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Notch inhibition by the ligand Delta-Like 3 defines
the mechanism of abnormal vertebral segmentation
in spondylocostal dysostosis
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Mutations in the DELTA-LIKE 3 (DLL3) gene cause the congenital abnormal vertebral segmentation syn-
drome, spondylocostal dysostosis (SCD). DLL3 is a divergent member of the DSL family of Notch ligands
that does not activate signalling in adjacent cells, but instead inhibits signalling when expressed in the
same cell as the Notch receptor. Targeted deletion of DI/I3 in the mouse causes a developmental defect in
somite segmentation, and consequently vertebral formation is severely disrupted, closely resembling
human SCD. In contrast to the canonical Notch signalling pathway, very little is known about the mechanism
of cis-inhibition by DSL ligands. Here, we report that DII3 is not presented on the surface of presomitic meso-
derm (PSM) cells in vivo, but instead interacts with Notch1 in the late endocytic compartment. This suggests
for the first time a mechanism for DII3-mediated cis-inhibition of Notch signalling, with DII3 targeting newly
synthesized Notch1 for lysosomal degradation prior to post-translational processing and cell surface presen-
tation of the receptor. An inhibitory role for DII3 in vivo is further supported by the juxtaposition of DII3
protein and Notch1 signalling in the PSM. Defining a mechanism for cis-inhibition of Notch signalling by
DII3 not only contributes greatly to our understanding of this ligand’s function during the formation of the
vertebral column, but also provides a paradigm for understanding how other ligands of Notch cis-inhibit sig-
nalling.

INTRODUCTION

Abnormal vertebral segmentation (AVS) in humans is a
common congenital abnormality (2 per 1000 births) that
results in uneven or fused vertebrac. The majority of AVS
cases are mild and involve only a few vertebrae. This is
termed congenital scoliosis and results in an abnormal
lateral curvature of the vertebral column. Ten percent of
cases are classified as severe in that they have multiple contig-
uous vertebral malformations. Spondylocostal dysostosis
(SCD) is the best-studied example of the latter group and is
characterized by rib fusions, rib deletions, hemivertebrae and
loss of vertebrae, causing truncal shortening. Mutations in
four genes involved in the Notch signalling pathway [DELTA-
LIKE 3 (DLL3), MESP2, LFNG and HES7] account for ~30%
of SCD cases (1—4). Mutation of DLL3 is the most common

cause of SCD and yet the role of DLL3 in Notch signalling
and in vertebral column formation is not understood.
Vertebrae and ribs derive from somites. These structures are
formed by segmentation of the presomitic mesoderm (PSM) in
a reiterative process that occurs every 120 min in the mouse
(reviewed in 5) and is estimated to occur every 4—6h in
humans (6,7). This process is thought to be controlled at the
molecular level by the finely balanced interaction of two sig-
nalling processes: the ‘clock’ and the ‘wavefront’ (reviewed in
8). The ‘wavefront’ is thought to be generated by two oppos-
ing gradients of signalling (Fgf8 from the caudal PSM and
retinoic acid from the rostral PSM). The ‘clock’ is character-
ized by a series of genes whose expression oscillates with a
period equal to the time it takes to make a single somite.
There are many genes with such expression (9), but an impor-
tant subset are direct transcriptional targets of Notch
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signalling, such as Hesl, Hes7, Heyl and 2, Lfng and Nrarp
(10—14). It is likely that the expression of these genes is
directly controlled by the induction of Notchl receptor signal-
ling, which also occurs in a cyclical manner (15,16). Notch
signalling itself is not thought to initiate this cycling
process, rather it is likely to maintain a previously initiated
oscillation by synchronizing gene expression in adjacent
PSM cells (17,18). Notch signalling also has two other key
roles in the process of somitogenesis: it is required for
somite boundary formation and for the establishment of the
anterior—posterior polarity of somites (15,18—21). Like indi-
viduals with SCD, mice null for DI/I3, Mesp2, Lfng and Hes7
all exhibit extensive malformation of vertebra. In these
embryos, the anterior—posterior polarity of somites is dis-
rupted, and in the case of DI/3, Lfng and Hes7 embryos, a
loss of cyclic Notchl signalling occurs in the PSM (22—24).

Signalling via the Notch receptors is widely conserved and
utilized in metazoans for communication between cells in
contact. The Notch receptors (Notch1—4 in mammals) are syn-
thesized as a single polypeptide which then undergoes a series
of post-translation modifications: fucosylation of EGF-like
repeats in the endoplasmic reticulum (ER); glycosylation of
O-fucose by Fringe family enzymes in the cis-Golgi; and clea-
vage (S1) by a furin-like convertase in the frans-Golgi
network (TGN) to produce a covalently linked heterodimer
(25-29). Once modified and processed, the receptor is pre-
sented on the cell surface, where it can interact with DSL
ligands of the Delta and Serrate families [Delta-Like 1
(DIl1), Delta-Like 4 (Dll4), Jaggedl and Jagged2 in
mammals] expressed on the surface of neighbouring cells.
Receptor—ligand interaction between cells (in trans) triggers
canonical Notch signalling, which initiates with ligand endo-
cytosis, causing receptor transendocytosis and extracellular
domain shedding. This exposes the S2 cleavage site of the
receptor, allowing ADAM10/17 cleavage (30,31). The remain-
ing portion of Notch is a substrate for y-secretase, causing S3
cleavage within the transmembrane domain and release of the
intracellular domain (NICD) into the cytoplasm (30,32). NICD
translocates to the nucleus, where it interacts with the tran-
scription factor CSL, causing the release of co-repressors
and recruitment of Maml and other coactivators, thereby acti-
vating transcription of Notch target genes (33—37).

