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Interaction between Notch signalling and Lunatic fringe during

somite boundary formation in the mouse

Ivan del Barco Barrantes*', Andrew J. Elia*", Kurt Wiinsch*, Martin Hrabe De
Angelist, Tak W. Mak*T, Janet Rossant8", Ronald A. Conlon¥, Achim Gossler#

and José Luis de la Pompa*'®

Background: The process of somitogenesis can be divided into three major
events: the prepatterning of the mesoderm; the formation of boundaries

between the prospective somites; and the cellular differentiation of the somites.

Expression and functional studies have demonstrated the involvement of the
murine Notch pathway in somitogenesis, although its precise role in this
process is not yet well understood. We examined the effect of mutations in the
Notch pathway elements Delta like 1 (DII1), Notchl and RBPJk on genes
expressed in the presomitic mesoderm (PSM) and have defined the spatial
relationships of Notch pathway gene expression in this region.

Results: We have shown that expression of Notch pathway genes in the PSM
overlaps in the region where the boundary between the posterior and anterior
halves of two consecutive somites will form. The DII1, Notchl and RBPJk
mutations disrupt the expression of Lunatic fringe (L-fng), Jaggedl, Mesp1,
Mesp2 and Hes5 in the PSM. Furthermore, expression of EphA4, mCer 1 and
uncx4.1, markers for the anterior—posterior subdivisions of the somites, is
down-regulated to different extents in Notch pathway mutants, indicating a
global alteration of pattern in the PSM.

Conclusions: We propose a model for the mechanism of somite border
formation in which the activity of Notch in the PSM is restricted by L-fng to a
boundary-forming territory in the posterior half of the prospective somite. In this
region, Notch function activates a set of genes that are involved in boundary
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formation and anterior—posterior somite identity.

Background

Somites, paired blocks of mesodermal cells that are
arranged bilaterally on either side of the neural tube, repre-
sent one of the earliest signs of metamerism in the mam-
malian embryo [1]. They form in a strict cranio-caudal
order by the successive segmentation of the paraxial meso-
derm. Caudal to the most recently formed somite, the
paraxial mesoderm appears morphologically unsegmented.
"This tissue is known as the presomitic mesoderm (PSM)
and is contiguous with the tissue at the caudal end of the
embryonic axis. Somites are subdivided into anterior and
posterior halves that differ in their adhesive properties and
gene expression (reviewed in [2,3]). This alternation of
anterior and posterior properties patterns spinal ganglia and
nerves, and also constitutes a mechanism to maintain the
borders between segments [4,5]. Embryonic manipulations
demonstrated that the anterior—posterior (a—p) polarity of
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the somites is established in the PSM prior to the forma-
tion of distinct somites [6]. In addition, gene expression
studies indicate that the apparently homogenous PSM is
subdivided into domains of distinct gene expression, which
in the anterior PSM correlate with the future a—p somite
halves and/or with the boundaries of nascent somites
(reviewed in [2,3]).

There is increasing experimental evidence that cell-to-cell
communication mediated by the evolutionary-conserved
Notch signalling pathway is of functional significance for
somite development. Homologues of Notch pathway
genes have been identified in the mouse, including Delta
like 1 (DII1) [7] and Delta like 3 (D//3) [8], which are homo-
logues of the ligand gene Delra [9)]; Jagged 1 and 2 (Jagl
and Jag?) [10-12], which are homologues of the ligand
gene Serrate [13]; Notch1—4 [14-17], which are homologues
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of the receptor gene Norch [18]; Lunatic fringe (I-fng), manic
fringe and radical fringe, which are homologues of fringe
(fng) [19,20]; and RBPJK (recombination signal sequence
binding protein for JK genes), which is a homologue of
Suppressor of Hairy (Su(H)) [21,22]. For reviews on Notch
signalling, see [23-25]. The somite defects of mice with
targeted or spontancous mutations in Notch pathway ele-
ments have been characterized to varying degrees. Mice
carrying mutations for Nozch 1 [26,27], RBPJK [28], D//1 [5]
or D//3 [29] have somites with irregular size and shape; in
D//1 and D//3 mutants, the a—p polarity and epitheliali-
zation of somites is affected. Given that L-fug is expressed
at the forming somite borders [19,20] and that somitogen-
esis is disrupted in L- fzg mutant mice [30,31], it has been
suggested that Notch signalling might regulate somite
boundary formation and wing margin development in
Drosophila through similar molecular mechanisms. In
Drosophila, interactions between dorsal and ventral cells
organize the wing around a discrete dorsal-ventral (d—v)
boundary, the wing margin. Fringe controls the formation
of the wing margin by regulating the signalling activity of
Serrate and Delta at this border [32,33].

Somitogenesis is a continuous process that generates new
borders at at relatively constant species-specific rate. On
the basis of experiments with amphibian embryos, a ‘clock
and wavefront’ model has been proposed to account for the
properties of somite formation. According to this model,
groups of cells oscillate synchronously between two states
driven by a cellular ‘clock’ while they are in the PSM. A
wavefront of maturation sweeps back along the embryo in
an anterior — posterior direction and cells at the anterior
end of the PSM that cycle together form a somite once the
wave front has passed [34]. This model is also supported
by evidence obtained from studies showing the rhythmic
expression in the PSM of ¢-4airy 1, the chicken homologue
of Drosophila hairy [35], and chicken and mouse L-fng
[36,37]. These findings suggest a link between Notch sig-
nalling and the molecular clock driving somite formation,
although the nature of this connection is unknown.

