AGS phenotype.

It is interesting to note that the reported mutations in all three
diseases seem to be restricted to extra-cellular and transmembrane
domains of the receptor and ligand. A possible explanation for this
observation comes from studies in Drosophila where deletion of the
intracellular domain (ICD) of either Delta or Serrate produces a
dominant negative phenotype (Sun and Artavanis-Tsakonas, 1996).
Thus a Notch receptor or ligand carrying such a mutation in the ICD

Fig. 2. A new mutation in DLL3 identified in an SCDO1 patient.
Electropherograms documenting the mutation are shown in the proband
and both parents.

might be expected to affect a wide range of Notch signalling pro-
cesses, and thus severely impair many developmental processes.

Some Cases of Spondylocostal Dysplasia (SCD) are Caused
by Mutation in the DLL3 Gene

A second example of a human developmental disorder caused
by mutation in a Notch ligand is provided by spondylocostal
dysplasia (SCD, MIM277300). This is a group of vertebral
malsegmentation syndromes with reduced stature resulting from
axial skeletal defects. Previous studies have shown that some
cases of autosomal recessive SCD are due to mutation of the
DLL3 gene (SCDO1, Bulman et al., 2000). In order to study the
function of DLL3, we have initiated a study to identify new
mutations of DLL3in SCDO1, with the aim of using these in in vitro
experiments to map the functional domains of the protein. To date
we have analysed the DLL3gene of an Australian SCDO1 patient
and their family, and have identified a new missense mutation
(G926A; Fig. 2), resulting in the substitution of a tyrosine residue
for cysteine 309 in EGF repeat 3. Structural predictions of the
DLL3 EGF repeat domain using the sequence threading algo-
rithm (see Methods) suggest that this cysteine residue is involved

TABLE 2

POLYMORPHISMS IN THE DLL3 CODING SEQUENCE

Exon  DLL3 nucleotide Nucleotide change Amino acid change Protein region
3 318 GGG -GGC G106 NT
5 425 CTG-CAG L142Q NT
5 515 TTC-TGC F172C NT
5 546 GCC-GCG A182 DSL
6 653 CTG-CCG L218P EGF1
7 1029 CCC-CCT P343 EGF4

The reference DLL3 nucleotide sequence is derived from the genomic sequence of
GenBank accession no. AC011500. Positions are based on the A of the ATG codon
as nucleotide +1. NT, amino terminal region; DSL, Delta/Serrate/Lag-2 domain;
EGF#, EGF repeat number #.
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Fig. 3. DII3"¢°/DII3"¢° mutants have a defect
in somitogenesis. (A, B) Wholemount RNA in
situ hybridisation showing DII3 gene expres-
sion in 25-somite embryos viewed laterally (A)
and dorsally (B). DII3 transcripts are detected
in the mid- and hindbrain, the sensory cranial
ganglia, the sympathetic chain, and along the
length of the spinal cord. Expression is also
detected in the dorsal root ganglia, the anterior
margin of the nascent somites, the presomitic
mesoderm and in the primitive streak/tailbud.
(C) Lateral view of alcian blue stained embryos
(14.5 dpc) with DII3MDII3e° to the left and
DIlI3"eoDlI3ne° to the right. (D,E) Lateral views
of epithelial somites dissected from 9.5 dpc
embryos following RNA wholemount in situ
hybridisation with Mesp2 marking the site
where the somite boundary forms. (D) Regu-
larly sized and shaped somites are present in
DII3/DII3"e° embryos. The distance between
the band of Mesp2 expression and the last
formed somite is equivalent to one somite
width. (E) No epithelial somites are detectable
in this DII3"®°DII3"e° embryo immediately ros-
tral toMesp2 expression. Irregular somites are

detected in the rostral PSM. (F,G) Anterioposterior identity is disrupted in DII3"°/DII3"°, Lateral views of epithelial somites dissected from 9.5 dpc
embryos following RNA wholemount in situ hybridisation with Uncx4.1. Rostral to the left, caudal to the right. (F) Expression shows clear periodicity in
DII3/DII3"¢° embryos, and is restricted to the posterior of epithelial somites. (G) Uncx4.1 expression is reduced and periodicity is lost in DII3"¢°/DII3"°
embryos. (H,l) Lateral views of 10.5 dpc embryos after RNA wholemountin situ hybridisation with NeuroD DII3/DII3"¢°(H) and DII3"¢°/DlI3"e° (I) embryos.
NeuroD expression is unaffected in the cranial ganglia of DII3"°/DII3"®° embryos, but expression in dorsal root ganglia shows that these are unsegmented
in DII3"®°DII3"e° mutants. Scale bars: 400 um (A,B); 1.35 mm (C); 400 um (D,E); 200 um (F,G); 700 um (H, ).