The ability of a Notchl-expressing cell to respond to ligand
activation in trans is in part controlled by the amount of recep-
tor presented on the cell surface. This is not a static property of
the responding cell, as presentation of the receptor at the cell
surface is a dynamic process. In the absence of ligand in trans,
a proportion of processed Notchl is removed from the cell
surface via the endocytic pathway and can then be either
returned to the cell surface or directed to the lysosomal degra-
dation pathway (38—40). The endocytic pathway is a major
part of the protein transport and sorting system of the cell
(reviewed in 41). Endocytosed proteins are carried by trans-
port vesicles to early endosomes that act as a sorting station,
returning some proteins to the cell surface via recycling endo-
somes, sending others to the TGN. The remaining proteins are
held within the endosome, which then undergo maturation to
form the late endosome. The late endosomes then undergo a
series of fusion and fission cycles to form lysosomes, which
are acidic organelles that degrade endocytosed proteins.

Degradation of cargo begins in the late endosomes and con-
tinues in the lysosome. This pathway also interacts with the
normal biosynthetic pathway of the cell. Newly translated pro-
teins synthesized in the ER can be transported through the
Golgi to the TGN, and from here directly to the late endo-
somes and lysosomes. Proteins following this pathway
include those required for normal lysosomal function, as
well as proteins targeted for degradation.

The pattern of Notch signalling is a product of activation
and inhibition of the signalling pathway and these opposing
influences can be mediated by DSL ligands of Notch. The
mechanisms in place that control the relative activation and
inhibition of Notch signalling are ill-defined. DSL ligands
expressed on the surface of neighbouring cells activate
Notch signalling in trans, but when expressed in the same
cell as the Notch receptors (in cis), they inhibit signalling
from ligand in trans. This phenomenon has been reported in
Drosophila systems such as the imaginal disc, as well as in
mammalian cell culture; however, the significance of
cis-inhibition in mammals is not known, nor is the mechanism
understood. There have been various reports showing that
ligand/receptor complex formation in cis appears to block sig-
nalling in trans (42), or that cis-inhibition occurs inside the
cell, or at the plasma membrane (42,43). The ability of DSL
ligands to both activate and repress signalling makes it
impossible to elucidate the relative impact of signalling acti-
vation versus inhibition and to define the means by which
ligands cis-inhibit Notch signalling. We have taken advantage
of the fact that DII3 is unique among Notch ligands. DII3 is a
divergent DSL ligand that, when deleted in the mouse, causes
a developmental defect in which vertebral formation is
severely disrupted (22). We have found that DII3 cannot com-
pensate for the loss of DII1 during somitogenesis, indicating
that DII3 functions differently from DII1 (24). Indeed, recapi-
tulation of Notch signalling in vitro via co-culture of ligand
and receptor-expressing cells indicates that DII3 cannot
induce canonical Notchl signalling (44), making it unique
among the family of DSL ligands. Instead, DII3 inhibits
Notchl signalling when expressed in the same cells as the
receptor (cis-inhibition), the only function so far attributed
to DII3 (44). DII3 interacts with Notchl, but only when the
two proteins are expressed in the same cell (44). It is not
clear how DII3 inhibits Notchl signalling in cis. It is also
not certain where Dll3-mediated cis-inhibition occurs in the
cell because different reports place DII3 either in the Golgi
apparatus or on the cell surface (24,44).

Here, we report that DII3 interacts exclusively with the
unprocessed full-length form of Notchl and show that DII3
is not present on the cell surface, instead it is intracellular
and localizes to the cis-Golgi and cytoplasmic vesicles. In
addition, co-localization of DII3 and Notchl occurs only in
cytoplasmic vesicles that are likely to be late endosomes and
lysosomes. In the PSM, co-localization of DII3 and Notchl
is restricted to a somite-sized region, caudal to the forming
somite (designated S-1) (45) and adjacent to regions of
Notchl signalling. In the absence of DII3, Notchl signalling
is found in the rostral PSM only and it fails to become
restricted in width to a few cells as it does in wild-type
embryos. These observations for the first time suggest a mech-
anism for DII3-mediated cis-inhibition of Notch signalling,



whereby DII3 targets Notchl for lysosomal degradation pre-
venting Notchl from undergoing post-translational processing
that is necessary for cell surface presentation and activation. In
the PSM, the degradation of Notchl through interaction with
DII3 leads to the refinement of the Notchl signalling domain
in the PSM and hence regular positioning of the forming
somite border.

RESULTS
DII3 and DII1 interact with unprocessed Notchl in cis

DSL ligands such as Jagged1, DIl1 and DI14 inhibit Notch sig-
nalling when expressed in the same cell as the receptor, in
addition to activating Notch signalling in frans (reviewed in
46,47). The mechanism and subcellular location of
cis-inhibition remain obscure. Unlike other DSL ligands,
DII3 cannot induce Notch signalling in trans (44), making it
a useful protein to study cis-inhibition of Notch signalling
without complications from frans effects. Previous studies
indicate that Notchl interacts with DIl or DII3 when
co-expressed in a human embryonic kidney cell line
(HEK293T) (44); however, nothing more is known about the
site or nature of this interaction. To further elucidate, we
investigated the subcellular localization of Notch1 in the pres-
ence or absence of DIl or DII3 to determine where in the cell
they interact. For these experiments, we stably transfected the
mouse myoblast cell line (C2C12) (48,49) with full-length
Notchl or with HA-tagged DI13. C2C12 cells are of mesoder-
mal origin and are prevented from undergoing differentiation
by Notch signalling (50,51). Cells with and without Notchl
expression were transiently transfected with expression con-
structs encoding either DII1 or DII3 and stained to detect
DI13, DII1 and/or Notchl. In the absence of DII3 or DIII,
Notchl was generally found either in large intracellular struc-
tures in transiently transfected cells or in smaller intracellular
vesicles in stably transfected cells (Fig. 1A and B). However,
in neither case did Notchl co-localize with the cis-Golgi
marker GM130. As previously reported, DII3 is prominently
expressed in the cis-Golgi, and to a lesser extent in cyto-
plasmic vesicles (Supplementary Material, Fig. S1A) (24). In
the presence of Notchl, it was apparent that some
Dll3-containing cytoplasmic vesicles also contained Notchl
(Fig. 1C). DIl1 was found at the cell surface, in scattered intra-
cellular puncta and in a perinuclear region that overlaps with
the cis-Golgi marker GMI130 (Supplementary Material,
Fig. SIB). In the presence of Notchl, DIl and Notchl
co-localized in the intracellular vesicles (Fig. 1D). Thus,
DII1 and D113 co-localize with Notchl in intracellular vesicles
when expressed in the same cell. Interestingly, when Notchl
was transfected into C2C12 cells stably expressing DII3-HA,
cis-Golgi localization of DII3 was retained in cells where
Notchl was found in small intracellular vesicles (Fig. 1E)
but was often lost in cells where Notchl was found in large
intracellular structures (Fig. 1F).

