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DEVELOPMENT AND DISEASE
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SUMMARY

A loss-of-function mutation in the mouse delta-like3 (DII3) developmental origins of the skeletal defects lie in delayed
gene has been generated following gene targeting, and results and irregular somite formation, which results in the
in severe axial skeletal defects. These defects, which consistperturbation of anteroposterior somite polarity. As the
of highly disorganised vertebrae and costal defects, are expression of Lfng, Hes1, Hesand Heylis disrupted in the
similar to those associated with the DII3-dependent pudgy presomitic mesoderm, we suggest that the somitic
mutant in mouse and with spondylocostal dysplasia (MIM aberrations are founded in the disruption of the
277300) in humans. This study demonstrates th&ll3"®and  segmentation clock that intrinsically oscillates within
DII3PY are functionally equivalent alleles with respect to the presomitic mesoderm.

skeletal dysplasia, and we suggest that the three human

DLL3 mutations associated with spondylocostal dysplasia

are also functionally equivalent to the DII3%°null allele. Our  Key words: Notch signalling, Somite, Spondylocostal dysplasia,
phenotypic analysis of DII39DII3"®°mutants shows thatthe  Pudgy, DII3, Mouse

INTRODUCTION 1998). Mammalian homologues have been identified for each
of these core components and inclddgchl, Notch2, Notch3
Notch signalling is an evolutionarily conserved mechanisnand Notch4 (Lardelli et al., 1994; Uyttendaele et al., 1996;
used by metazoans to control the specification of cell fatéd/einmaster et al., 1991; Weinmaster et al., 1992); Delta-likel
through local interactions between cells (Artavanis-Tsakona@®Ill1), DII3 and DIl4 (Bettenhausen et al., 1995; Dunwoodie
et al., 1999). As ligand and receptor are membrane associatedal., 1997; Shutter et al., 2000); Serrate homolodagbsand
signalling is triggered by direct interaction of adjacent cells. IdJag2 (Lindsell et al., 1995; Shawber et al., 1996); Su(H)
general, the Notch receptor is widely distributed within a celhomologue RBPjK (Furukawa et al., 1992; Schweisguth and
population, while the ligand is restricted to a subset of cell®osakony, 1992) and Hairy and Enhancer of Split homologues
(Fleming et al., 1990; Heitzler and Simpson, 1991; Vassin dilesl,Hes5(Sasai et al., 1992; Takebayashi et al., 1996y,1
al., 1987; Wharton et al., 1985). While several protein@nd Hey2 (also known as HRT/Hesr) (Kokubo et al., 1999;
participate in transmitting and regulating Notch signalling, d_eimeister et al., 1999; Nakagawa et al., 1999).
group of elements are defined as the core of this signalling The Notch signalling pathway is deployed in three types of
pathway: in Drosophila, Delta and Serrate are Notch ligandgrocesses: lateral inhibition, lineage decisions and boundary
the transcription factor Suppressor of Hairless [Su(H)] is théormation (Bray, 1998). In vertebrates, somite segmentation
major downstream effector (Bailey and Posakony, 1995elies on boundary formation in rostral presomitic mesoderm,
Lecourtois and Schweisguth, 1995), and genes dnihancer coincident with expression of genes associated with Notch
of Split [E(Spl)] locus (also transcription factors) are thesignalling (del Barco Barrantes et al., 1999). Accordingly,
primary targets of the pathway (Egan et al., 1998; Greenwaltboundary formation with respect to somitogenesis commands



1796 S. L. Dunwoodie and others

considerable interest because, in mouse, core Notch signallingTo understand how presomitic mesoderm prepatterning and
components (Notchl, DII1, DII3 and RBPjK) and signallingsegmentation culminates in somite formation, the role of core
modifiers [lunatic fringe (Lfng) and presenilin 1] are requiredcomponents of Notch signalling needs to be examined. In
for normal somite formation and anterior-posterior somitemouse, three Notch ligands are expressed in presomitic
polarity (Conlon et al., 1995; Evrard et al., 1998; Hrabe denesoderm. While Dllland jagged 1 (Jaglexpression is
Angelis et al., 1997; Kusumi et al., 1998; Oka et al., 1995¢oincident in the posterior half of the forming somite, D43
Swiatek et al., 1994; Wong et al., 1997; Zhang and Gridleyexpressed in the anterior half (del Barco Barrantes et al.,
1998). In zebrafish, a mutationdeltaDis responsible for the 1999; Dunwoodie et al., 1997; Mitsiadis et al., 1997; Zhang
after eightmutant (which makes only the first eight somites),and Gridley, 1998), leading to the juxtapositionDdfl/Jagl
demonstrating that Notch signalling is also required in thi€o-expressing cells with DII3-expressing cells across a
species (Holley et al., 2000). forming somite boundary and within a forming somite.
In presomitic mesoderm, Notch signalling activity is notGenetic analysis reveals no somitic or vertebral defect in
restricted to boundary formation, but also appears to be requiredouse Jag1l null mutants; however, butterfly vertebrae do
at earlier (albeit interrelated) stages during the development otcur in Alagille Syndrome in which JAGKk mutated
presomitic mesoderm (Pourquie, 2000). Presomitic mesoder(Krantz et al., 1997). By contrast, in Dlihutants the basic
acquires a prepattern that distinguishes rostral presomitimetameric unit within paraxial mesoderm is maintained albeit
mesoderm from caudal, and rostrally this culminates imwith a loss of anteroposterior polarity (del Barco Barrantes et
segmentation with anteroposterior polarity being established ial., 1999; Hrabe de Angelis et al., 1997; Xue et al., 1999). In
a single presomite unit. The periodicity with which thisthe case of DII3, pudgy mice have a highly disorganised
prepattern develops is postulated to require a ‘segmentatimertebrocostal skeleton with delayed somite formation
clock’ that oscillates in accordance with the formation of eacliGruneberg, 1961; Kusumi et al., 1998). In humans,
new somite (Cooke, 1998; Cooke and Zeeman, 1976). Genspondylocostal dysplasia (SCD) is characterised by similar
have been identified in chick (hairy-1), mouse (Lfiigs1lHes7 vertebrocostal defects, and where SCD follows a recessive
and Hey2) and in zebrafish (herl, deltaC additaD) that mode of inheritance, mutations have been reported in the
produce transcripts that are seen to pass in a caudal to rostdlL3 gene (Bulman et al., 2000).
direction (Aulehla and Johnson, 1999; Forsberg et al., 1998; We report the phenotypic analysis of a loss-of-function
Jiang et al., 2000, Bessho et al., 2001; Jouve et al., 200@wutation in mouse Dll3and demonstrate that this mutation
Leimeister et al., 2000; Leimeister et al., 1999; McGrew et alaffects the axial skeleton and components of the peripheral
1998; Palmeirim et al., 1997). It is likely that Notch signallingnervous system. The skeletal defects are severe and similar to
is associated with the ‘segmentation clock’ because these gerieese observed in cases of DLL3-dependent SCD in humans
are allied with Notch signalling: Fringe&n Drosophila acts  andDII3/pudgy mice. In addition we show that the two mouse
upstream of the pathway by modifying the response of Notch II3 mutant alleles, DII3° and DII3Y, are functionally
ligand binding;deltaC anddeltaD are ligands of Notch; and equivalent with respect to the skeletal defects. We use the null
Hairy andEnhancer of Splihomologues (chairy-1, Hestles7  DII3"€0 allele to show that the skeletal defects originate in
andHey?2) are likely or proven downstream target genes of Notcaberrant somite formation, which are probably due to an
signalling (Bessho et al., 2001; de la Pompa et al., 1997; daltered ‘segmentation clock’ in presomitic mesoderm.
Barco Barrantes et al., 1999; Fleming et al., 1997; Holley et al.,
2000; Jouve et al., 2000; Klein and Arias, 1998; Leimeister et
al., 2000; Leimeister et al., 1999; Ohtsuka et al., 1999; Panin MATERIALS AND METHODS
al., 1997). This oscillatory pattern of gene expression consists of
rostral and caudal expression components within the presomitl@rgeting vector and generation of chimaeras
mesoderm. Characteristically, the rostral domain is condensddte DII3 genomic clone was isolated from a 129sv library
and corresponds to a half-somite segment, while the caud&ltratagene). Genomic DNA (2.5 kb and 3.4 kb) was cloned either
domain is broader and moves rostrally from the cauda‘%'flleI OJnZGe'%(;Prig?rX;‘i:a“d (i';'tgo- é’“é)h;hgn‘g?%%rié"’;ser':]”?érs'ﬁegex‘gtgs
presomi_tic m_esoderm. In cases where the core components scribed (Harrison et al., 1995). After double selection with G418
N.OtCh S|gnalllng have been targeted,_ null mutant embryos Sh(.) nd gancyc(lovir, 800 ES cell cIon)es were picked, expanded and frozen
disrupted oscillatory gene expression within the presomitic,