in a critical disulphide bond, and such a mutation would cause a
major disruption of EGF repeat structure. As discussed above,
this type of mutation in the EGF repeats of NOTCH3 are respon-
sible for CADASIL, and in addition similar mutations are known for
JAGGEDI1 in AGS. The only previously identified missense mu-
tation in DLL3 (G1154A) results in the substitution of glycine 385
(in EGF repeat 5) with an aspartic acid (Bulman et al., 2000).
Based on the threading analysis, itis unlikely that this substitution
would affect the folding of the polypeptide chain, asitliesin anon-
structural loop extending from the core of the EGF repeat.
However, this residue is highly conserved between EGF repeats
of several Notch ligand as well as across species, and may be
essential for protein-protein interactions.

A number of single nucleotide polymorphisms (SNP) were iden-
tified in the course of this investigation (Table 2). Although some of
these are silent mutations or introduce conservative amino acid
substitutions, two of these cause relatively non-conservative amino
acid substitutions. However these are not likely to have significant
structural and functional consequences since such polymorphisms
are present in both affected and unaffected individuals. We are
currently sequencing 100 chromosomes from a control group of
unaffected and unrelated individuals to provide a genetic baseline
which will enable us to increase the confidence levels of distin-
guishing SCDO1-causative mutations from polymorphisms present
in the general population.

DII3Null Mice Provide a Genetic Model for the Developmental
Origins of SCDO1

In the mouse, DII3 is normally expressed in low levels in the
epiblast (5.5-6 dpc), and later in higher levels in the primitive

streak. By 8.0 dpc, DII3 is expressed robustly in the presomitic
mesoderm (PSM), with lower transcript levels in the forming
somite and detectable only in the anterior margin of nascent
somites, and this persists throughout somitogenesis. DII3is also
expressed in a punctate pattern in the mid- and hindbrain and
spinal cord of the ventricular layer, with prominent expression in
the nasal pits, sensory ganglia, the sympathetic chain and dorsal
root ganglia (Fig. 3 A,B; Dunwoodie et al., 1997). To study the
function of DII3, we generated a loss of function mutation in the
mouse DII3 gene using a gene targeting approach (Dunwoodie et
al.,, 2002). Homozygous null embryos (DII3"€9/DII3"°) exhibit
severe axial skeletal malformations consisting of highly
disorganised vertebrae and costal defects, and appear to be a
phenocopy of SCDO1 (Fig. 3C). Our analysis of these mutants
shows that the developmental origins of the skeletal defects lie in
delayed and irregular somite formation (Fig. 3 D,E). Analysis at
the molecular level by RNA wholemount in situ hybridisation
revealed a perturbation of anterioposterior somite polarity as
detected by markers such as Uncx4.1 (Fig. 3 F,G) and mCerl
(Dunwoodie et al., 2002). These aberrations are likely to be
founded in the disruption of the segmentation clock which intrin-
sically oscillates within PSM (see below). A second mutant mouse
line carrying a mutation in the DII3 gene is pudgy (pu), which was
generated in an X-ray mutagenesis screen at the Oak Ridge
National Laboratory, and has a four nucleotide deletion in exon 3,
leading to a truncation prior to the DSL domain (Gruneberg, 1961;
Kusumi et al., 1998). The phenotype of homozygous DII3PY mice
is very similar to those of our DII3"¢° null mice, and thus it is likely
that they are functionally equivalent null alleles (Dunwoodie etal.,
2002).
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DII3 Null Mice have Central Nervous System Defects