Notchl is translated as a single polypeptide which then
undergoes post-translational cleavage to produce a covalently
linked heterodimer (27,28). The vast majority of cell-surface
Notchl is heterodimeric, and this form is required for robust
ligand-dependent signalling (27,28,31,52,53). Interaction
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between DSL ligands and Notchl in cis has been reported
(42,44) (Supplementary Material, Fig. S1C). To determine
which forms of Notchl interact with DII3 in cis, we immuno-
precipitated DII3 from transiently transfected C2C12 and
HEK?293 cells stably expressing Notchl. To avoid artefacts
due to overexpression, we used a clonal cell line expressing
Notchl at a level approximately the same as that seen
in vivo. In both cell types, only full-length Notchl
co-immunoprecipitated with DII3, even though the lysates con-
tained similar amounts of full-length and heterodimeric Notch1
(Fig. 1G, lanes 5 and 7), or an excess of heterodimeric Notchl
(Supplementary Material, Fig. S1D, lanes 2 and 4). To elimin-
ate the possibility that the Notch1 heterodimer dissociates from
DII3 during the immunoprecipitation procedure, dithiobis-
succinimidylpropionate (DSP) was used prior to immunopreci-
pitation to form stable crosslinks between the receptor and
ligand. DSP treatment did not alter our results (data not
shown). Consistent with data from the chick (42), both hetero-
dimeric and full-length Notchl co-precipitated with DII1 when
Notchl and DII1 are co-expressed in the same cell, demonstrat-
ing that heterodimeric Notchl was capable of being
co-immunoprecipitated under these conditions (Fig. 1G, lane
3). This interaction required the extracellular and transmem-
brane domains of DII1 because the C-terminal fragment of
DII1 alone is unable to co-immunoprecipitate Notchl (Sup-
plementary Material, Fig. S1E). Together, these data indicate
that both DIl1 and DII3 interact with full-length Notchl in a
cell-autonomous manner. Moreover, the Notchl —DII3 inter-
action occurs inside the cell because little or no full-length
Notchl makes it to the cell surface (28,52) (Supplementary
Material, Fig. S1F).

DII3 is not presented on the cell surface in the PSM of the
embryo

The observation that DII3 interacts with the unprocessed full-
length form of Notchl is consistent with our previous obser-
vations that DII3 is localized to the Golgi apparatus and to
unidentified cytoplasmic vesicles in the PSM cells of the
mouse embryo, and that DII3 is not found in significant
amounts on the surface of cell lines transiently or stably trans-
fected with DII3 (24). However, another study has reported
that overexpressing DII3 leads to its detection on the surface
of L cells (a mouse fibroblast cell line) (44). To resolve this
issue, we examined the cell surface presentation of DII3 in
vivo by performing wholemount immunofluorescence on
unfixed 9.5 dpc mouse embryos. Under these conditions, the
cell membranes remain intact, antibody is unable to penetrate
and hence immunoreactivity is limited to the extracellular
domains of cell-surface proteins. In contrast, if the unfixed
embryos are treated with Triton X-100, the cell membranes
become permeable to the extent that antibody can pass
freely into the cell. Freshly dissected 9.5 dpc embryos were
cut in half along the neural tube and stained under non-
permeabilized and Triton X-100-permeabilized conditions
using antibodies against the N-terminal epitopes of DIl1 and
DII3 (24). In non-permeabilized embryos, these N-terminal
epitopes will be detected only if the ligands are presented on
the plasma membrane. Endogenous DII1 was detected in the
non-permeabilized PSM in a pattern characteristic of the
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Figure 1. DII1 and DII3 interact with unprocessed Notchl in cis. (A and B) Double staining of Notchl and GM130 reactivity in C2C12 cells. (A) GM130
(aGM130, green) and Notchl reactivity (amyc, red) in C2C12 cells transiently transfected with myc-tagged Notchl. (B) Notchl (aNotchl, green) and
GM130 (aGM130, red) reactivity in C2C12 cells stably expressing Notchl. (C) Co-localization of DII3 (aDII3, green) and Notchl (amyc, red) in Notchl
stable C2C12 cells transfected with DII13-HA. (D) Notchl (aNotchl, green) and DIl (aHA, red) co-localize in Notchl stable C2C12 cells transfected with
DIl1-HA. (E and F) Examples of Notchl-transfected DII3HA stable C2C12 cells stained to detect Notchl (aNotchl, green), DII3 (aHA, red) and GM130
(aGM130, blue). (G) DIl and DII3 interact with unprocessed Notchl. Notchl stable C2C12 cells were transiently transfected with plasmids encoding
DIITHA (D1HA), DII3HA (D3HA) or CAT as a control. Proteins were immunoprecipitated with either mouse aHA (HA, lanes 1, 3 and 5) or non-specific
mouse IgG (Ig, lanes 2 and 4) and immunoblotted to detect Notchl (intracellular domain epitope, C20) and HA reactivity. Full-length (unprocessed) Notchl
precipitates with DIITHA (lane 3) and DII3HA (lane 5) using anti-HA. DII1THA also precipitates processed Notchl TMIC of the heterodimer whereas DII3
does not. (H-I) DII3 is not presented on the cell surface in vivo. Wholemount immunofluorescence on fresh dissected (unfixed) non-permeabilized (H) or
Triton-X-permeabilized 9.5 dpc mouse embryos (I) using antibodies against the N-terminal epitopes of DII1 (green) and DII3 (red). Scale bars represent
20 pm in (A-F) and 50 pm in (H-I).