) ccording to standard methods (Hogan et al., 1994). Homologous
mesoderm. The most severe effects are seBilirand RBPK  1ecombinants were identified following BamHI restriction and

mutants, while milder expression perturbations have beefypridisation with sequences located(Big. 1A) and 3external to
reported for Notchand the DIIBY (pudgy) mutant allele (del the recombination sites. Four targeted clones were identified and
Barco Barrantes et al., 1999; Jouve et al., 2000; Kusumi et athimaeric males representing three clones were mated with C57BL6
1998; Leimeister et al., 2000). This suggests that Notcfemales to establishofeterozygotes. These were crossed to C57BL6
signalling is required to propagate and maintain oscillation ofice and their progeny were intercrossed for phenotypic analysis.
the segmentation clock, probably through a feedback mechanidggsults were pooled from the three distinct targeted DII3/BliBies
similar to that identified in Drosophiland nematode (de Celis @S individuals were phenotypically identical.

and Bray, 1997; Huppert et al., 1997; Kimble and Simpsongenotyping DII3, DII3Neo and DII3P alleles

1997). However, studies in zebrafish by Jiang and Coneagu%%notyping was performed by PCR or Southern blot (Fig. 1B,C)

propose that Notch signalling is not required to establisfyjogan et al., 1994). PCR primers used to distinguish betd#an
oscillation within the presomitic mesoderm but rather to keepnd DII3nee were D3F (Statgcaagactccatcattgaged;3D3R (5

the oscillations of neighbouring cells synchronised (Jiang et akcaatggaggagccttatccag-3ind PGK1 (5atgctccagactgecttggg)3
2000). The DII3PY allele was identified according to Kusumi et al. (1998).
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) Fig. 1. Generation of DlIwll mutant
fargeting vector  mjce. (A) Mouse DIl3ocus, targeting
vector and targeted allele, exons are
boxed with coding exons in black. The
neomycin resistance gene and the
PGK-1 Herpes simplex virus thymidine kinase

i II |T Sea ey [[] | [ l targeted allele gene transcribed by the PGK1 promoter
- I U I are shown (PGK-Neo, PGKtk). The
prabe genomic probe that identifies different
H H 14 kb wild type allele Hindlll fragment sizes for the wild type

1054 targeted alele (14 kb) and targeted (10.5 kb) alleles is

o o P o {5&0 shown. PCR primers are defined by
B e & O ¢ o O black arrowheads 1 (D3F) and 2 (D3R),
R @9 0\{_»,920 r><‘20 and PGK-1. (B) Southern blot analysis

of genomic DNA from wild-type
(DII3/DII3), heterozygous
(DI13/DII3"€9 and homozygous null
(DII3"e9DII3"e9 mice. (C) PCR
genotyping of embryos and mice from
heterozygous matings. Primers D3F,
D3R and PGK1 amplified 340 bp and
450 bp representing the Dighd
DlI3"e%alleles, respectively.

14.0kb-

10.5kb-

Histology, in situ hybridisation and analysis at post birthday (PBD) ten showed a deviation from
immunohistochemistry the expected Mendelian ratio with 87% fewer EAPDII3"€°

For histology, embryos were fixed in Bouin's fixative, dehydratedmutants present (Table 1). Further analysis indicated that
embedded in paraffin wax, sectioned and stained with HematoxylirD|I3"e9DII3"€omutants were dying between birth and PBD10,

Eosin as described (Kaufman, 1992). Whole-mount RNA in sitlps the genotype showed no deviation from the expected ratio
hybridisation was performed as described (Harrison et al., 1995?:Iuring the prenatal period and at birth.