Given the expression of DII3in the nervous system (Dunwoodie
et al., 1997; Kusumi et al., 2001), we also analysed the neural
phenotype of DII3"¢9/DII3™° embryos in detail. Initially the neu-
roepithelium was analysed by examination of the marker genes
Hes5, Mash1 and NeuroD. In Drosophila, when Notch signalling is
inactivated, E(Spl) expression is lost leading to an upregulation of
genes of the achaete-scute (ac-sc) proneural class and conse-
quently to an increase in the number of neuroblasts (Skeath and
Carroll, 1992). Although no change in the Hairy-enhancer-of-split
homologue Hes5 expression was detected in DII3"€°/ DII3"€° mu-
tants, the expression of Mashl1 (an ac-sc homologue; Guillemot
and Joyner, 1993) was examined in case Mash1 expression was
responsive to genes other than Hes5. However, no difference in
expression was observed between DII3 wildtype and mutant em-
bryos (data not shown). The expression of NeuroD was also
examined since it is a marker of later neural development and
marks differentiating neurons in trigeminal ganglia and dorsal root
ganglia, each sites of DlI3expression (Lee etal., 1995; Dunwoodie
et al., 1997). In DII3"°/ DII3"¢° mutants, NeuroD expression was
normal except in the dorsal root ganglia where strips of expression
were evident either side of the neural tube replacing discrete blocks
of NeuroD expression (Fig. 3 H,1). Itis unlikely that this is due to an
alteration in NeuroD expression per se but rather reflects the fact
that dorsal root ganglia are unsegmented in DII3"¢9/ DI/3"¢° mutants
as previously described (Dunwoodie et al., 2002).

Histological analysis from 11.5 dpc to adult stages revealed no
differences in the neural tube of the trunk between DII3/DII3"° and
DII3"0/ DII3"e° embryos. However in the brain, histological analysis
revealed defects in the neuroepithelium of DII3"€°/DI[3"¢° mutant
embryos (4/7 between 11.5 and 16.5 dpc). Specifically, affected
embryos appeared to have an enlarged roof to the fourth ventricle

Fig. 4. Brain defects associated with A
thefourth ventricle are evidentinsome
DlI3neo/DII3"¢° mutants. (A-D)
Haemotoxylin and eosin stained trans-
verse sections (10 um) show the devel-
oping brain at 13.5 dpc. In affected em-
bryos, each of the sections was exam-
ined to ensure that the observed defects
were not due to differences in the plane
of section. (A) DII3DII3"® brains show =P
even development of neuroepithelium
surrounding the fourth ventricle (IV) and
equivalent bilateral formation of the chor-
oid plexus (cp). (B) The DII3ne°DlI3ne°
brain shows uneven development of neu-
roepithelium surrounding the fourth ven-
tricle and poor formation orabsence of cp
development. (C) Higher magnification
of the cp taken from the embryo repre-
sented in (A). (D) Higher magnification of
the cp taken from the embryo repre-
sented in (B). The white asterisks mark
the proximal aspect of the cp. Note the

1.5 dpc

N

Eransdfrpnatin

)
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and a reduction or absence of the neuroepithelium (Fig. 4A). The
affected neuroepithelium lay within the region of the rhomben-
cephalon that gives rise to the medulla oblongata. These observa-
tions in DII3"° are consistent with the presence of ependymal
malformations in the lateral ventricles of D/I3PY homozygous mu-
tants (Kusumi et al., 1998). In addition, the choroid plexus of the
fourth ventricle was diminished in size or absent in 3/4 of these
cases (Fig. 4 A-D). The choroid plexus of the hindbrain develops
from pseudostratified epithelium in the roof of the fourth ventricle.
This epithelium differentiates into a thin layer of columnar epithe-
lium and this transition is marked by the onset of transthyretin
(TTR) gene expression which occurs in the mouse at about 11.5
dpc (Thomas et al.,, 1988, and Fig. 4 E,F). It is possible that the
defect in choroid plexus formation is primary, or it may be second-
ary to abnormalities in the rhombencephalic region. Since nothing
was known about D//3and the choroid plexus, DII3 expression was
examined in association with TTR gene expression and choroid
plexus formation between 11.5 and 14.5 dpc (Fig. 4 E,F and data
not shown). At 11.5 dpc both DIlI3and TTR were expressed in the
roof of the fourth ventricle in overlapping or adjacent domains with
the TTR expression domains (Fig. 4E). At 12.5 dpc, DlI3and TTR
expression was still coincident, with the size of the expression
domains appearing more equal (Fig. 4F). Between 12.5 and 14.5
dpc DII3 expression was not detected in the choroid plexus of the
fourth ventricle which at this stage is now morphologically identifi-
able (data not shown). DII3 may be involved in the formation of the
choroid plexus, but its function in the process is unclear at this
stage. Additional sites of D/I3 expression included the rhombic lip,
olfactory bulb, the optic chiasma and ventrally in the cerebral
hemispheres (Fig. 4G).