plasma membrane, indicative of cell surface presentation
(Fig. 1H). In contrast, endogenous DII3 was never detected
in the non-permeabilized PSM (Fig. 1H), consistent with
observations in non-permeabilized DII3HA-transfected
C2C12 cells using the same approach (Supplementary
Material, Fig. SIG—I). As a positive control, the D113 antibody
was used to stain permeabilized tissue, and in this case was
able to detect punctate DII3 staining (Fig. 1I) consistent with
our previous studies (24). Likewise, endogenous DII1 intra-
cellular expression was detectable in permeabilized tissue

(Fig. 1I). We conclude that endogenous DII3 is not present
on the cell surface of PSM cells in vivo, whereas endogenous
DII1 is present on the cell surface.

Notch1l and DII3 co-localize in vesicles of the late endocytic
compartment

One possible mode of action of ligand-mediated cis-inhibition
of Notchl signalling is that ligand acts to trigger degradation
of full-length Notchl. Since DII3 is predominantly present in
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the cis-Golgi (24), we examined the major pathway of protein
degradation from the Golgi, which is via the late endosome/
lysosome pathway. Such degradation prior to S1 processing
would prevent trafficking of newly synthesized Notchl to
the cell membrane, and thereby reduce that cell’s response
to adjacent DSL ligand-expressing cells. To determine
whether DII3 protein is associated with this pathway, we
co-stained C2C12 cells stably expressing DII3 with markers
of the different stages of the endocytic pathway. In addition
to the previously described Golgi staining, D113 co-localized
with the lysosomal markers Lampl and Lamp2 (Fig. 2A, not
shown), the late endosome markers Vtilb, Rab7-GFP and
Rab9-GFP (Fig. 2B; Supplementary Material, Fig. S1J and
K) but not the early endosome marker EEA1 (Supplementary
Material, Fig. S1L). DIl was also found in Lampl-positive
intracellular vesicles in transiently transfected C2C12 cells
(Fig. 2C). Importantly, we confirmed that DII3 was present
in these organelles in vivo by wholemount staining 9.5 dpc
mouse embryos with DII3 and Lampl antibodies, detecting
DII3 in some, but not all, Lampl-positive vesicles in the
PSM (Fig. 2D). We conclude that DII3 is found in the late
endocytic compartment (late endosome/lysosome) in cultured
cells and in embryos, in addition to its previously documented
cis-Golgi localization.

In C2C12 cells, transfected Notchl was not found in the
cis-Golgi (Fig. 1A and B). To confirm that these results
were representative of the situation in vivo, we examined
Notchl and GM130 localization in 9.5 dpc mouse embryos
by wholemount immunofluorescence, observing that
Notchl is not localized to the cis-Golgi in the PSM in
vivo (Fig. 2E). Notchl-positive vesicles in stably transfected
C2C12 cells also contained Lampl, Lamp2, Vtilb,
Rab7-GFP and Rab9-GFP, indicating that Notchl, like
DI13, is found in late endosomes and lysosomes (Fig. 2F
and G; data not shown; Supplementary Material, Fig. S2A
and B). We did not detect Notchl in caveolae, nor multive-
sicular bodies as marked by anti-Caveolin and anti-Hrs anti-
bodies, respectively (Supplementary Material, Fig. S2C and
D). Moreover, in live C2C12 cells, a Notchl —GFP fusion
was often found in vesicles that also contained Lysotracker
Red, a dye that selectively accumulates in acidic organelles
such as lysosomes (Supplementary Material, Fig. S2E). Cri-
tically, Notchl co-localized with Lamp1 in the rostral PSM,
defined as the forming and prospective somites (SO and S-1)
(45), demonstrating that Notchl is found in the late endocy-
tic/lysosomal compartment in vivo (Fig. 2H).

To provide more evidence that the vesicles containing
both DII3 and Notchl in vivo were indeed lysosomal in
origin, we examined DII3, Notchl and Lampl expression
in 9.5dpc embryos by wholemount immunofluorescence.
Intense Notchl expression was restricted to Lampl-positive
vesicles, which also contained DII3 (Fig. 2I). In addition,
DII3 was also found in larger puncta, presumably Golgi. His-
togram and co-localization threshold images confirm the
co-localization between DI13, Notchl and Lamp1 (Supplemen-
tary Material, Fig. S2F—J), with ~86% of DI113/Notch double-
positive locations also staining for Lampl. Hence, in the
rostral PSM, where their expression overlaps, Notchl and
DII3 co-localize in the late endocytic compartment, implying
that they are undergoing degradation.
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Subcellular co-localization of DII3 and Notch1 occurs in the
rostral PSM