Probes for the following genes were usBd3 (Dunwoodie et al.,
1997),Uncx4.1(Mansouri et al., 1997)(_:er1 (Biben et al., 1998), gkeletal defects in homozygous mutants

Hesl1,Hes5(Akazawa et al., 1992; Sasai et al., 1992)g (Johnston ne neo o .

et al., 1997) andesp2(Saga et al., 1997). pSPORTl-beta-spectrinZDl|3 9DIlI3"®omutants were easily identified because they had
(6412-8172bp) was linearised with Sall and antisense RNA generated

using SP6 RNA polymerase. Skeletal preparations were performed ) _

14.5 dpc according to Jegalian and De Robertis (Jegalian and [ Table 1. Genotypes of mice resulting from heterozygous
Robertis, 1992). Whole-mount immunohistochemistry with anti- intercrosses

neurofilament monoclonal antibody 2H3 (Developmental Studie!

Hybridoma Bank) was performed according to Mark et al. (Mark e Genotype

al., 1993). Stage DI3/DII3  DII3/DII3neo  DII3negplignec  p
Postnatal 366 544 84 0.000
Birth 58 120 36 0.021
Pre-natal 307 575 282 0.537
RESULTS 18.5 dpc 2 6 5 0.481
17.5 dpc 2 3 2 0.982
Targeted disruption of the  DII3 gene and generation 15.5 gpc g 9 g 8.346
i 14.5 dpc 15 911
of null mutant mice . . 135 dpo 1= 21 9 0.406
To engineer a DII3nuII mutation a targeting vector was 12,5 dpc 16 37 16 0.834
constructed deleting 5.4 kb of genomic sequence (Fig. 1A 11.5dpc 41 38 21 0.001
including amino acids G135-S556 containing the DSL (Notct 10-%0'90 103 163 88 0.175
binding domain), all EGF repeats and the transmembrar 22 dPC 3 172 60 0.047
; ; ‘ . " 8.5dpc 46 95 56 0.532
domain (Dunwoodie et al., 1997; Kusumi et al., 1998). Mice 75 gpc 11 43 26 0.048

heterozygous for the targeted allele (D?F$ appeared The genotype analysis combines data from three independent clones. Mice

nprr_nal. _D”3 wild-type and targeted _(D"Bc) alleles WETr€  grouped into the postnatal category were between day 10 and day 20 at the
distinguished by Southern blot or multiplex PCR analysis (Figtime of tail biopsy. Ratios of genotypes were tested for goodness of it to

1B,C). Heterozygoud(I3/DII3 €9 intercrosses resulted in the expected Mendelian segregation (1:2:1xBynalysis, calculated with two
birth of homozygouslI3"€9DII3"e9 null mice. Genotypic —degrees of freedom. dpc, days post coitum.
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A body was probably due to fewer vertebrae, and single vertebra
showed more than one centre of ossification. In addition, the
short tail in DII3®*9DII3"€Cindividuals was due to the absence
of approximately 20 coccygeal vertebrae.

Histological analysis at 13.5 dpc demonstrated irregularities
in the peripheral nervous system (Fig. 3). DH3/DII3neo
embryos, the cartilage primordia of the vertebrae were
regularly spaced like the dorsal root ganglia (Fig. 3A-C), while
these were disorganised in D¥3DII3"€° embryos (Fig. 3D-

F). The cartilage primordium of the bassioccipital bone
appeared normal, with disorganisation apparent from the
rostralmost vertebra (cervical 1) and extending along the entire
length of the vertebral column (Fig. 2 and data not shown).

Neural crest cells arise without periodicity along the length
of the neural tube; those that migrate ventrally condense to
form ganglia (Larsen, 1997; Tosney, 1978; Weston, 1963).
Similarly, axons of motoneurones that pass through a ventral
root leave the neural tube along a broad front but they too
condense to form discrete units. These ganglia and axons are
located periodically along the length of the trunk despite the
fact that they arise without periodicity from the neural tube.
Periodicity is generated as the passage of neural crest and
axons is restricted so that they migrate only through the
anterior of the sclerotome (Stern and Keynes, 1987). This
behaviour is not autonomous to the neural crest cells and
axons, but rather is enforced by the sclerotome (Bronner
Fraser, 1986; Rickmann et al., 1985; Teillet et al., 1987). Anti-
neurofilament antibody confirmed the regular periodicity with
which the spinal nerves and ganglia form Dii3/DII3"e°
embryos (Fig. 4A,B,F). Converselll3"®9DII3"€° embryos
exhibited either lost or irregular periodic arrangement of
ganglia and axons (Fig. 4C-E). In addition, the neural tube was
often ‘kinked’ in DII3"®9DII3"€° embryos (compare Fig. 4F
with 4G).

Somitogenesis is abnormal in  DII37€°/D|/31€0
embryos

Epithelial somites form from mesenchymal presomitic
mesoderm in a rostrocaudal manner such that cells at the
rostralmost part of the presomitic mesoderm will be the next
Fig. 2. DII3"e9DII3neomutants have a truncated body axis and to undergo a mesenchymal to epithelial transition to form a
skeletal dysplasia. (A) DIlBIDII3"e®mutants have a shortened body Somite. Accordingly, cells at the caudal aspect of the
and tail compared with DII3/DIl8°mice. (B) Lateral view of Alcian ~ presomitic mesoderm have only recently been recruited from
Blue-stained embryos (14.5 dpc). The positions of vertebrae: cervictihe primitive streak (or tail bud) and so will form a somite only
(c1 and c2), thoracic (t1), lumbar (I1), sacral (s1) and coccygeal  once they are located at the rostralmost position of the
(col) are indicated. (C,D) Dorsal view of developing skeleton. presomitic mesoderm. Epithelial somites were formed in
(C) DII3/DlI3"€%embryo from left in (B). (DPII3"€IDII3"eembryo DII3"egDII3"e0 embryos; however, somite formation was
from right in B. Red dots indicate centrum corresponding to the - yejaved and the degree of condensation was reduced (Fig. 5).
position of t1, white dots indicate centrum of thoracic vertebrae. Using morphological landmarks andesp2gene expression