Here, we have studied the consequences of perturbed
Notch signalling in the PSM of D//1, Nothl and RBPJk
mutants. Mutations in D/// and RBPJK, but not in Nozhl,
disrupt patterning of the PSM and a—p somite polarity is
lost, as indicated by the severe down-regulation of the ante-
rior somite markers EphA4 and mCer 1, and of the posterior
marker uncx4.1. We show that the stripes of Jagl, L-fug and
of the PSM basic helix—loop-helix (bHLLH) genes Mesp2
and Hes5 expression overlap with those of D//1 and Nozchl
in the PSM. Furthermore, D//I, Notchl and RBPJK are
required for the expression of L.-fug, suggesting that L-fug is
a target of Notch activity in the PSM. Likewise, mutations
in D//1, Notchl and RBPJK affect the striped expression in
the PSM of Hes5, Jagl, Mespl and Mesp2, indicating that
expression of these genes is regulated by Notch activity.

We suggest that Notch signalling in the anterior PSM is
restricted by L-Fng to the interface between the prospec-
tive posterior somite half and the anterior half of the next
developing somite, and we propose a model of how bound-
ary formation might occur.

Results

Disruption of gene expression and patterning in the PSM
of Notch pathway mutants

Mesoderm segmentation in the mouse embryo begins
around embryonic day 8 (ES8), with the formation of
somites. Analysis of mouse mutants lacking Nozchl [27],
D//1 [5] or RBPJK (1.dB.B. and J.L..dIP., unpublished obser-
vations) suggests that these genes are not essential for cel-
lular differentiation in the paraxial mesoderm because
somite derivatives develop. Rather, Notch signalling
appears to be required for proper somite formation and
early patterning.

To find targets of Notch activity in the PSM, we studied
the expression of genes that are potentially involved in
either Notch signalling or the transition from PSM to seg-
mented somites. We analyzed the expression of these
genes in the mutants D//1, Notchl and RBPJK, to discrimi-
nate functional differences between this ligand, receptor
and effector that might be due to redundancy or different
target specificity.

In Drosophila, the Enhancer of split genes (encoding
bHLLH proteins) are targets of Notch signalling [38-40].
In mammals, the Hes genes (Hes1-5) are related to both
the Hairy and Enhancer of split genes (reviewed in [41]).
The Hes genes are regulated by Notch signalling 7z vitro
[42] and 7n vive, as indicated by the effect of Nozchl and
RBPJk mutations on the expression of Hes5 [43]. To
determine whether the absence of D//1 affects the trans-
cription of the same targets, we analyzed Hes expression
in D//1 mutants by whole mount /z situ hybridization.
Among the different Hes genes expressed at E8.5-9.0
(Hesl, Hes3 and Hes5), only Hes5 was severely down-regu-
lated in the PSM, and was less affected in the central
nervous system (CNS) (7 = 5; compare Figure la,c with
Figure 1b,d). This phenotype is similar to that found in
RBPJK or Notchl mutants [43], indicating that the bHLH
gene Hes5 is a common target for DII1, Notchl and
RBPJK in both the PSM and the CNS.

In Drosophila, Notch signalling is known to regulate the
expression of its ligands [44]. We have shown previously
that D//1 is severely down-regulated in the posterior
somite halves of RBPJk and Nofchl mutant embryos,
although expression in the PSM appears unaffected [43].
Similarly, the expression of D//3, a second mouse Delta
gene expressed in the PSM ([8]; Figure 1le,g) and CNS [8]
appeared normal in E8.5 RBPJk (n =7; Figure 1f), E8.5
Notchl (data not shown) and E9 D//I mutants (7 = 8;
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Figure 1h). In contrast, at E10.5, D//3 transcript levels in
D//I mutants appeared high compared with wild type
(7 = 5; compare Figure 1i with Figure 1j). In addition, D//3
was strongly up-regulated in the CNS of D//I mutants
(n = 8; Figure 1h).

The Serrate-type ligand Jagl is expressed during somito-
genesis [10,12,45,30]. At E8.5, Jagl is expressed in the
PSM, in one stripe in the most recently formed somite, in
the PSM and in a long band flanking the paraxial meso-
derm (Figure 1k). Sections of whole mount stained
embryos reveal that this band corresponds to the interme-
diate mesoderm (Figure 11). Double label 77 sifu hybridi-
zation shows that Jag/ expression overlaps with D/// in the
PSM and in the posterior half of the youngest somite
(Figure 1m). Jag! expression in the PSM and in the newly
formed somite is severely reduced in the Notch pathway
mutants D//1 (# = 6; Figure 1n), Notchl (n = 6; Figure 10)
and RBPJK (n = 7; Figure 1p), suggesting that its expres-
sion depends on Notch activity.

L-fng 1s the only murine fringe homologue expressed in
the paraxial mesoderm [19,20]. Forsberg ez a/. [36] have
made a comprehensive analysis of the waves of mouse
L-fng expression in the PSM, and showed that a new
somite boundary forms just after the end of a wave. To
determine whether the dynamic transcription of -fzg in
the PSM was affected in Notch pathway mutants, we
compared L-fzg expression in groups of wild-type and
mutant embryos. Figure 2a—f shows representative phases
of the temporal and spatial cycle of L-fizg expression in
wild-type embryos. The widest domain of L-fuzg expres-
sion spans two stripes in the anterior PSM, with the most
anterior stripe narrower than the posterior one, and a large
areca of mesoderm adjacent to the primitive streak
(Figure 2a) [36]. After reaching their maximal cranial
extension, transcripts gradually disappear posteriorly
(Figure 2b), leaving only the two anterior stripes
(Figure 2c), which progressively refine (Figure 2d). Sub-
sequently, expression in the posterior region is reinitiated
(Figure Ze), and the more anterior stripe of L-f#g expres-
sion disappears (Figure 2f). Posterior to it, a new somite
boundary will form [36]. In RBPJK (n = 17; Figure 2g-1)
and D//1 (n = 14; Figure 2n-r,t,u) mutants, we observed a
very severe down-regulation of L- fug in the PSM. In a
few cases, a single, very faint stripe of expression was
detected (Figure 2g), but never the characteristic range of
dynamic L-fng expression domains. In contrast, L-fug
expression was only slightly reduced and had less defined
borders in Notchl mutants (7 =9; Figure 2v—-z). These
data suggest that L-fug is a target of Notch signalling in
the PSM. L-fng expression in the CNS appears to be unaf-
fected, implying that in this tissue, L-fzg may be regu-
lated independently of Notch activity, and that Notch is
differently regulated during lateral inhibition in the CNS
and inductive signalling in the PSM.
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Abnormal Hes5, DII3 and Jagl expression in Notch pathway mutants
(whole mount in situ hybridization, details of posterior regions)