Given that D113 and Notchl appear to co-localize in the rostral
PSM, we sought to define the spatial pattern of DII3 and
Notchl protein expression in vivo. We confirmed our previous
observations that DII3 is found throughout the PSM in a punc-
tate pattern characteristic of the Golgi (Fig. 3A—C) (24).
However, DII3 expression was somewhat diminished in the
rostral PSM. To define the rostral limit of high DII3
expression, 9.5 dpc embryos were co-stained with anti-DI113
and anti-EphA4, which is expressed in the prospective (S-1),
forming (SO) and, to a lesser degree, in the nascent somite
(S1) (54). DII3 was expressed throughout S-1, up to the pos-
ition of the presumptive somite boundary (Fig. 3D). High-
level DII3 expression is therefore restricted to the PSM. In
contrast, Notchl was highest in the forming (S0) and
nascent somites (S1) in the majority of embryos (Fig. 3E).
In agreement with expression of the Notchl mRNA
(Fig. 3F) (20,55), high levels of Notchl were not observed
in somite S2 and beyond, and also decreased to background
levels in more caudal regions of the PSM (Fig. 3E). Reciprocal
expression patterns of DII3 and Notchl protein were evident in
embryos, with significant co-expression of DII3 and Notchl
restricted to a region of approximately one somite immedi-
ately caudal to the forming somite in S-1 (Fig. 3G). To deter-
mine whether vesicles containing DII3 and Notchl also
harbour DIl1, we examined DIl expression in the rostral
PSM. DIIl and Notchl exhibited some co-localization as
Notchl expression diminished caudally (Fig. 3H and I). We
then examined DII1, DII3 and Notchl simultaneously in the
same embryo. Puncta positive for Notchl and DII3 were
observed rostral to the border of DII1 expression (Fig. 3J).
Thus both D113 and DII1 co-localize with Notchl in the rostral
PSM, although DII3 co-localizes with Notchl in more rostral
regions where DII3 expression persists. Cells undergoing
Notchl signalling can be identified with an antibody specific
to the y-secretase cleaved and hence active form of Notch1. Suc-
cessive waves of Notchl signalling emanate from the tail bud
and propagate rostrally with a period of 120 min in the mouse,
equal to the time taken to form a somite. In the rostral PSM,
the wave slows and becomes restricted to a static band a few
cells wide. It is at this point that the position of the next
somite boundary is likely to be defined just caudal to the
narrow band of cells undergoing Notchl signalling (15,16).
To determine where Notchl signalling is actually occurring in
relation to DII3:Notchl co-localization, we stained embryos
for this vy-secretase-cleaved active Notchl receptor. DII3 and
Notchl co-localized in puncta between successive bands of
Notchl signalling or just rostral to the most rostral stripe of
Notchl signalling (Fig. 3K). Notchl/DII3-positive puncta
found in the rostral PSM (S-1) were excluded from the cis-Golgi
as seen in embryos co-stained for anti-DI13, anti-Notchl and
anti-GM130 (Fig. 3L). Thus, the expression level and subcellu-
lar localization of DII3 differ between the caudal and rostral
PSM. In the caudal PSM, DII3 is highly expressed and is loca-
lized to the cis-Golgi, whereas in the rostral PSM (the region
of S-1), DII3 expression is downregulated and cis-Golgi localiz-
ation is lost. In this region, residual DII3 is limited to lysosomes
that also contain Notchl. In summary, DII3 and Notchl have
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Figure 2. Notch1 and DII3 localize to the late endocytic compartment. (A) Co-localization of DII3 (D113, green) and Lamp1 (aLampl, red) reactivity in C2C12
cells stably transfected with DII3-HA. (B) Co-localization of DII3 (aDIl3, green) and Vtilb (aVtilb, red) reactivity in C2C12 cells stably transfected with
DII3-HA. The levels of the red channel have been adjusted. (C) DIII reactivity («HA, green) is found in Lampl-positive intracellular vesicles (aLampl,
red) in C2CI12 transiently transfected with DIII-HA. (D) Detection of DII3 (aDII3, green) and Lampl (aLampl, red) in the caudal PSM of a 9.5 dpc mouse
embryo. (E) Rostral PSM from a 9.5 dpc embryo stained to detect Notchl (aNotchl, green) and GM130 reactivity («GM130, red). (F) Co-localization of
Notchl (aNotchl, green) and Lampl reactivity (aLampl, red) in C2C12 cells stably expressing Notchl. (G) Detection of Notchl (aNotchl, green) and
Vtilb (aVtilb, red) reactivity in C2C12 cells stably expressing Notchl. (H) Co-localization of Notchl (aNotchl, green) and Lamp! (aLampl, red) reactivity
in the rostral PSM from a 9.5 dpc embryo. (I) Rostral PSM from a 9.5 dpc embryo stained to detect Notchl (aNotchl, green), D113 (aDII3, blue) and Lampl
reactivity (a«Lampl, red). Scale bars represent 20 pwm.

reciprocal expression domains that overlap in the rostral PSM  signalling in wild-type and DII3 null (DII3"“°"*°) embryos.
(mainly S-1) between, and just rostral to, the static bands of  Activation of Notchl signalling cycles in the PSM with the
Notchl signalling (schematic summary in Fig. 4K, wild type).  presence of successive waves (15,16). This results in
domains of activated Notchl in the PSM; in wild-type
embryos, the narrowest domain is the most rostrally located
(Fig. 4A, B and E; red). In contrast, DI/I3 null embryos
lacked cyclic Notchl activation in the caudal PSM and had
Signalling from the Notchl receptor oscillates in the PSM  only one broad rostral band of Notchl signalling (Fig. 4C,
(15,16). We compared Notchl expression with Notchl D, I and J, red) (24). This band of Notchl signalling failed