Note that in DII3®9DII3"€°embryos, ossification centres lie two and - . -
three in a row instead of lying in column as seeBIIB/DII3N€0 (Saga et al., 1997), the site of somite boundary formation was

embryo (C). Scale bar: 1.35 mm in B; §7% in C. clearly identified in DII3/DII3®° embryos (Fig. 5A,B). In
DII3"e9dDII3"e embryos, the paraxial mesoderm was not

organised into epithelial somites immediately rostral to this

site (Fig. 5C-F). The extent of mesenchyme was inconstant,
a shortened body (40% reduced) and a short tail (Fig. 2A). Thiiggesting that the delay in somite formation was variable
defect was completely penetrant and was apparent ipetween embryos. The expression Miesp2 where the
preskeletal cartilage in embryos at 14.5 dpc (Fig. 2B). Skeletdoundary should form in theDII3"®9DII3"€° mutants
disorganisation extended from the most rostral vertebrdemonstrates that this site is defined at the molecular level,
(cervical 1) along the length of the vertebral column. Thelespite the fact that a morphological transition was absent and
vertebral arches were highly disorganised with ribs sometimahat Mesp2expression is independent Bfl3 function. Next,
fused or absent (compare Fig. 2C with 2D). Shortening of theve examined whether somitogenesis was delayed from the
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Fig. 3. Skeletal dysplasia in DIBYDII3"®®mutants leads

to disorganisation of the peripheral nervous system.
Parasagittal sections of 13.5 dpi3/DII3"€°(A-C) and
DII3"e9DII3"e0(D-F) embryos. (A) Dorsal root ganglia and
cartilage primordia of vertebrae are evenly spaced along the
axis. (B) Enlargement of thoracic region shown in A.

(C) The cartilage primordium of the bassioccipital bone and
the first two cervical vertebrae are clearly identifiable as is
the rostralmost dorsal root ganglion which lies caudal to
cervical vertebra 2. Note the even spacing of spinal nerves
(dots) in (B,C). (D) Dorsal root ganglia are irregular in size
and shape and are fused. This is evident in the thoracic
region (E), where the arrangement of vertebrae and rib
heads is also highly disorganised. Fused dorsal root ganglia
are also evident in the cervical region (F) where the
cartilage primordia of cervical vertebrae 1 and 2 are fused.
Note the uneven distribution of spinal nerves (dots) in

(E,F). Dorsal root ganglion (g), vertebra (v), head of rib

(), cervical vertebra (c), thoracic vertebra (t), basioccipital
bone (b). Scale bar: 1.8 mm in A,D; 68® in B,C,E,F.

Fig. 4. Elements of the peripheral
nervous system are disorganised in
DII3"€9DII3"€° mutants. Whole-moun
immunohistochemistry with an anti-
neurofilament antibody of DIIBNI3"e°
embryos (A,B,F) and DIFB9DII3neo
mutant embryos (C-E,G) at 10.5-11.
dpc. Lateral view (A-E) and dorsal
view (F,G). (A) Dorsal root ganglia
(drg), spinal nerve (sn) and sensory
chain ganglia (scg) are evenly space
(B) The region between the fore and
hind limbs of (A) is marked with a lin
(anterior towards the top). Lines dor
and ventral to the somites mark
individual somitic segments and sho
that ventral spinal axons pass
exclusively through the anterior of th
somite segment. (C) dsg, sn and sc¢
unevenly spaced. (D) The region
between the fore and hind limbs of (
is marked with a line (anterior towart
the top). Lines mark out individual
somitic segments and show that the
spinal axons pass through the anter
posterior or central part of the somit
segment. (EPII3NeIDII3NOmutant
embryo (11.5 dpc). The disarray of
spinal axons and scg is more severe
than in (C). (F) Dorsal view of A shows a straight neural tube, while in G the same view of E indicates that the neural tube is ‘kinked’
(anterior towards the top). Scale bar: 730 in A,C,E; 150um in B,D; 365 pn in F,G.
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Fig. 5. Somitogenesis is delayed and irregu
with reduced mesenchymal condensation i
DII3"edDII3"eomutants. (A-F) Lateral view ¢
the caudal part of 9.5 dpc embryos after RI
whole-mount in situ hybridisation witlesp2
The black line (A-D) indicates the position
the last formed somite boundary and Mesp
expression lies just caudal to the somite
boundary that is next to form in (A,B).

(A) Regularly sized and spaced epthithelial
somites are present in DII3/D¥embryos.
The distance between the bandvigsp2
expression and the last formed somite is
equivalent to one somite width. (C) Irregula
sized epthithelial somites are formed in this
DII3"e9DII3"€°embryo. The distance betwe
the band oMesp2expression and the last
formed somite is equivalent to three somite
widths. (E) No epithelial somites were
detected in this DII®9IDII3"®°embryo. The
band of Mesp2xpression is in an equivalen
position to that in A. (B,D,F) Higher
magnifications of A,C,E. (G-L) Ventral view
of 8.5 dpc embryos after whole-mount in si
hybridisation withB-spectrin 2. The arrow
indicates where the next somite boundary \
form. (G,H) Epithelialisation of mesenchym
to form somites is evident and marked by
distinct 3spectrin 2 gene expression in the
centre of the somite in DII3/DIB°embryos.
(I-L) Epithelialisation of mesenchyme is poorDiti3"€9DII3"€° mutants, with diffuse {3pectrin 2 expression. (H,J,L) Higher magnifications of
G,|,K. Scale bar: 20Am in A,C,E; 10Qum in B,D,F; 160um in G,I,K; 80um in H,J,L.