(a) E8.5 wild-type (WT) embryo. Hes5 is expressed in the PSM (thick
arrow), primitive streak (thin arrow) and neural tube (small arrow).
(b) E8.5 DII1 mutant showing a severe down-regulation of Hes5 in
the PSM and neural tube. (c) An E9 wild-type embryo maintains
Hes5 expression in the PSM (thick arrow), primitive streak (thin
arrow) and neural tube (the small arrowhead points to the most
posterior osmite boundary), whereas (d) a DII1 mutant shows no
signal in the PSM and streak and reduced expression in the neural
tube. (e) E8.5 wild-type embryo. DII3 is strongly expressed in the
PSM, particularly at the anterior end (large arrowhead). (f) E8.5
RBPJk mutant with normal DII3 expression (arrowhead). (g) At E9 in
the wild-type embryo, DII3 expression in the PSM is maintained
(arrowhead) and weak patchy expression is observed in the neural
tube. (h) In contrast, E9 DII1 mutant embryos show apparently
normal DII3 expression in the PSM, and a strong up-regulation in the
neural tube (arrow). (i) Expression of DII3 in the tailbud region of an
E10.5 wild-type embryo. (j) Increased DII3 expression in the tailbud
of an E10.5 DII1 embryo. (k) In wild-type E8.5 embryos, Jagl is
expressed in the newly formed somite (large arrowhead), PSM (small
arrowhead), intermediate mesoderm (arrow), and neural tube. (I) A
transverse section showing Jagl expression in the dermomyotome
(arrowhead) and intermediate mesoderm (arrow) of a wild-type
embryo. (m) Double label in situ hybridization shows that DII1
expression (red) overlaps with Jagl (blue) in the PSM (small
arrowhead), and in the posterior half of the newly formed somite
(large arrowhead). Jagl expression in the PSM and youngest somite
is severely reduced in (n) DII1, (o) Notchl and (p) RBPJk mutant
embryos, although the signal in the intermediate mesoderm appears
less affected (arrow). The small arrowhead in (a,c,e) points to the
most posterior somite boundary. The scale bar represents 70 pm in
(a—h,n—p), 90 pum in (i-m) and 50 pm in (I). (a,b,e,f,i—k,m,n—p) are
dorsal views; (c,d,g,h) are lateral views; (1) is a transverse section.
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Disruption of L-fng expression in Notch pathway mutants. Selected
phases of the L-fng wave of expression in the PSM. (a) When the
wave is well-advanced, the widest domain of L-fng spans two stripes
in the PSM, and a large area of the primitive streak. Gradually, signal in
the primitive streak is (b) down-regulated and (c) finally disappears,
and (d) the two anterior stripes refine. Progressively, signal in the
primitive streak reinitiates (e,f), and (f) the first stripe of L-fng
expression down-regulates, finally disappearing once a boundary
forms posterior to it, at the end of the wave. In (a—c,e,f) the small
arrowhead points to the most posterior somite boundary, and in (a—f)
the large and mid-size arrowheads point to the first two stripes of
expression in the PSM. The arrow in (a,b,e,f) points to the signal in the
streak. In (c,d) the signal in the streak is downregulated. In (d) the
posterior somite boundary is not indicated. (g—I) Examples of L-fng
expression in RBPJk mutant embryos. Only the embryo in (g) shows a
faint stripe of expression (arrowhead). (m) Wild-type embryo, showing
extended L-fng expression. (n—r,t) DII1 mutants show no sign of
expression or (u) very reduced signal in the PSM (arrowhead). (s) A
wild-type embryo with three areas of L-fng expression in the PSM
(arrowheads) and streak (arrow). (v—z) Notchl mutants show a
reduction of L-fng signal in (v) the PSM (arrowheads) and in the streak
(arrow). The scale bar represents 70 um. (a,d—g,j-l,9,r,v—z) are dorsal
views; (b,c,h,i,m—p,s—u) are lateral views.

The bHLLH transcription factor Mesp2 is required for
normal mesoderm segmentation in the mouse [46]. MespZ
is transcribed in the anterior region of the PSM
(Figure 3a-d). Double label 7z situ hybridization has
shown that MespZ expression overlaps with the anterior
region of D//1 expression [46]. Mesp2 is severely down-reg-
ulated in the PSM of D//1 (n = 8; Figure 3e) and RBPJK
(n =7; Figure 3f) mutants, but is much less affected in

Nozchl mutants (7 = 5; Figure 3g,h). Similar results were
obtained with the other family member, Mespl [47] (data
not shown), indicating that Mespl and Mesp2 expression
depends on Notch signalling activity.

DII1 and RBPJk are essential for anterior—posterior somite

polarity

"T'o address whether somite polarity is similarly affected in
D//1, RBPJk and Notchl mutant embryos, we analyzed the
expression of #nex4.1, which encodes a paired homeo-
domain protein related to Caenorrhabditis elegans unc4d
[48,49]. Unecx4.1 is expressed in the posterior half of the
somites (Figure 4a—c), as sagittal sections demonstrate
(Figure 4d). Uncx4.1 expression is not detected in E8.5
D//I mutants (7 =8; Figure 4e), reinforcing our earlier
interpretation that the identity of posterior somite halves
is lost [5]. Similarly, Unex4.1 expression is absent in RBPJK
mutants (7 = 9; Figure 4f). In contrast, #ncx4.1 transcripts
are detected in the posterior somite halves of Nozhl
mutant embryos (7 = 5; Figure 4g,h). Consistent with this
observation, expression of Pax/ in both the anterior and
posterior sclerotomal halves (Figure 4i,)) is relatively
normal in Nozch1 mutants (# = 4; Figure 4k,1).