SCDO1 patients have not been reported with neurological
defects or mental retardation, although there are some cases with

broad proximal front and poor distal development of the cp in (D) comparedto (C). Transthyretin and DII3 expression in the developing brain using wholemount
RNA in situ hybridisation (E-G). Lateral view of 11.5 dpc (E), 12.5 dpc (F) and 14.5 dpc (G) brains. (E) Transthyretin (left) and DII3 (right) are expressed in the
roof of the fourth ventricle, arrow heads define the dorsoventral extent of expression. (F) Transthyretin (left) and DII3 (right) are expressed in the lateral
recesses/ rhombic lip associated with the fourth ventricle; arrowheads mark the anteroposterior extent of expression. (G) DII3 is expressed in the rhombic lip (white
arrowheads), olfactory bulb (black arrow) and ventrally in the cerebral hemispheres (black arrowheads). Scale bars: 620 um (A,B); 20 um (C,D); 900 um (E,F,G).
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craniofacial asymmetries (Turnpenny et al., 1991; Kusumi et al.,
2001). The differences between the mouse model and SCDO1
may be explained in several ways. Firstly, in mice the neural defect
is not completely penetrant and thus in SCDO1 neurological
defects may be restricted to those patients with the most extreme
phenotype. Since these patients occasionally die neonatally, then
in those cases any neurological problems will most likely go
unnoticed. Secondly, it is possible that slight neurological defects
are present in older SCDO1 individuals, but are not superficially
apparent. However, a more intensive investigation may uncover
such defects, and thus our mouse model of SCDO1 may prove
useful in uncovering further phenotypic indicators of SCDOL1.

Somitogenesis and the Notch Signalling Pathway

The axial skeletal malformations of SCDOL1 are caused by a
defect in the developmental segmentation process known as
somitogenesis (reviewed in Maroto and Pourquie, 2001). Somites
are epithelial balls of tissue formed sequentially from the presomitic
mesoderm (PSM) along the embryonic axis as it extends. Somites
are formed atthe rostral end of this unsegmented tissue in aregular
repetitive fashion and subsequently differentiate into the axial
skeleton, as well as cartilage, adaxial muscle and dermis. At the
same time, at the caudal end of the PSM new cells are added
continuously by cell division within the primitive streak and tail bud.
Although the PSM has no obvious morphological segmentation,
analysis of gene expression patterns within this tissue have sug-
gested that a pre-pattern is established at an early stage. It is
becoming clear that the underlying molecular mechanisms control-
ling the segmentation process are highly conserved between all
vertebrate species, and that the Notch signalling pathway plays a
central role in this process. The best explanation for the mecha-
nism by which this occurs is the “clock and wavefront” model of
Cooke and Zeeman (1976). This proposes that all the cells within
the PSM oscillate between two internal states (the “clock”). At the
same time, a slowly moving wavefront of competence progresses