onset of somite formation. Physical boundaries were evidemtomain of expression was apparent in the absence of a caudally
between somites in DII3/DlI3and DII3/DII3"€® embryos located expression domain I3"€YDII3"€° mutants (10/10)
(Fig. 5G,H), but were not detected in D¥IDII3"®° mutants  (Fig. 6B).
(Fig. 5I-L). Although intersomitic boundaries were not Delayed and irregular somite formation could explain the
observed metameric units were evident as reduceskeletal dysplasia in DIBYDII3"®°mutants. However, as each
epithelialisation of paraxial mesoderm was detected by theertebra is derived from the anterior of one somite and the
less condensed expression of the cytoskeletal prdiein posterior of an adjacent somite (Bagnall et al., 1988; Bagnall
spectrin2. Notwithstanding the delay and irregularityet al., 1989; Huang et al., 1996; Stern and Keynes, 1987),
associated with somite formation in DIf9DII3"®° mutants, vertebral development is also dependent upon anteroposterior
they differentiated into muscle, dermis and skeleton, indicatingomite identity being clearly defined. Uncx4ekpression
that dorsoventral pattern was established and cellulanarks the posterior nascent somite and later, the posterior
differentiation achieved (Fig. 3 and data not shown). lateral sclerotome (Fig. 6C) (Mansouri et al., 1997; Neidhardt,
In order that the specified number of evenly sized somite$997) and was used to examine somite polarity. Expression in
are generated, a boundary must form at regular time intervat®sterior epithelial somites was clearly evident in caudal
in the rostral presomitic mesoderm, and this most probablsomites dissected from DII3/DN% embryos (Fig. 6F). By
requires the dynamic action of Lfng in the presomiticcontrastUncx4.1was mostly (5/8) expressed in a continuous
mesoderm (Aulehla and Johnson, 1999; Forsberg et al., 1998ymain in the paraxial mesodermit3"€9DII3"€° embryos,
McGrew et al., 1998)Lfng transcripts are localised to one or the remainder (3/8) showing periodic, but not exclusively
two bands adjacent to the forming somite boundary in thposterior, expression (Fig. 6D,E). In addition, epithelial
rostral presomitic mesoderm, and in a caudal dynamic domaisomites were not discernable in paraxial mesoderm dissected
A reiterative pattern is produced which is completed infrom DII3"€9DII3"®° mutants (compare Fig. 6F with 6G). As
approximately 2 hours in the mouse, roughly the period of timparaxial mesoderm of DII8IDII3"®° embryos displays
required to generate a somite (Goedbloed and Smits-vaosterior character (albeit disorganised), we examined whether
Prooije, 1986; Tam and Tan, 1992). Given that the somitanterior character was apparent. Mouse Cerl was expressed in
boundary does not form at the usual siteDitB"®9DII3"®°  stripes in the anterior presomitic mesoderm and the anterior of
mutants, we examined Lfngxpression. InDII3/DII3 and nascent somites in DII3/DIIRL2/12) and DII3/DII3&° (25/25)
DII3/DlI3"e° embryos,Lfng expression was detected in both embryos (Biben et al., 1998; Fig. 6HDI3"€9IDII3"®omutants
rostral and caudal presomitic mesoderm (12/15) in patterraso expressed Cerh paraxial mesoderm, demonstrating the
consistent with those reported in mouse (Aulehla and Johnsopresence of anterior character; however, as for Uncx4.1,
1999; Forsberg et al., 1998) (Fig. 6A). By contrast, a rostragxpression lacked periodicity (11/11; Fig. 61-K).
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Fig. 6. The ‘segmentation clock’ and anteroposterior identity are

disrupted in trunk paraxial mesodermif3nedDII3"eomutant Fig. 7.Hes5,Hesland Heylexpression is altered in DNISYDII3neo
embryos. (A-E) Lateral views. (A) At 9.5 dpc, Lfng expressionis ~ mutants. Gene expression determined by whole-mount RNA in situ
detected in two domains in the presomitic mesoderm of this hybridisation. Dorsal view of tail region from 10.5 dpc embryos,
DII3/DlI3"eembryo: rostrally, as one or two bands (the anteriormostcaudal boundary of most recently formed somite marked with an

is just caudal to the forming somite boundary); and caudally arrow. (A-F) Hes%xpression; (A-D) four distinct patterns of Hes5
extending to the primitive streak. (Bjng expression is never expression identified iBII3/DII3 and DII3/DII3**°embryos. A tight
detected caudally in the presomitc mesoderm of'BHIBII3"e0 band of Hes®xpression is marked with a horizontal line; broader
embryos and rostral expression was diffuse. Unosépiession caudal domains of expression are marked with a verticaHiegbis
shows clear periodicity in DII3/DIIB°embryos at 9.5 dpc (C). also strongly expressed in the neural tube. (Hg55is not detected
(F) Expression is clearly restricted to the posterior of epithelial in the presomitic mesoderm of DIZDII3"®°mutants, despite being

somites dissected from (C). (D,E) Uncxéxpression is reduced in  strongly detected in the neural tube. (G-1) Three distinct patterns of
DII3"e9DlI3neomutants. Periodic expression is partially retained in  Heslexpression are detected in the presomitic mesoderm of
some embryos (D) or lost (E). (G) Trunk paraxial mesoderm DII3/DII3 and DII3/DII3*¢°embryos. Vertical lines indicate
dissected from D; expression appears periodic but is not restricted tbands/domains of expressid¢teslexpression is also detected in the
the posterior somite (note the lack of epithelial structure). Dorsal  caudal somite. (J,K) Only a single, relatively narrow band of Hes1
view showing Cerkxpression in the tail region at 10.5 dpc of expression is detected in the presomitic mesode@il®fe9yDII3"e°
DII3/DIlI3"e°(H) and DII3*9DII3"€°embryos (I-K). (H) Ceris mutant, this is located rostrally. Tail regions showites5(A-D) and
expressed anteriorly in the presumptive somite and the nascent Hes1(G-l) expression are arranged in a hypothetical progression,
somite. Arrows mark the site of the most recently formed somite  according to the oscillatory expressiorH#s1(Jouve et al., 2000).
boundary and vertical bars show expression in the anterior of the Heylexpression is clearly detected in the caudal somiid|8iDII3
nascent somite. (I-K) Celi$ expressed in a broad domain (vertical and DII3/DII3"*°embryos (L,M) but noblI3"9DII3"eomutants (N).
bar) as the bands of expression are missing. Scale bguni b Dynamic Heylexpression is represented in (L,M) with a broad band
A,B; 300 pm in C-E; 60 pm in F,G; 12Qum (H-K). of expression in the presomitic mesoderm (vertical line, L) that
condenses (vertical line, M) in DII3/Dliénd DII3/DII3*¢°embryos.
Only a single narrow band of expression (vertical line) is detected in
Defining downstream effectors of  DII3-mediated DlI3"e9DlI3"e°mutants (N). Scale bar: 200ruin A-F; 250um in
Notch signalling GK.