To address whether the perturbation of Notch activity
causes a global disruption of the segmental pattern in the
PSM, we examined the expression of EphA4 and mCer I in
mutant embryos. The receptor tyrosine kinase (RTK)
EphA4 (Sek1) [50] belongs to a large family of RTKs that
have been implicated in axonal pathfinding through a short-
range contact-mediated guidance mechanism (reviewed in
[51]). EphA4is dynamically expressed in the PSM. Initially,
transcripts are abundant in one stripe of approximately the
size of one somite, and in the primitive streak (Figure 5a).
Expression in the somitic region becomes progressively
refined and restricted to the anterior half of the prospective
somite, and a broader expression domain appears posteri-
orly (Figure 5b) [50]. Eventually, expression in the most
anterior stripe is down-regulated, and the posterior stripe
refines (Figure 5¢). Once the epithelial somite is formed,
the anterior stripe disappears [50]. Double label 7z situ
hybridization shows that the first stripe of EphA4 expres-
sion, which marks the anterior half of the prospective
somite [50], is rostral to the first stripe of L-fug expression
(Figure 5d). Sagittal sections demonstrate the expression of
L-fng in the anterior half of the newly formed somite and in
the PSM (Figure 5e). EphA4 expression is down-regulated
in the PSM of D//I (n=10; Figure 5f), RBPJK (n=12;
Figure 5g) and Nozchl (n = 11; Figure 5h) mutants, although
the effect in the latter appears less severe, as indicated by
sagittal sections (Figure 51).

The mCer 1 protein [52,53] is the murine homologue of
Xenopus Cerberus (XCer), a member of the transforming
growth factor-f3 (TGFB) and bone morphogenectic protein
(BMP) superfamily with anterior patterning properties, as
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Figure 3

Figure 4

Dll1

RBPJK

Current Biology

Down-regulation of Mesp2 expression in Notch pathway mutants.
Whole mount in situ hybridizations. At (a,b) E8.5 and (c) E9, Mesp2 is
found in one stripe in the anterior border of the PSM (large
arrowheads), as illustrated by (d) a sagittal section through an E8.5
embryo (large arrowhead). The small arrowheads point to the most
posterior somite boundary. Mesp2 signal is (e) drastically decreased in
DII1 (large arrowhead), (f) undetectable in RBPJk mutants, and

(g) reduced in Notchl mutants (large arrowhead), as (h) a sagittal
section shows (arrowhead). The scale bar represents 200 pm in (a),
70 pm in (b—g) and 50 pm in (h).

revealed by misexpression studies [54]. In the E8.5-8.75
mouse, mCer [ is expressed in the PSM and nascent
somites (Figure 5j,k) [52]. In the PSM, mCer I expression
occupies a two-somite-wide domain and marks the ante-
rior region of the two newest somites (Figure 5k) [52].
Double staining with mCer 1 and D//1 probes shows that
the anterior domain of mCer [ is anterior to the limit of
D/I1 signal in the PSM (Figure 51). Histological sections
show that the expression of mCer I is down-regulated in
mature somites, anteriorly restricted in the newly formed
somite, and occupies two stripes within the PSM
(Figure 5m). Mutants of the Notch pathway show reduced
and poorly defined mCer 1 expression. This is particularly
the case with D//1 (n =7; Figure 5n) and RBPJK (n =9,
Figure 50). Notchl mutants show a weak mCer 1 expres-
sion in the PSM (#=6; Figure 5p,q). These results
demonstrate that mutations in D//7 and RBPJK disrupt the
compartmentalization of somites, whereas Notchl func-
tion appears to be non-essential for the establishment of
a—p somite polarity.

Overlapping expression domains of Notch signalling
elements in the PSM suggests regulatory interactions

Our results show that a number of genes expressed in dis-
tinct PSM regions and nascent somites depend on Notch

Current Biology

Loss of uncx4.1 expression in DII1 and RBPJk mutants. Whole mount

in situ hybridizations. (a—c) The uncx4.1 gene is expressed at E8.5-9 in
the posterior somite half (arrowhead in (c)). (d) Parasagittal section
through an E8.5 wild-type in situ hybridized embryo showing uncx4.1
expression in the posterior somite half (arrowhead). The expression of
uncx4.1 is severely down-regulated in (e) DII1 and (f) RBPJk mutants.
(g) Notchl embryos show expression of uncx4.1 in the posterior somite
halves (left arrowhead), although in some somites, the uncx4.1
expression domain appears wider (right arrowhead). (h) Sagittal sections
through Notchl mutant embryos reveal the posterior somite restriction of
uncx4.1 (arrowhead). In comparison, Pax1 mRNA is detected in the
anterior and posterior somite halves in both (i,j) wild-type (arrowheads)
and (k,I) Notchl (arrowheads) mutant embryos. In (I), the arrowhead
points to the poorly defined somites of the Notch1 mutant. The scale bar
represents 200 um in (a,b) and 70 pm in (c). (a,c,g,i,k) are dorsal
views; (b,ef) are lateral views; (d,h,j,l) are sagittal sections.

signalling for their expression. In order to define precisely
the expression domains of putative Notch target genes with
respect to the ligand D//1 and the receptor Notchl, and to
determine whether they could be regulated by Notch sig-
nalling, we carried out double label 7z situ hybridization
experiments in wild-type embryos. We did not assay the
expression of RBPJK, as it is ubiquituously expressed
throughout the PSM and somites [28]. At the end of a wave
of expression, the first stripe of L-fzg in the PSM overlaps
with the strongest domain of D//I expression in the anterior
border of the PSM (7 =7; Figure 6a), demarcating the
prospective posterior somite half (‘p’). This observation is
consistent with previous data [20]. D//1 and Nozchl expres-
sion overlap with each other in the anterior PSM (7 = 7,
Figure 6b), and the strongest domain of Noz/1 expression is



Research Paper Notch signalling and Lunatic fringe Barrantes etal. 475

Figure 5

Figure 6
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Disruption of EphA4 and mCer 1 expression in Notch pathway mutants.
(a) At E8.5-9, EphA4 is expressed in a somite-size stripe in the PSM
(arrowhead) and in the primitive streak (arrow). (b) Once the somite is
generated, signal is restricted to the anterior half (arrow). A strong stripe
of expression appears in the border of the PSM (large arrowhead).