TABLE 3

NULL MUTANT MOUSE LINES WITH SOMITOGENESIS DEFECTS
REPRESENT POTENTIAL CANDIDATE GENES FOR HUMAN SCD

Notch pathway components

Gene Human Reference Short
chromosomal Tail
location

NOTCH1 9g34.3 (Conlon et al., 1995; Swiatek et al., 1994) Lethal by 11.5 dpc

DELTA-LIKE 1 6q27 (Hrabe de Angelis et al., 1997) Lethal by 12.0 dpc

RBPSUH 4p15.1 (Oka et al., 1995) Lethal by 10.5 dpc

LUNATIC FRINGE 7p22.2 (Evrard et al., 1998; Zhang and Gridley, 1998) v

PRESENILIN 1 14q24.2 (Shen et al., 1997; Wong et al., 1997) v

Notch pathway targets

HES7 17g13.1 (Bessho et al., 2001) v

MESP2 15026.1 (Saga et al., 1997) v

Non-Notch pathway

MESOGENIN 2p24.2 (Yoon and Wold, 2000) v

PARAXIS 20p13 (Johnson et al., 2001) v

N-CADHERIN 18qg12.1 (Radice et al., 1997) Lethal by 10.5 dpc

GCNF 9g33-g34.1 (Chung et al., 2001) Lethal by 10.5 dpc

Chromosomal locations were derived either from the publications cited or from
searches of the Ensembl human genome server at the Wellcome Trust's Sanger
Centre and the European Bioinformatics Institute (www.ensembl.org).

in a rostral to caudal direction through the PSM. As the wavefront
passes a group of cycling cells, they stop oscillating and begin to
differentiate. The interaction between the oscillation and the
wavefront produces atemporal separation between adjacentgroups
of cells, allowing them to begin somite formation at different times
in a regular metameric fashion. There is abundant evidence for the
existence of the molecular clock from observations of “oscillatory”
genes in the PSM of many vertebrate species from zebrafish to
mouse. The first such observation was in the chicken with chairy-
1 (Palmeirim et al., 1997). The number of such genes has rapidly
grown and now includes herl (Sawada et al., 2000), Hes1 (Jouve
et al., 2000), Hey2 (Leimeister et al., 2000), Lfng (Forsberg et al.,
1998; McGrew et al., 1998; Aulehla and Johnson, 1999), Hes7
(Bessho et al., 2001) and Hox genes (Zakany et al., 2001). In all
cases, these genes show regular waves of gene expression
travelling from caudal to rostral in the PSM. Although these appear
aswaves, whenviewed inisolation individual cells are turning gene
expression on and off in a regular clock-like fashion. These genes
are currently thought to be a read-out of the clock, rather than the
clockitself. More recently, the wavefront has been suggested to be
provided by FGF8 expression within the PSM (Dubrulle et al.,
2001). Phenotypic analysis of mice which are mutant for Notch
pathway genes, complemented with studies using ectopic expres-
sion of Notch pathway components in Xenopus and zebrafish,
have suggested that the Notch signalling pathway is required to set
up this metameric pattern at a number of levels, including border
formation, anterior/posterior patterning of the nascent somites and
perhaps even upstream of the clock mechanism itself (Dornseifer
etal., 1997; Jen et al., 1997; Sparrow et al., 1998; Jen et al., 1999,
and references in Table 3).

New SCD Candidate Genes

It is likely that mutation of other genes apart from DLL3 are
responsible for some cases of SCD since not all patients with
autosomal recessive forms of SCD carry mutations in DLL3, and
some cases of Jarcho-Levin syndrome/spondylcostal dysplasia
have an autosomal dominant pattern of inheritance. The identifica-
tion of such genes is important, and in the absence of extended
pedigrees required for mapping studies and positional cloning, we
are pursuing a candidate gene approach. Given the important role
of the Notch signalling pathway in the process of somitogenesis,
and the fact that the components of this system are very well
characterised, these genes are a useful starting point to investigate
the genetic origin of non-DLL3 SCD cases. The phenotype of
mouse lines carrying null mutations in various Notch pathway
genes is an invaluable aid to selection of such candidates. Table
3 lists at least 7 different mouse lines containing null mutations in
Notch pathway genes that show a similar defect in somitogenesis
to the DII3/pudgy mice. Note that mutation in PSEN1 has been
associated in humans with familial early onset Alzheimer disease,
type 3 (AD, MIM104311). However this is due to a different function
of this gene, distinct from its role in the Notch signalling pathway.
Furthermore, in AD mutations in PSEN1 are dominant, whereas in
the Psenl targeted mouse line somitogenesis defects are only
detected in homozygous null embryos. An additional source of
candidate genes is provided by other mouse lines with similar
somitogenesis defects. In these cases there is no obvious link with
the Notch pathway, but these may represent genes further down-
stream of the primary Notch signalling events. Indeed, mutations
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in such downstream genes may result in less severe segmentation
defects and may be more likely to be present in spondylcostal
dysplasia patients.