As Hesb5, Hesland Heylhave been identified as genes

responsive to Notch signalling, their expression was examineskpression in presomitic mesoderm of DII3/Dliand

in DII3"e9DII3e° embryos.Hes5is normally expressed as a DII3/DII3"e® embryos. These patterns of expression indicate
band in rostral presomitic mesoderm in the posterior half of théhat Hes5, like closely related Hes1 aHés7, is dynamically
forming somite (de la Pompa et al., 1997; del Barco Barrantesxpressed in the presomitic mesoderm (Fig. 7A-D) (Bessho et
et al., 1999; Takebayashi et al., 1995). Analysis of genal., 2001; Jouve et al., 2000). By contrast, at 10.5 Hps5
expression at 10.5 dpc revealed four distinct patterns @xpression was not detected in presomitic mesoderm in eight
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A ' B

Fig. 8. DlI3"¢°and DIIY are
equivalent alleles with respect to
skeletal dysplasia. Lateral views of
Alcian Blue-stained 14.5 dpc
embryos. (A)DII3"eIDII3Neo,

(B) DII3"e9DII3PY,

(C) DII3PYDII3PY, The skeletal
primordia appear to be in greater
disarray and there are fewer
coccygeal vertebrae in A than in
= C. Scale bar: 1.25 mm.

out of nine DIIZ®IDII3"e°mutant embryos (Fig. 7E,F). In one allele resulted in truncation of the body, misaligned vertebrae,
embryo, a single faint band was detected in rostral presomititb fusions and a short tail in homozygous individuals
mesoderm (data not shown). Similarly, at 9.5 dpes5 (Gruneberg, 1961; Kusumi et al., 1998). We extended this
expression was not detected in presomitic mesoderm in six oahalysis and observed at 14.5 dpc that defects in the
of six DII3"®9DII3"€° mutant embryos (data not showhesl  preskeleton of DIIBY/DII3PY were very similar to those of

is expressed in the caudal half of nascent somites arill3"9DII3"®° embryos. However, slight differences were
dynamically in presomitic mesoderm (Jouve et al., 2000). levident such that the dysplasia@if3PYDII3PY embryos was

the presomitic mesoderm of DII3/DIli&and DII3/DII3"€°  less severe and the tail was longer. Genetic analysis revealed
embryos, dynamic expression is detected as a broad caudadt theDII3"®°and DII?Y alleles were equivalent with respect
domain that appears to narrow as it moves rostrally to form @ the skeletal defects as preskeletons Diti3"e9DII3PY,

tight band coincident with somite formation (Fig. 7G-I). DII3"€9DII3"€°and DII3PYDII3PY were similar (Fig. 8).

Rostral expression is evident alone or in combination with this

caudal domain of expression, depending upon the stage of the

cycle. At 10.5 dpdDII3/DII3 embryos exhibited either rostral DISCUSSION

alone (3/10) or rostral and caudal domains (7/10He$1

expression. Similarly Hesdxpression was detected as a singlelhe mutant D/I3 alleles; DII3"¢°, DII3P“ and DLL3-

rostral domain (6/11) or with rostral and caudal domains (5/11$CD are functionally equivalent with respect to

in DII3/DII3"e0. This pattern of expression was not evident inskeletal dysplasia

DlI3"e9DII3"eomutant embryos because, in ten out of ten, onlydncertainty has surrounded the mo8BPY allele because it

a single narrow band deslexpression was detected in theis unclear whether this allele is null. Although a four base
rostral presomitic mesoderm (Fig. 7J,K). In additionHes1  deletion is predicted to generate a stop codon in exon 3 (N-
expression was detected in the somites where normally it terminal to the DSL that lies in exon 4) (Kusumi et al., 1998),
detected caudally (compare Fig. 7G-lI with 7J,Keylis itis possible that splicing around the deletion occurs and some
expressed in the caudal half of the most recently formed somitenctional DII3 protein is produced. As we have been unable
and in a band in the rostral presomitic mesoderm whicko generate anti-DII3 antibodies this scenario has remained
narrows as a somite forms (Kokubo et al., 1999; Leimeister eintested; however, our genetic complementation studies
al., 1999). Heyl expression in wild-type (DII3/DII3) and indicate that this is unlikely to be the case bec&ls®€°and
heterozygous (DII3/DII®9 embryos reflects this pattern of DII3PY are equivalent alleles with respect to skeletal dysplasia
expression with 10/24 embryos the same as Fig. 7L and 14/ZBig. 8). We observed that DNSYDII3"®° individuals are

the same as Fig. 7M. By contrast, in 18 out of 18&lightly more severely affected than DHDII3PY, but this is
DII3"e9DII3"e® mutant embryos, Hey&xpression appeared likely to be due to differences in mouse strain (IH®II3"e0
static because only a single band of expression was detecteceimbryos are 1290Ila/C57BL6, whereas tBd3PYDII3PU

the rostral presomitic mesoderm (Fig. 7N). In addition,embryos are C3H/He/C57BL6). In humans, sequence analysis
expression normally present in the caudal somites was nbas defined three SCD-associated DUimBitations. SD1
detectable in most mutants (compare Fig. 7L,M with 7N). Ircontains a five base insertion, SD2 a two base deletion and SD3
summary, these data demonstrate that BliBquired for the a missense mutation in EGF repeat number 5 (Bulman et al.,
normal expression of Hes5, Hesl aHeyl in presomitic  2000). The effect of the missense mutation on protein function

mesoderm. is unknown; however, SD1 and SD2 mutations generate
. . truncated proteins that are not membrane tethered but could

DIi3"¢° and DII3P" are equivalent alleles with respect interact with Notch because the DSL (Notch-binding region)

the generation of axial skeletal defects is present either in full (SD2) or in part (SD1). This raises the