(c) Transcription in the newly formed somite is progressively down-
regulated (arrow) and the posterior PSM stripe becomes more refined
(arrowhead). (d) Double label in situ hybridization shows that EphA4
expression (blue) is rostral to the first stripe of L-fng (red) in the PSM.

(e) Sagittal section showing reduced EphA4 expression in the anterior
half of the newly formed somite (arrow) and a strong stripe in the border
of the PSM (large arrowhead). EphA4 signal is severely reduced in the
PSM of E9 (f) DII1 and (g) RBPJk mutants, and reduced in (h) Notchl
(arrowhead). (i) Sagittal section showing reduced EphA4 expression in
the PSM of a Notch1 embryo. The arrowhead points to a reduced EphA4
expression in the PSM. (j) At E8.5, mCer 1 is expressed in one stripe in
the newly formed somite (large arrowhead), in the anterior half of the
preceding somite (arrow), and in one stripe in the PSM (thick arrowhead).
(k) E9 wild-type embryo, with expression in the anterior PSM (thick
arrowhead), in the anterior halves of two newly formed somites (large
arrowheads), and clear anteriorly restricted expression in an older somite
(arrow). (I) Double label in situ showing mCer 1 expression (blue, thick
arrowhead) anterior to the border of DII1 signal (red, arrow) in the PSM.
(m) Sagittal section showing strong EphA4 signal in the PSM (thick
arrowhead), anteriorly restricted expression in the two preceding somites
(large arrowheads), and strongly reduced signal in the anterior half of an
older somite (arrow). The small arrowheads in (b,e,jm) point to the most
posterior somite boundaries. mCer 1 signal is reduced and poorly
defined in the PSM and somitic region of (n) DII1 embryos (large
arrowhead), and severely down-regulated in (0) RBPJk mutants (large
arrowhead). (p,g) Notchl mutants also show reduced and poorly defined
mCer 1 expression in the PSM region (arrowheads). The scale bar
represents 70 um in (a—d,f-h,j—I,n—p) and 50 pm in (e,im,q). (d,|,n—p) are
dorsal views; (e,i,m,q) sagittal sections; (a—c, f—h,jk) are lateral views.
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Overlapping expression domains of Notch pathway elements in the
PSM and somites. Double label whole mount in situ hybridization on
E8.5 wild-type embryos. Dorsal views of the PSM and tail region;
anterior is to the left. (a) Double label with L-fng (blue) and DII1 (red)
probes. The arrowhead points to the overlap (brown) at the end of a
wave of L-fng expression in the PSM, between the anterior L-fng stripe
and the anterior border of DII1 expression. ‘p’ denotes the posterior
prospective somite half. Note the second L-fng stripe in the PSM
(arrow). (b) Double label with DII1 (red) and Notchl (blue) probes. The
arrowhead points to the overlap between DII1 and Notchl in the
anterior PSM. The bracket indicates a somite-wide domain of
expression demarcated anteriorly (a) by Notchl and posteriorly (p) by
the overlap between Notch1 and DII1. (c) Double label with DII1 (red)
and Mesp2 (blue) probes. The arrowhead indicates the overlap
between DII1 and Mesp2 in the PSM, which is consistent with the
co-expression of (d) L-fng and Mesp2 (arrowhead) in this same region,
the prospective posterior somite half (‘p’). (e) Double label with DII1
(red) and uncx4.1 (blue). The large arrowhead points to the border of
DII1 expression in the PSM and the small arrowhead to the overlap
between DII1 and uncx4.1 in the posterior half of the somites. The
scale bar represents 70 pum.

anterior to D//1, overlapping with D//3 in the most anterior
region of the PSM (‘a’; data not shown). Thus, L-fug, D//1,
DII3, Notchl (and RBPJK) are all expressed in the prospec-
tive posterior somite half. Together, the strongest D//1 and
Notchl expression domains in the PSM are the approximate
size of a somite (Figure 6b). Double stainings with D/// and
putative target genes in the PSM show that their expression
overlaps in the PSM region where the posterior somite
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Figure 7

Table 1
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Summary of gene expression in the PSM. Posterior mesodermal
tissues are illustrated in dorsal view with anterior to the left. The
intensity of shading is meant to represent differences in gene
expression levels for a gene, but is not meant to imply differences in
expression levels between genes. (a) Snapshot of the widest domain
of L-fng dynamic expression in the PSM: a first stripe of expression
corresponding to the posterior half of the prospective somite, a second
broader stripe midway through the PSM, and a third region in the
primitive streak. (b) DII1 is expressed in the posterior half of the
prospective and mature somites, PSM and primitive streak. (c) DII3 is
expressed homogeneously throughout the PSM, surpassing the
anterior limit of DII1 expression in the prospective somite. (d) Jagl is
expressed in the posterior half of the epithelial and prospective somite
and throughout the PSM. (e) Notch1l is expressed at high levels in the
prospective somite and more weakly throughout the PSM and primitive
streak. (f) Notch2 is expressed similarly to Notchl, but is also
expressed in recently formed somites. (g) RBPJk is ubiquituosly
expressed. (h) Hes5 is expressed in one stripe in the posterior half of
the prospective somite and in the streak. (i) Mespl and Mesp2 are
expressed in the posterior half of the prospective somite. (j) Uncx4.1 is
expressed in the posterior halves of mature somites. (k) EphA4 is
expressed in the anterior half of the epithelial somite, in a somite-wide
domain, and in the primitive streak. (I) mCer 1 is expressed in the
anterior halves of the two most recently formed somites and in two
stripes in the PSM. The expression patterns, determined by in situ
hybridization in this study, were compared with those reported in the
following references: L-fng [20,60], DII1 [7], DII3 [8], Jagl [30,45],
Notchl [59], Notch2 [46], RBPJk [28], Hes5 [43], Mesp1l [47],
Mesp2 [46], uncx4.1 [49], EphA4 [50] and mCer 1 [52].