Other genes that cause somitogenesis defects in null mutant
mice have beenrejected, as they are already associated with other
human genetic disease. These include FGFR1 (Pfeiffer syndrome
and myeloproliferative disorders; MIM 136350); FOXC1 (Rieger
anomaly, Axenfeld anomaly, and iris hypoplasia; MIM 601090);
and FOXC2 (lymphedema-distichiasis syndrome; MIM 602402).
Another class of genes such as Gdf11 (McPherron et al., 1999)
show axial skeletal defects that are distinct from the fusions of
SCDOL1 and DII3 mice, and have also been excluded from consid-
eration. It should be noted that not all genes associated with the
Notch pathway in mammals show a somitogenesis phenotype in
null mouse lines (e.g. Hesl, Ishibashi et al., 1995). In addition,
mutant phenotypes for several downstream targets of Notch signal-
ling inthe PSM (for example Hey1 and HeyL) have yetto be reported.

Another approach to identify further SCD candidate genes is to
use a classical cytogenetic approach. To date, three SCD affected
individuals have been reported with gross cytogenetic abnormali-
ties (Crow et al., 1997; Dowton et al., 1997; Satar et al., 1997).
These are respectively, a deletion of 18q22.2 —> qgter; [fra(5)(q32)];
and monosomy 6g25->qter coupled with trisomy 15q11.1->pter.
The last of these may be due to haploinsufficiency of DLL1 (which
is present at 6g27), although mice heterozygous for a null mutant
of DII1 are phenotypically normal. The other cytogenetic abnor-
malities may provide clues to the location of other genes involved
in SCD. Finally, a potential source of novel candidate genes may
come from studies in zebrafish where large scale mutagenesis
screens have isolated a group of five somitogenesis mutants (after
eight, aei; fused somites, fss; deadly seven, des; beamter, bea;
white tail; wit; van Eeden et al., 1996). Although aeiis now known
to be caused by mutation of the deltaD gene (Holley et al., 2000),
a Notch ligand that has some similarity to mammalian D/I3 in its
expression pattern and effects on downstream targets of Notch
signalling in null embryos (Durbin et al., 2000; Dunwoodie et al.,
2002), the four remaining mutants are as yet unidentified and may
represent novel genes involved in somitogenic processes.

If these candidate genes are not causative of spondylocostal
dysplasia, they are likely to feature in other vertebral segmentation
defects such as Klippel-Feil syndrome (MIM 148900) and others
(Mortier et al., 1996).

The Mystery of the Missing Somites

As mentioned above, mutation in a number of genes in the
mouse results in defective somitogenesis (Table 3). Where devel-
opment proceeds to E14 and beyond, it is strikingly clear that not
only is somite formation impaired, but there is also a loss of caudal
tissue resulting in a very short tail. Typically in these cases the tail
only has a few vertebrae, thus representing the lack of some 30
somites. This has, on the whole, escaped comment and no
explanation has been proposed as to why caudal tissue is absent
in these mutants. Primary trunk formation requires cells that have
traversed the primitive streak and is responsible for generating the
first 30 somites. Secondary trunk formation commences at E10,
and in this case it is the tailbud that produces the caudal tissue
necessary to produce the 35 somites required to make the entire
tail. Cell labelling studies have provided evidence for a stem cell
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population in the tailbud (Tam and Tan, 1992; Nicolas et al., 1996;
Wilson and Beddington, 1996), and this is the likely source of
caudal tissue production required for the axial elongation of the
embryo. Goldman et al. (2000) showed that the tailbud’s ventral
ectodermal ridge (VER) is required for the production of such
caudal tissue. Ablation experiments showed that in its absence
caudal tissue is not made, and consequently somites are not
formed. This tissue is believed to act as a signalling centre, and
exerts influence on the underlying population of stem cells. It is
possible thatin mutants where caudal tissue does not form, thatthe
VER does not form or function properly. However, examination of
the tailbuds of DII3nullembryos revealed that the VER was present
(data not shown). Despite its presence, the VER may not be
functional, or the underlying cells may be unable to respond to its
influence. This can be further examined in mutants that lack caudal
tissue by grafting mutant VER to wildtype tailbud mesenchyme and
vice versa as performed by (Goldman et al., 2000). In Xenopus,
Notch signalling is known to have a function in the tailbud as
XNotchl, XDeltal and XLfng are expressed in specific tailbud
tissues, and overexpression of a constitutively active Notch ICD
results in tail outgrowth (Beck and Slack, 1999).