Postnatal analysis of pudgy mice demonstrated thdditB88"  possibility that these mutants do not represent null alleles,
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because soluble DLL3 forms could interact with Notch anc Wild type DII3 null DIl null
either activate the receptor without being tethered to L

neighbouring cell or prevent another ligand from binding Me#* (2 L] ) ,.. ) SR
Notch. However, as thBIlI3"€° null mutation has very similar Cer-1 [3ER B ) IEED) :#:] DR

phenotypic effects on the development of the axial skeletol L

we suggest that each of the human SCD alleles are likely "' (3@ G SPR
represent null mutations. LFng OO . | ) SDR
The developmental origin of skeletal defects NG € § GUaw | ) SDR
associated with SCD lie in the disruption of the HesS OO [ — ) SDR
segmentation clock within the presomitic mesoderm Bl b

Generation of the DII®° mutant mouse lines has allowed us (R CI:']:J,:-

to examine the developmental origins of the skeletal defec DPI3 OO . UR
presented in SCD. The core SCD phenotype is characteris SIISIL ST S0 S1 S0

by multiple hemi-vertebrae with rib fusions and deletions. Thegig g A comparison of gene expression in paraxial mesoderm of
developmental origins of this phenotype reside in aberramgrmal and Delta mutants. Black and grey areas represent

somite formation — a defect that appears grounded in the lojocalisation of transcript and the wavy line represents dynamic gene
of the oscillatory mechanism that drives the regular periodicitexpression. The most recently formed somite is Sl, the forming
with which somites are formed. The molecular analysis osomite is SO, and the block of presomitic mesoderm cells of one
DII3"e9DII3"e%embryos identifies genes associated with Notctsomite length (caudal to S0) is S-I according to (Dale and Pourquie,
signalling, whose normal expression in the presomitic2000; Ordahl, 1993). Gene expression was determined by RNA in
mesoderm is dependent up®ii3 function. These include situ hybridisation. This s_tudy examined expression in Wlld-_type and
Lfng, Hes5,HeslandHey1, and therefore these are candidat!l3 mutant embryos. Wild-type expression patterns were in

. . accordance with those previously reportdésp2 (Saga et al.,
genes responsible for cases of SCD that show no link 1 9g6y cer1(Biben et al., 1998)ncx4.1 (Mansouri et al., 1997;

DLL3/19q13. Neidhardt, 1997)Lfng (Forsberg et al., 1998; Johnston et al., 1997),
. . . Hesl (Jouve et al., 200@))I1 (Bettenhausen et al., 1995;

Are D_Hl and DII3 d'gt'nCt ligands of Notch in Dunwoodie et al., 1997) arialI3 (Dunwoodie et al., 1997). For

paraxial mesoderm Hes5, we identified four distinct patterns of expression in presomitic

Both DII1 andDII3 are required for normal somite formation mesoderm (Fig. 7). Gene expressiolIii mutants is based on

and correct specification of anteroposterior polarity within theprevious reports (del Barco Barrantes et al., 1999; Jouve et al., 2000).
presomitic mesoderm (Gruneberg, 1961; Hrabe de Angelis The levels of expression of Dlifh DII3 mutant embryos was low

al., 1997; Kusumi et al., 1998) (Figs 5, 6). As DII1 and DII3With diffuse boundaries and is indicated by grey shading.

are both ligands of Notch, what evidence is there that they a

distinct ligands that elicit different downstream responses

This study shows that markers of anteri©e(1) and posterior affect the expression of specific genes to different extents. As
(Uncx4.1) somite identity are expressed at normal levels in th2ll1 andDII3 are differentially expressed in presumptive and
absence of DII3, but that the periodic expressiotJioéx4.1  nascent somites, this issue could best be addressed by placing
and Cerl, which is characteristic of anteroposterior polaritythe DII1 cDNA under the regulatory control @ll3 or vice

is lost (Fig. 6 and summarised in Fig. 9). By contrastyersa using a cDNA ‘knock-in’ approach.

anteroposterior identity is lost in Dlihutants, as Uncx4.i$ ) o N

not detected, while Cerland EphA4another marker of Oscillatory gene expression in the presomitic

anterior) are severely downregulated (del Barco Barrantes Btesoderm

al., 1999) (Fig. 9). In addition, we present evidence to sugge§&enes expressed in an oscillatory manner in the presomitic
that DII1 and DII3 elicit distinct responses from genesmesoderm are likely to hold the key to our understanding of
associated with Notch signalling. For example, a loss-ofhow exactly Notch signalling controls somitogenesis. We show
function mutation in Dlllresults in severely downregulated for the first time that Hes®xhibits a number of distinct
(and largely undetected) expression of Lfdgs5Hes1Heyl, patterns of expression in the presomitic mesoderm. This
Mespl and Mesp2 in presomitic mesoderm (del Barco suggests that Hes5, like Hes1 and Hes7, is expressed under the
Barrantes et al., 1999; Jouve et al., 2000; Kokubo et al., 1998pntrol of oscillatory stimuli. The regulatory parameters that
(Fig. 9). By contrast, with the exception d¢ies5, the control the dynamic expression of these ‘clock’ genes in
expression of each of these genes is readily detected mesomitic mesoderm are unknown. We present data to indicate
presomitic mesoderm of DIiull mutants (Figs 5-7, ¢espl  that the rostral and caudal expression components of these
was not examined). That DII1 and DII3 may be distinct isgenes are differentially controlled by DII3 and DII1.
further supported by the fact that DII3 is a highly divergentExpression of Lfngis severely downregulated (del Barco
Delta homologue (Dunwoodie et al., 1997) and has only 18%Barrantes et al., 1999) amtkslis not detected (Jouve et al.,
identity to the Notch binding DSL of DII1, compared with the 2000) in the presomitic mesoderm@if1 null mutants, but in
51% identity between DII4 and DII1. It is, however, possibleDII3"€° null mutants, only the caudal expression component is
that when Dllland DII3 mutants are compared that some oflost with the rostral band clearly evident (Figs 6, 7, 9). These
the observed differences in gene expression do not indicatifferences could simply be due to different levels of gene
discrete functions for these ligands but rather reflect thexpression; however, this does not appear to be the case
possibility that Dllland DII3 perform the same function and because the rostral and caudal expression domaidegifin
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the presomitic mesoderm normally occur at equal levels and 2alehla, A. and Johnson, R. L(1999). Dynamic expression of lunatic fringe
the loss of just the caudal domainDfi3 mutants cannot be suggests a link between notch signaling and an autonomous cellular
; ; ; ; oscillator driving somite segmentatidbev. Biol. 207, 49-61.

explained by an overall reduction in expression Ieyels. In thgagna”’ K. M., Higgins, S. J. and Sanders, E. 11988). The contribution

case of Lfng, even th,OUQh the rostral domain is norma”y made by a single somite to the vertebral column: experimental evidence in

expressed at levels higher than that seen caudally, rostrakupport of resegmentation using the chick- quail chimaera model.

expression in DlI3mutants was readily detectable and no Developmeni03, 69-85.

caudal expression was ever observed, even under extensﬁi@”i"' k*f- M'il Hl[gginsl S. J-I and S_?”Ct‘”ts_v E. 1193@_)- Thg Cdont”b““o”t §
H o H ade py cells Trom a single somite 1o lissues witnin a body segment an

peI’IOdS of Stalnll’lg._ThIS sque.StS that the rostral and CaUdaI(ralnssessment of their integration with similar cells from adjacent segments.

components that drive expression of oscillatory genes such ageyelopment07, 931-943.