boundary forms. Thus, the stripe of Mesp2 expression coin-
cides with the anterior border of D//I expression in the
PSM, delineating the prospective posterior somite half
(n =5; Figure 6¢). Consistently, Mesp2 overlaps with the
anterior stripe of L-fug expression in the PSM (=4,
Figure 6d). D//1 and the anterior stripe of Hes5 expression
also coincide in the same PSM region (data not shown).
Furthermore, D//I and wu#ncx4.1 transcripts overlap in the
posterior region of the newly formed somite (7 =25;
Figure 6¢). Figure 7 shows a summary of the wild-type

Expression analysis of regionalized PSM and/or somite
markers in Notch pathway mutants.

Genotype

L-fng Dil1 DII3 Notchl RBPJk  Mesp2
Marker
PSM + streak — dynamic
L-fng - SDR DB* DR SDR ND
Anterior PSM
Mespl ND SDR ND DR SDR +
Mesp2 ND SDR ND DR SDR -
PSM + streak
DIl1 DB+ - + + + SDRS
DII3 DBf#* UR - + + ND
Jagl + DR ND DR DR ND
Notchl DB+ +¥ ND — +¥ DRS
Notch2 DB+ +¥ ND ND +¥ DRS
PSM + posterior streak
Hes5 SDR* SDR ND DR# SDR* ND
Posterior half epithelial somite
Jagl DBf SDR ND SDR SDR ND
Anterior somite half
EphA4 ND SDR ND DR SDR ND
mCer 1 ND DR ND DR DR ND
Posterior somite half
Uncx4.1 DB+ SDR ND DR SDR ND
Dll1 DB+ — DB* DR# SDR# DBS

Abbreviations: +, normal; DB, diffuse boundaries; DR, down-regulated;
ND, not determined; SDR, severely down-regulated; UR, up-regulated.
References to the original papers are indicated. The data for DII1,
Notchl and RBPJk mutants are presented in this paper, except when
indicated: *[29], T[30], *[31], 8[46], ¥I.dB.B. and J.L.dIP., data not
shown, and #[43].

expression patterns in the PSM and somites of the genes
analyzed. Table 1 summarizes the effects on the expression
of PSM and/or somite markers caused by mutations in
Notch pathway genes.

Discussion

Loss of anterior—posterior somite identity in Notch

pathway mutants

The perturbation of Notch signalling activity causes a
general patterning disruption in the PSM, and the subdivi-
sion of somites into anterior and posterior compartments is
severely perturbed, as indicated by the abnormal expres-
sion of markers for both the anterior and posterior somite
halves. EphA4 is dynamically expressed in two stripes in
the PSM. The first one delimits the anterior half of the
prospective somite and is down-regulated after the epithe-
lial somite is formed. The second stripe spans a somite-
sized domain [50]. Expression of dominant-negative forms
of EphA4 in zebrafish embryos blocks somite segment-
ation and affects normal De/fa expression in the anterior
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PSM [55]. The generation of a mouse mutant for EpiA4,
however, has not revealed a role for this gene in somito-
genesis [56], perhaps due to the expression of other Eph
receptor genes in this tissue [57]. EphA4 is severely down-
regulated in Notch pathway mutants. Double label /7 sizu
hybridization shows that FEphA4 expression abuts ant-
eriorly the first stripe of L-fizg, which defines the posterior
somite half [20,36]. Similar to EphA4, mCer I is expressed
in two stripes in the PSM and in the anterior halves of the
two newest somites [52]. It has been suggested that
mCer 1 is involved in providing positional cues to the
spinal cord or neural crest. In Notch pathway mutants,
mCer 1 expression is reduced, and the limits of its expres-
sion domain are less defined.

Expression of D//3 is up-regulated in the PSM and CNS of
D//1 embryos, suggesting that D//I negatively regulates
D//3 expression. In addition, D//3 mutants do not express
D//1 in the posterior somite halves [29], which implies that
D//3 has a role in the circuitry establishing a—p somite
identity in the PSM. D//I is absent in the posterior somite
halves of RBPJK mutants [43], suggesting that in the
somites, D//] expression and RBPJK activity might be
linked by a positive feedback loop (see Figure 8). We
cannot, however, rule out the possibility that the loss of
D//1 expression could be an indirect consequence of the
perturbed somite polarity in RBPJK mutants. Likewise,
Jagl is markedly down-regulated in the PSM and in the
posterior half of the newly formed somite in D//1, Notchl
and RBPJKk mutants, indicating that Notch activity regu-
lates Jagl expression in the PSM. The transcription factor
uncx4.1 is expressed in the posterior half of the newly
formed somite, but not in the PSM, being one of the earli-
est markers of posterior somite identity [49]. Expression of
uncx4.1 is drastically down-regulated in D/ and RBPJK,
and to a lesser extent in Nozchl mutants. Whether uncx4.1
is a target of Notch involved in the establishment of poste-
rior somite identity, or is expressed as a consequence of
compartmentalization, is not clear at present.