Juxtaposition of DII3 and Notchl signalling supports an
inhibitory role for DII3 in the embryo
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Figure 3. D113 and Notchl have overlapping expression domains and co-localize in the rostral PSM. (A) Low (x 16) and (B) high (x40) magnification of DII3
reactivity (aDI13, red) in the PSM of a 9.5 dpc embryo. The square in (A) represents the magnified area shown in (B). (C) Wholemount immunofluorescence
detection of DII3 (aDII3, red) and GM130 («GM130, green) reactivity in the rostral PSM at 9.5 dpc (D) Detection of DII3 (aDII3, green) and EphA4 reactivity
(aEphA4, red) in the PSM of a 9.5 dpc embryo. (E) Low power (x 16) image of a 9.5 dpc embryo wholemount stained to detect Notchl reactivity (aNotchl,
green). (F) Wholemount RNA in situ hybridization detection of the Notchl mRNA in a 9.5 dpc embryo. (G) Overlapping expression domains of Notchl
(aNotchl, green) and DII3 (aDII3, red) in the rostral PSM of a 9.5 dpc embryo. (H and I) Wholemount immunofluorescence detection of DIl (aDIII,
green) and Notchl (aNotchl, red) reactivity in the rostral PSM of a 9.5 dpc embryo at x40 (H) and x63 (I) magnification. Co-localization of Notchl and
DIl1 appears yellow. (J) A high power (x63) image of the rostral PSM of a 9.5 dpc mouse embryo co-stained for DII1 (aDIl1, green), Notchl (aNotchl,
red) and DII3 (aDII3, blue). Puncta positive for anti-DII3 and anti-Notchl reactivity appear violet. (K) Detection of DII3 (aDII3, red), Notchl (aNotchl,
green) and cleaved Notchl (1744, blue) in the rostral PSM of a 9.5 dpc embryo. Puncta which contain anti-DII3 and anti-Notchl reactivity appear yellow.
(L) Co-staining of the rostral PSM for DII3 (aDIl3, blue), Notchl (aNotchl, red) and GM130 (aGM130, green). The last formed somite, the forming
somite and the prospective somite are indicated as S1, SO and S-1, respectively. Rostral (R)-to-caudal (C) orientation is indicated. Scale bars represent
200 pm in (F), 100 wm in (A), (D) and (E), 50 pm in (B), (C), (G) and (H) and 20 pm in (I-L).
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Figure 4. Detection of Notchl, DII1, DII3 and Notchl signalling in wild-type and D/I3 null PSM. (A—D) Detection of Notchl (aNotchl, green) and cleaved
Notchl (a1744, red) reactivity by wholemount immunofluorescence in wild-type (A and B) and DI/I3 null 9.5 dpc embryos (C and D). (E, G—J) Wholemount
immunofluorescence detection of DII3 (aDII3, green), DII1 (aDIl1, blue) and cleaved Notchl (a1744, red) in wild-type (E, G and H) and DII3 null 9.5 dpc
embryos (I and J). (E) Low magnification (x 16) of a wild-type embryo stained to detect anti-DII3, anti-DIl1 and anti-cleaved Notchl. (F) Wholemount
RNA in situ hybridization detection of the DIII mRNA in a 9.5 dpc embryo. (G) x40 magnification of the rostral PSM of the embryo in (E). (H) x 63 mag-
nification of the rostral PSM of the embryo in (E). (I) Low power (x 16) of a D/I3 null 9.5 dpc embryo stained to detect anti-DII3, anti-DII1 and anti-cleaved
Notchl. (J) x40 magnification of the D//3 null 9.5 dpc embryo in (I). The last formed somite, the forming somite and the prospective somite are indicated as S1,
S0 and S-1, respectively. Scale bars represent 200 pm in (F), 100 wm in (A), (C), (E) and (I), 50 wm in (B), (D),(G) and (J) and 20 pm in (H). (K) A summary of
DII3 (green), Notchl (black), cleaved Notchl(red) and DIl1 (blue) expression domains in the somites and PSM of wild-type and D//3 null 9.5 dpc embryos. The

region of DII3 and Notchl co-localization is boxed in yellow.

to restrict to the thin stripe of cells observed in wild-type
embryos (Fig. 4A—D). The expression of the Notchl receptor
overlapped with Notchl signalling in wild-type and D//3 null
embryos, but also extended more rostrally in both genotypes.
To correlate Delta-like ligand expression with Notchl signal-
ling during somitogenesis, we examined DII1, DII3 and
cleaved Notchl in the same embryo. DIl1 protein was detected
throughout the PSM (Fig. 4E, blue), consistent with the DII1
mRNA (Fig. 4F) (56,57). However, DIl protein was not
detected in the caudal half of each somite, in contrast to the
transcript (Fig. 4E and F) (56). The rostral limit of DII1
expression was abrupt and was directly adjacent to the most
rostral stripe of Notchl signalling (Fig. 4E, G and H;

Supplementary Material, Fig. S3A and B). DII1 expression
in the PSM appeared stronger at its rostral limit, consistent
with expression of the DIIl mRNA (Fig. 4E and F). Rostral
to this, DII3 expression sharply decreased, although low-level
expression continued for approximately one somite width
(Fig. 4G and H; Supplementary Material, Fig. S3A and B,
green). The situation is similar in 11.5 dpc embryos, although
cyclic Notch1 activation was less obvious and the rostral stripe
of Notchl signalling was broader (Supplementary Material,
Fig. S3C and D). In DI/I3 null 9.5dpc embryos, DIl
expression failed to sharpen at its rostral limit, instead a
gradual taper of protein expression was detected in all DII3
null embryos examined (Fig. 41 and J, blue). Thus, there is a
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correlation between a failure of rostral DIl expression to
sharpen, and failure of Notchl signalling to restrict to a thin
stripe of cells in DI//3 null embryos (Fig. 41 and J, red). The
broad rostral domain of Notchl signalling observed in all
DII3 null embryos implies that this domain does not narrow
and fade during the somitogenesis cycle as in wild type, but
instead perpetuates through successive cycles. In conclusion,
the rostro-caudal extent of Notchl, DII1 and DII3 expression
in the PSM, and the inability of the Notchl signalling
domain to narrow in the rostral PSM in the absence of DII3,
indicates that DII3 inhibits Notchl signalling in the PSM of
the embryo.

DISCUSSION

The pattern of Notch signalling in a given tissue is in part a
product of the opposing functions of its ligands, as ligands
can induce signalling in trans as well as inhibit signalling in
cis. Induction of Notch signalling by ligand in trans is well
studied, and the mechanism by which it occurs is largely
defined (58). In stark contrast, the mechanism of cis-inhibition
of Notch receptors by their ligands remains obscure. This may
be because data addressing this issue have been generated
using very different approaches; different classes of DSL
ligand from different species have been examined using trans-
genesis in Drosophila or by overexpression in cultured mam-
malian cells (42—44). Moreover, many of the findings are
likely to be confounded by the fact that the DSL ligands
studied have both frams-activating as well as cis-inhibitory
capabilities. We studied DII3-mediated cis-inhibition, taking
advantage of the fact that DII3 is unique among Notch
ligands because it acts solely to cis-inhibit Notch without
the capacity to induce signalling in frans (44). In addition,
we made use of cell lines expressing proteins at near-
endogenous levels and verified our in vitro findings in the
embryo. We demonstrate that DII3 is not presented on the
cell surface of PSM cells in vivo, consistent with our previous
report that DII3 is found in the Golgi apparatus (24). In
addition, we also found DII3 in late endosomes and lysosomes.
This intracellular localization is consistent with the inability of
DII3 to induce signalling in trans (44) and implies that
DlI3-mediated cis-inhibition occurs inside the cell. We also
show that DII3 interacts with the unprocessed full-length
form of Notchl. Together, these findings place the interaction
inside the cell because, first, DII3 is localized inside the cell
and, second, little or no full-length Notchl is presented on
the cell surface (27,28,52).