Hesland Lfngin the presomitic mesoderm are independentlyBailey, A. M. and Posakony, J. W(1995). Suppressor of hairless directly

controlled and that both components require DII1, but only the activates transcription of enhancer of split complex genes in response to

caudal component requires DII3. Notch receptor aqtivit)Genes Dev. 9, 2609-2622.
P q Bessho, Y., Miyoshi, G., Sakata, R. and Kageyama, RR001). Hes7: a

. bHLH-type repressor gene regulated by Notch and expressed in the
A comparison of DII3 and deltaD mutants presomitic mesodernGenes Cell$, 175-185.

The mutant phenotype @fll3 resembles that of deltaD (after Bettenhausen, B., Hrabe de Angelis, M., Simon, D., Guenet, J. L. and
eight) in zebrafish at a number of levels. First, in both mutants Gossler, A. (1995). Transient and restricted expression during mouse
somite formation occurs in the first instance with what appearsembryogeneS|s of DII1, a murine gene closely related to Drosophila Delta.
s . . Developmenii21, 2407-2418.
to be the correct periodicity. This is followed by delayed somitgyen ., stanley, E., Fabri, L., Kotecha, S., Rhinn, M., Drinkwater, C.,
formation in DII3 mutants, and lack of somite formation in Lan, M., Wang, C. C., Nash, A., Hilton, D. et al. {998). Murine cerberus
deltaD mutants. However, even though metamerism was homologue mCer-1: a candidate anterior patterning moleBge. Biol.
apparent in Dll3mutants, borders between somites were not 194, 135-151.

h : - . .. Bray, S.(1998). Notch signalling in Drosophila: three ways to use a pathway.
evident and condensation of paraxial mesoderm into somlt&Semin_ Cell Dev. Biob, 591-507.

was reduce_d _Compared with  wild t'ype (Fig. 5). Thatgronner Fraser, M. (1986). Analysis of the early stages of trunk neural crest
somitogenesis is hot completely normal is supported by the factmigration in avian embryos using monoclonal antibody HNK4v. Biol.
that the vertebra caudal to and including cervical 1 (which is 1|55, 44:\;|55F-) < K Eraving. T ML MoK c G c

; ; ; ; ulman, M. P., Kusumi, K., Frayling, T. M., McKeown, C., Garrett, C.,
co;nprlsedl O]]: the a(ljntgrlor pgll’t of Lhe fifth formed S.Oml.teé.weﬁ Lander, E. S., Krumlauf, R., Hattersley, A. T., Ellard, S. and Turnpenny,
no proper.y ormed. ecqn » marker gene expression indicatéy, p, (2000). Mutations in the human delta homologue, DLL3, cause axial
that paraxial mesoderm in Dlind deltaDmutants has both  skeletal defects in spondylocostal dysostdsat. Genet24, 438-441.
anterior DII3 —CerlandMesp2deltaD—mesp-aEphA4fgf8  Conlon, R. A, Reaume, A. G. and Rossant, §1995). Notch1 is required
anddeltaD) and posterior (DII3 Uncx4.1landCited1;deltaD for the coordinate segmentation of somi@evelopmenti21, 1533-1545.

_ i ; Cooke, J. and Zeeman, E. 1976). A clock and wavefront model for control
DEDQ.rm th ?ngol\é)éOD_l)_hdéaraﬁ:‘er (T:g' 6, C.ialta not dShOWE) of the number of repeated structures during animal morphogehéeHigor.
(Durbin et al., )- Third, although paraxial mesoderm has go| 53, 455-476.

anterior and posterior identity in both mutants, like cells are&ooke, J.(1998). A gene that resuscitates a theory—somitogenesis and a
not grouped and spaced periodically (Fig. 6) (Durbin et al., molecular oscillatorTrends Genet. 14, 85-88. o
2000)_ Finally, both mutants show disrupted expression d?ale. K. J. and Pourquie, O(2000). A clock-work somiteBioEssay2, 72-

genes eXprESSEd in-a CyC“CaI manner in the pre'somltg;e Celis, J. F. and Bray, S(1997). Feed-back mechanisms affecting Notch
mesoderm. In Dli3nutants, LfngHes1and HesSexpression activation at the dorsoventral boundary in the Drosophila wing.
is disrupted, while irdeltaD, herl expression is disrupted. As  Developmeni24, 3241-3251.

mutant expression of Lfng, Hesthd herl consists of what de la Pompa, J. L., Wakeham, A., Correia, K. M., Samper, E., Brown, S.,
appears to be a static band in the rostral presomitic mesodernfguléra R. J., Nakano, T, Honjo, T., Mak, T. W., Rossant, J. et al.

in th bsence of caudal expression. there is potentiall a1997). Conservation of the Notch signalling pathway in mammalian
In the a N 8 p o p y neurogenesidDevelopmeni24, 1139-1148.

common mechanism that is responsible for the oscillatory gengi Barco Barrantes, 1., Elia, A. J., Wunsch, K., De Angelis, M. H., Mak,
expression in presomitic mesoderm (Fig. 7) (Holley et al., T. W, Rossant, J., Conlon, R. A, Gossler, A. and de la Pompa, J. L.

2000)_ (199_9). Interaction bet\/\_/een Notch signalling and Lunatic fringe during
somite boundary formation in the mou&rr. Biol. 9, 470-480.
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