In our studies, the RBPJK and D//I mutations show more
severe effects on gene expression than does the Nozchl
mutation, indicating functional redundancy at the level of
the receptor. The fact that boundaries are formed in even
the most severe case (RBPJK) suggests that the generation
of distinct a—p somite compartments is not essential for
intersomitic boundary formation. Thus, Notch signalling
appears to function in positioning the boundaries, not in
their formation per se.

A model for Notch signalling activity in the PSM

We think that our data are consistent with the model of
Notch activity during somite boundary formation pre-
sented in Figure 8. This model is based on our results and
data from several laboratories on L.-fng expression [19,20],
its cyclic pattern in the PSM [36,37], and its 7z vivo function

Figure 8
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A model for the generation of somite boundaries and a—p somite polarity
by the Notch signalling pathway. This model does not attempt to
elucidate the L-fng cyclic pattern in the PSM, but only to explain the
effects of Notch pathway mutations on genes like L-fng, expressed in the
anterior PSM. (a) The anterior, more developmentally advanced somites
are shown to the left, the morphologically unsegmented PSM is on the
right. At the end of a wave that progresses caudo-rostrally (arrow), L-fng
is expressed in three stripes in the PSM and primitive streak (black). The
first L-fng stripe coincides with the posterior half of the prospective
somite. The shaded arrowheads indicate the interface between the
posterior half of the prospective somite and the anterior half of the next
somite. L-fng expression overlaps with the most anterior domain of DII1
in the PSM (black). DII3 mRNA reaches the anterior border of the PSM
(light grey) and overlaps posteriorly with DII1 (black and grey). Notch1
and Notch2 expression overlaps with the ligands in the same territory
(bracket), and extends rostrally and caudally in the PSM (see Figure 7).
The boundary will form in this territory, perhaps because of the effect of
L-Fng in the specific combination of ligand(s) and receptor(s) expressed
here. RBPJk is ubiquituously expressed (black) and Notch signalling may
activate the genes Mespl, Mesp2, Hes5 and Jag1l in the posterior
region of the prospective somite. In this region, boundary formation
occurs. Subsequently, uncx4.1 (black) is transcribed in the posterior half
of the newly formed somite, and its expression is maintained like that of
DII1 throughout somite differentiation. The cycle of L-fng expression
continues. (b) Putative elements of the Notch pathway in the PSM (right)
and in the somites (left). Right: within the PSM domain defined by the
first stripe of L-fng expression, Notch (Notchl or Notch2) might receive
the signal from the ligands DII1 and DII3 (perhaps also from across the
prospective p—a boundary). The signal from Notch is transduced via
RBPJk and activates putative target genes, including L-fng. DIl (DII1 or
DII3) might also signal to the anterior half of the next somite, activating
the receptor Notch (Notchl or Notch2). Left: in the posterior half of the
epithelial somite, Jagl is expressed as a consequence of Notch
signalling activity. This might also be the case for uncx4.1 (dashed
arrow). The large white arrows indicate transduction of signal (DIl to
Notch to RBPJK), or effects in gene expression (RBP on Hes5 or Mesp).
The thicker dashed arrows indicate positive feedback loops. a, anterior
somite half; p, posterior somite half.




478 Current Biology, Vol 9 No 9

in the mouse [30,31]. The model takes into account the
clock and wavefront model of somitogenesis [34] and the
role of Fringe during wing margin development in
Drosophila [32]. The model does not attempt to explain the
cyclic pattern of L-fng expression, but only to integrate the
observed phenotypes and effects on gene expression in
Notch pathway mutants.

At the end of a wave of expression, L-fzg is found in three
stripes within the PSM, and a somite boundary forms just
posterior to the anterior-most (first) L-fuzg stripe (Figure 8a)
[36]. At this point of the wave, the first stripe of L-fug
expression overlaps with the anterior limit of D//1 expres-
sion in the PSM ([20] and Figure 6a). D//3 transcripts are
widely expressed in the PSM, and their expression domain
overlaps with and extends rostrally to D/ [8] and L-fug.
Notchl and Notch2 overlap with the anterior L-fzg stripe. We
suggest that boundary-promoting signalling occurs in the
PSM territory where the first L-fug stripe overlaps with
D/I3, DIl1, Notchl and Norch2. In this region, the boundary
between the posterior half of the prospective somite and
the anterior half of the next somite could be defined by the
confrontation of L-fug-positive and L-fzg-negative cells.
Once the Notch receptor (Notchl and/or Notch2) is acti-
vated in the posterior half of the prospective somite, the
signal is transduced to the ubiquitously expressed RBPJK,
which in turn activates the potential bHLLH target genes
Mespl, Mesp2 and Hes5. Ultimately, changes in cellular
properties, such as polarity and adhesion, might trigger or
promote the formation of a boundary and generate a new
somite. The cycle then starts again (Figure 8a).

We have found that L-fug is severely down-regulated in
D/, Notchl and RBPJK mutants, and D//3 mutants show
less defined L-f#g expression in the PSM [29]. On the other
hand, the lack of L-f#g leads to poorly defined anterior and
posterior expression boundaries of D//1, D//3, Notchl and
Notch2, consistent with a role for L-fig in positioning or spa-
tially restricting Notch activity in the PSM [30,31]. Further-
more, Hes5 expression is down-regulated in L-fizg mutants
[31], consistent with the idea that L-fzg is required for high
Notch activity. If, as in the Drosophila wing margin [32], L-
Jfng acts upstream of Notch during somitogenesis, the
expression of L-fug and Notc/h in the PSM might be linked
by a positive feedback loop (Figure 8b). Alternatively,
Notch signalling might be required solely to initiate the
expression of L-fug in the PSM. Both D/ and RBPJK
mutants show severely reduced expression of the bHLH
genes Mesp2 and Mespl (data not shown) in the anterior
PSM. In Nozc/hl mutants, expression of these two genes is
less affected, which is very likely to be because of func-
tional compensation by Nozch2. Gene targeting studies have
revealed that MespZ mutant mice show delayed somite seg-
mentation, severe skeletal malformations, and caudal trun-
cations [46]. Given that Nozchl and NozchZ expression was
reduced in both the PSM and somites of Mesp2 mutants,

Mesp2 was suggested to control Nozch expression [46]. Our
results, however, suggest that both Mespl and Mesp2 are
targets of the Notch pathway. Notch lying upstream of
both genes would be consistent with the normal Mespl/
expression in MespZ mutants [46], and the down-regulation
of both Mespl and Mesp2 that we observe in Notch pathway
mutants. The effect of the Mesp2 mutation on the expres-
sion of Nozchl and Notch2 suggests also that the expression
of these genes might be regulated by a positive feedback
loop (Figure 8b).