Defining the intracellular compartments in which D113 and
Notchl co-locate may infer the mechanism of inhibition. In
C2C12 cells and in vivo, we found Notchl in vesicles that
also harbour the lysosomal marker Lampl, placing it in lyso-
somes where it is presumably degraded. Lysosomal degra-
dation of heterodimeric Notchl has been previously reported
(38). Full-length Notchl is also likely to be lysosomal
because DII3 only interacts with full-length Notchl and they
co-localize to lysosomes. Notchl has also been reported to
co-localize with Hrs (multi-vesicular bodies) and Caveolinl
(caveolae) (39,59). However, we did not observe this in
C2C12 cells. Instead, our findings are indicative of a late
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endosome/lysosome localization of Notchl. It is noteworthy
that in the Drosophila eye, Notch does not co-localize with
Hrs, but does with Rab7-EGFP, consistent with our findings
(60). These data imply that D113 and Notchl co-localize in
late endosomes and degradative lysosomes. Taken together,
our data indicate that DII3 and full-length Notchl interact
inside the cell and co-localize to late endosome/lysosomes.
Thus, DII3 may alter the trafficking of full-length Notchl by
sequestering it to late endosome/lysosomes, thereby prevent-
ing its S1 processing. Once in the lysosomes, DII3 may, in
addition, cause the degradation of full-length Notchl; either
of these possibilities would reduce cell surface levels of the
receptor available for signalling. Ladi er al. (44) state that
DII3 expression does not reduce cell-surface Notchl;
however, the transient overexpression of Notchl in this case
may have masked the function of DII3. To circumvent this
issue, we have attempted to quantify changes in cell surface
presentation of endogenous Notchl, but have been unable to
consistently detect endogenous Notchl on the cell surface
(data not shown).

The importance of identifying a mechanism for
Dll3-mediated cis-inhibition of Notchl signalling extends
beyond DII3 and somitogenesis. Other ligands of Notch
(D111, Jagl, DIll4) also inhibit Notch signalling in cis (24,44;
unpublished data). We believe that the mechanism of DII3
cis-inhibition of Notchl might also apply to cis-inhibition by
other ligands for the following reasons: First, we show that
transfected DII1 co-precipitates more full-length Notchl than
heterodimeric Notchl, consistent with a previous report in
the chick (42). Second, we demonstrate that DII1 localizes
to lysosomes in cultured cells. Establishing the mechanism
of cis-inhibition of Notch for these other ligands will be com-
plicated by the fact that they also interact with Notch in trans,
further proving that the unique D113 ligand is singularly impor-
tant in defining the mechanism of ligand-dependent
cis-inhibition of Notch.

DI13 function is central to somitogenesis in the mouse. In its
absence, somite formation and patterning are irregular, leading
to AVS, and in human causes the birth defect, SCD
(1,22,61,62). Despite its importance, how DII3 affects
Notchl signalling in the PSM during the dynamic and reiter-
ative process of somitogenesis has remained elusive. A
major impediment to this understanding stems from the fact
that the study of somitogenesis has largely relied on the exam-
ination of transcript localization, but defining protein
expression domains and subcellular localization is essential,
especially in the control of Notch signalling, since it is
expression of ligands and other proteins that determines the
position and duration of Notchl signalling during somitogen-
esis. We developed a wholemount immunofluorescence stain-
ing technique on mouse embryos (24) that we have used here
to accurately map the cellular and subcellular localization of
DI13, DIl1 and Notchl in the PSM during mouse somitogen-
esis. Using this approach, we have mapped the protein
expression domains for D113, DIl1 and Notchl and have estab-
lished regions of subcellular co-localization. Superimposed on
this, we have defined regions of cells undergoing Notchl sig-
nalling and have shown that this is perturbed in the PSM of
DII3 null mice (Fig. 4K). Aware of the complication imparted
by the dynamic nature of ligand and receptor expression and
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Notchl signalling during the somitogenesis cycle, we draw the
following conclusions: first, high levels of DII3 and Notchl
expression appear mutually exclusive; Notchl predominates
in regions S1 and SO, whereas DII3 predominates in S-2. We
have additional evidence in support of this observation;
exogenous expression of DII3 and Notchl is mutually exclu-
sive in C2C12 cells (Supplementary Material, Fig. S3E and
F). Mutual exclusivity suggests in some regions of the PSM
that DII3 and Notchl each causes the degradation of the
other. Others have noted similar mutual exclusion between
ligand and receptor. For example, Notch knockdown reduced
DeltaD degradation in zebrafish, although cis and trans
effects are both likely at play (63). Mutual inactivation of
the ligand and receptor is an important aspect of a recent
model indicating that cis-inhibition provides a sensitive
switch between signal sending and receiving states to aid
Notch-dependent boundary formation and lateral inhibition
events (64). Importantly, a region of mutual DII3 (high) and
Notchl (medium) expression occurs in the region of S-1. It
is here that these proteins co-localize in degradative lyso-
somes. Consequently, Notchl is not available on the cell
surface to be activated by DII1 in trans, and accordingly we
do not detect activated Notchl in this S-1 region. Further
proof to support the model for how DII3 cis-inhibits Notchl
signalling would be that DII3 reduces the level of Notchl
cell surface presentation. Nonetheless, our findings in the
PSM of DII3 null mice support these conclusions, as in the
absence of the cis-inhibitory ligand, the domain of activated
Notchl is extended in the SO to S-1 region of the PSM.