Conclusions

The diverse requirement for Notch signalling in many mamma-
lian cell types is clear, and concomitant with these many roles,
breakdown of this pathway is involved in several human disorders
and is likely to be involved in many more. The conjunction of two
powerful technologies, (targeted gene deletion and the human
genome project) now make it possible for rapid progress to be
made in understanding the basis of many human genetic diseases.
We hope thatthis review underlines the fact that mouse models are
useful for studying human developmental disorders, and such
models may provide additional avenues for phenotypic analysis in
affected individuals. In addition, the phenotypes of mutant mouse
lines are invaluable in the selection of candidate genes for inves-
tigation in human genetic disorders for which the underlying cause
is unknown.

Materials and Methods

Histology and Wholemount RNA In Situ Hybridisation

For histology, embryos were fixed in Bouin's fixative, dehydrated,
embedded in paraffin wax, sectioned and stained with haematoxylin-eosin
as described (Kaufman, 1992). Skeletal preparations were performed at
14.5 dpc according to (Jegalian and De Robertis, 1992). Wholemount RNA
in situhybridisation was performed as described (Harrison et al., 2000). DII3
(Dunwoodie et al., 1997) and Mesp2 (Saga et al., 1997) probes were made
as previously described. The transthyretin probe was synthesised from
IMAGE clone (1078224) linearised with EcoRI and transcribed using T3
RNA polymerase.

Sequencing Primers and Method

Genomic DNA was amplified by PCR using Herculase proof-reading
polymerase (Stratagene) and gel purified using QIAquick purification
columns (Qiagen). Both strands were sequenced using a BigDye termina-
tor Cycle Sequencing kit (PE Biosystems) according to the manufacturers
instructions. Reactions were analysed on an ABI Prism 377 DNA Se-
quencer (PE Biosystems) at the UNSW DNA sequencing analysis facility.
Primers used for amplification and sequencing were as follows:
exon 2: TCCGCATTCATCCCTTTC and TGGGECCGGEGTAGCTGCCTG
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exon 3: CAGAGCCAGGTGGGAGGT and TTTCGCTGGCAGGGTTAG

exon 4: ACCCTAACCACTGICTTTCATC and CTGTCAACACTCAGCACCAC
exon 5: ATGAGGGTGTTTTGGCCTC and CGAGI GACGCTCAGGAGG

exon 6: CCCAGATCTCCTCCCCAG and GAAGCAAGGT GGCTCAGG

exon 7: GGGACTTGAGACTGGACAAG and TGCCTAGAATAGGGCCTGG
exon 8: GACCGACCAGGGAAATGC, GCAGCGATGACAGAGCTG,
TGCTACGCCCACTTCTCC and GCCGGAGGCAAAAGGTAGCG

exon 9: GCTGGITTTGGGTTCCCC and AGAAGATGGCAGGTAGCTC

Threading

Structure predictions were done using the ProCeryon threading algo-
rithm (ProCeryon Biosciences, release September 15, 1999 OR2.0)
under the IRIX operating system on a SGI O2 workstation (Silicon
Graphics Incorporated). The complete amino acid sequence of the
human DLL3 protein (618 amino acids) was threaded against the library
of selected unique folds (some 1300 structures) and analysed with the
use of various scoring functions as described (Novotny et al., 2001). The
most conspicuous sequence/structure matches were found between
residues 240-490 where several EGF repeat containing proteins aligned
with very high scores. These were: human fibrillin; human blood factors
VIIA and XA; Haementeria antistasin; wheat germ haemagglutinin; and
mouse laminin. The alignment between the laminin structure (162 amino
acids) and DLL3 residues 281-446 formed the basis of our analysis
described in the text.
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