The model draws from what is known about the role of
Fringe in the regulation of Notch activity during wing
margin development in Drosophila [32]. Differences
between the developmental systems of mice and
Drosophila, however, are apparent. During somite bound-
ary formation, the effects on gene expression that we
observe suggest that Notch signalling appears to occur in
a large region corresponding to the posterior half of a
forming somite, but not exclusively in cells that are adja-
cent to the boundary, as in the wing disc. Thus, Notch
signalling in the PSM might establish a ‘posterior domain’
in the prospective somite, similar to the role of Notch
during wing vein formation in Drosophila [58]. A role for
Fringe in wing vein specification has not, however, been
shown thus far.

Of the Notch pathway genes examined, D//1 7], D//3 [8],
Norchl [59], Norch2 [16] and RBPJK [28] are expressed in
wide domains in the paraxial mesoderm that remain
‘static’ with respect to the somite-forming territory. In
contrast, both in chicken [37] and in mouse [30], L-fug
expression oscillates in the PSM in synchrony with the
production of somites. Similarly, a study in the chick com-
paring ¢-hairy 1 and ¢-Deltal expression in the PSM, has
shown no evidence for a dynamic sequence of ¢-Delta 1
mRNA distribution during somitogenesis [60]. We have
found that L-fzg expression in the PSM (like expression of
Hes5, Mespl and Mesp2) depends on Notch activity, sug-
gesting that Notch signalling is required for at least some
aspects of the ‘read-out’ of the molecular clock. The con-
nection of Notch signalling with the ‘clock’ regulating
somitogenesis, however, remains unclear.

Given that the anterior stripe of L-fzg expression spans the
posterior half of the prospective somite, why does the
intersomitic boundary form at the p—a somite confrontation
and not at the preceding a—p confrontation? This might
depend on the effect of L.-Fng on Notch activity and on
the specific spatial combination of ligands and receptors
that might allow the activation of the Notch pathway in
this region, but not in the adjacent one. In addition, ligands
localized in the anterior half of the next forming somite
might activate/inhibit receptors expressed in the posterior
half of the prospective somite (Figure 8b). A combination
of genetic analysis and a precise immunohistochemical
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definition of the distribution of the Notch pathway pro-
teins will be required to resolve these issues.

Materials and methods

Genotyping

DII1, Notchl and RBPJk mutant embryos were obtained by mating
females and males heterozygous for DII1 [5], Notchl [27] and RBPJk
[28] targeted mutations, respectively. Embryos were genotyped by
PCR analysis of the yolk sacs. Primers and conditions were as
described previously [5,27,28].

Whole mount in situ hybridization

Embryos were isolated in ice-cold phosphate buffered saline (PBS),
fixed overnight in 4% paraformaldehyde, and processed for whole
mount in situ hybridization according to described procedures [61]
with the modification that RNase treatment was omitted, except for the
Hes5 probe. Colour development was carried out using 0.45 pl of
125 mM nitroblue tetrazolium (NBT) solution and 3.5 pl of 115 mM 5-
bromo-4-chloro-3-indolyl phosphate (BCIP) solution per ml of NTMT
(100 mM NaCl; 100 mM TrisHCI pH 9.5; 50 mM MgCl,; 0.1% Tween-
20) with 2 mM levamisole.

Double label in situ hybridization experiments were performed using a
modification of previous protocols [8,20,46]. Riboprobes identifying
the more strongly expressed gene product were labelled with fluores-
cein—UTP. Anti-fluorescein—alkaline phosphatase (AP) coupled anti-
body (Boehringer Mannheim) was used at 1:400. Colour development
was carried out in the dark, overnight, at room temperature (RT) with
SIGMA FAST. Twice the amount recommended by the manufacturer
was used: 2.0 mg/ml of Fast Red TR; 0.8 mg/ml of Naphthol AS-MX;
0.15 mg/ml levamisol in 0.1 M Tris buffer. Embryos were subsequently
washed at RT with PBT, fixed 20 min in 4% paraformaldehyde at RT,
and washed twice with PBT at RT. The first antibody was inactivated
by heating at 65°C for 30 min, embryos were blocked with 10% sheep
serum for 30 min at 4°C, and incubated overnight at 4°C with the anti-
DIG—AP coupled antibody at 1:500. After washing overnight in TBST,
2mM levamisole, embryos were washed three times for 10 min in
NTMT, 2 mM levamisole. Colour development was performed using
9 ul of NBT and 7 pl of BCIP per ml of NTMT with 2 mM levamisole.
The following probes were used in this study: DII1 [7], DII3 [8], Jagl
[30], Hes5 [43], L-fng [19], Mespl and Mesp2 [46], Uncx4.1 [49],
EphA4 [50] and mCer 1 [52].

Histology

Hematoxylin and eosin staining was carried out in embryos fixed
overnight in 4% paraformaldehyde, dehydrated, embedded in paraffin
and sectioned at 6 pm. After whole mount in situ hybridization,
embryos were postfixed overnight in 4% paraformaldehyde, processed
and sectioned at 20 pm.
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