MATERIALS AND METHODS
Plasmids

Mouse cDNAs of DII1, Jaggedl and DII3 were cloned into the
expression vector pCMX (65) using the Gateway System
(Invitrogen). DII3 was Gateway-cloned into pCMX-HA and
pCAG-HA-iPuro to create DII3BHApCMX and pCAG-
DII3HA-iPuro, respectively. pCAG-N1myc-iNeo was created
by gateway-cloning Notchlmyc into pCAGiNeo. HA-tagged
DIl1 was generated by cloning an adaptor encoding the HA
tag into the unique Mfel site of mouse DIII.

Cell culture and generation of stable cell lines

C2C12 (ATCC) and HEK293 cells (Invitrogen) were grown in
DMEM containing 10% FCS. A C2C12 line stably expressing
myc-tagged Notchl was described previously (66).
pCAG-Nlmyc-iPuro (66) was used to generate HEK293
cells stably expressing Notchl. C2C12 cells stably overexpres-
sing HA-tagged DlI3 were generated using
pCAG-DII3HA-iPuro. Notchlmyc was introduced into
DII3HA-expressing C2C12 cells by stable transfection of
pCAG-N1myc-iNeo. Stable lines were generated by selection
in either 1.5 pg/ml puromycin or 250 wg/ml G418 for 10 days.
Isolated cell clones were picked, expanded and analysed for
protein expression by immunofluorescence and western blot-
ting with anti-HA or anti-myc antibodies.

Immunofluorescence and imaging

Immunocytochemistry on fixed cells was performed as
described previously (67). Immunocytochemistry on unfixed
cells was performed as follows: transfected C2C12 cells on
coverslips were chilled on ice for 20 min in cold growth
media (DMEM containing 10% FCS). The media was replaced
with primary antibody diluted in media and incubated on ice
for 1 h. Cells were rinsed three times in cold media and then
washed finally for 10 min in cold media prior to fixation for
15 min in cold 4% PFA dissolved in PBS containing 1 mm
MgCl, and 0.1 mm CaCl,. Additional primary and secondary
antibody detection was performed as described previously
(67), except that 1 mm MgCl, and 0.1 mm CaCl, were
included in all solutions. Wholemount immunofluorescence
on fixed embryos was performed as described in Geffers
et al. (24). Wholemount immunofluorescence on fresh
unfixed embryos was performed as follows. Mouse embryos
(9.5 dpc) were dissected in M2 medium. The tail was dissected
and then bissected down the neural tube. Embryos to be per-
meabilized were treated with 0.1% Triton in M2 on ice for
15min and then washed twice in M2. Embryos were
blocked in M2 on ice for 30 min prior to the addition of
primary antibodies against the amino terminal peptides in
DIl (1F9) and DII3 (N2) (24). The following day, embryos
were washed three times in cold M2 medium, fixed in cold
4% PFA for 15 min on ice, washed in 150 mm glycine in
PBS for 15 min and then twice in M2 medium before the
addition of the secondary antibodies. After 2 h, the embryos
were washed twice in M2 medium, then once in PBS and flat-
mounted in Prolong antifade reagent (Invitrogen). Fluor-
escence from Alexa 488 (Invitrogen), Dylight 488 (Jackson
ImmunoResearch), Cy3 and Cy5 conjugates to donkey sec-
ondary antibodies (Jackson ImmunoResearch) and eGFP
were collected using laser scanning confocal microscopes
(Leica TCS SP upright and Zeiss 710 on an AxioObserver
inverted Z1). Images are single sections generated using the
manufacturer’s software. Levels adjustment, carried using
PhotoShop CS4 (Adobe) was uniform unless noted in the
figure legend. Scale bars were added in Image] (NIH) and
figures were assembled using Illustrator CS4 (Adobe).

Precipitation of cell-surface proteins,
co-immunoprecipitation and western blotting

Cell-surface proteins were precipitated by the biotinylation
method as described previously (52) with the following modi-
fications. Transfected cells were grown to 80—90% confluency
on 60 mm dishes, washed three times with ice-cold PBS con-
taining 1 mm MgCl, and 0.1 mm CaCl, (PBS++) and then
incubated with PBS+ -+ containing 0.5 mg/ml NHS-sulfo-
biotin (Pierce) for 2 h on ice. The biotin reagent was aspirated
and quenched by the addition of cold DMEM for 10 min on
ice. The cells were then washed three times in PBS++ and
lysed in 0.5 ml of RIPA buffer [20 mm Tris, pH 7.5, 2 mm
EDTA, 150 mm NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, EDTA-free Complete protease inhibitors (Roche)
and 1 mm PMSF (Sigma)] for 30 min on ice. Each lysate
was put through a 30 Gauge needle four times and centrifuged
at 13000 rpm for 15min at 4°C. The supernatant was
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collected and incubated with BSA-blocked streptavidin beads
(Pierce) overnight at 4°C. The beads were washed three times
in RIPA buffer and finally in cold 0.9% NaCl before the
addition of LDS load buffer (Invitrogen). Samples were
heated to 100°C for 10 min and loaded on Novex 3-8%
Tris acetate gels and subjected to western blot analysis.

Co-immunoprecipitations were performed on transfected
cells lysed in IP buffer [20 mm Hepes pH 7.5, 150 mm KCI,
2mMm EGTA, 1% CHAPS, EDTA-free Complete protease
inhibitors and 1 mm PMSF]. Lysates were incubated with
1-3 pg of antibody at 4°C overnight and then with 50 wl of
Protein G-beads (Amersham) for a further 2 h. The beads
were washed three to four times with 500 wl of IP buffer,
then mixed with LDS load buffer and heated to 70°C for
10 min. Samples were then loaded on Novex 3-8% Tris
acetate gels and subjected to western blotting.

RNA in situ hybridization

Wholemount RNA in situ hybridization was performed as
described previously (57). cDNA probes used were Notchl
(68) and DII1 (56).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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