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The synchronized oscillation of segmentation clock is required to generate a sharp somite 
boundary during somitogenesis. However, the molecular mechanism underlying this 
synchronization in the mouse embryos is not clarified yet. We used both experimental and 
theoretical approaches to address this key question. Here we show, using chimeric embryos 
composed of wild-type cells and Delta like 1 (Dll1)-null cells, that Dll1-mediated Notch signalling 
is responsible for the synchronization mechanism. By analysing Lunatic fringe (Lfng) chimeric 
embryos and Notch signal reporter assays using a co-culture system, we further find that Lfng 
represses Notch activity in neighbouring cells by modulating Dll1 function. Finally, numerical 
simulations confirm that the repressive effect of Lfng against Notch activities in neighbouring 
cells can sufficiently explain the synchronization in vivo. Collectively, we provide a new model 
in which Lfng has a crucial role in intercellular coupling of the segmentation clock through  
a trans-repression mechanism. 
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The metameric features of vertebrates are based on the struc-
ture of the somites, which are sequentially produced (one 
by one) as a segmented cell mass from the anterior end of 

the presomitic mesoderm (PSM). The timing of this periodicity is 
controlled by the oscillation of gene expression, so called segmenta-
tion clock1. In mice, the core component of the segmentation clock 
is the negative feedback loop that regulates Hes7 expression and 
incorporates another clock gene Lunatic fringe (Lfng), the product 
of which in turn represses Notch activation and generates Notch  
signal activity oscillations2–5. In addition, a synchronization mecha-
nism is required to form a sharp somite boundary6–8. Although the 
intracellular mechanisms that underlie the activities of these oscil-
lators are now well understood9, the regulation of the intercellular 
coupling among clock cells that enable synchronization is largely 
unknown in mice10.

In zebrafish somitogenesis, a Notch signalling-mediated coupled 
oscillator model has been proposed, in which the oscillation of Her1 
and Her7 (orthologues of mouse Hes7) is synchronized between 
neighbouring cells via the function of DeltaC oscillation under the 
control of Her1/7 (refs 11,12). In the mouse, however, the issues of 
whether Notch signals are essential for the synchronization of the 
segmentation clock and how this event is regulated, have remained 
elusive. Notch signalling is required for the induction of several 
genes including clock genes, thus it has been difficult to analyse 
synchronization mechanisms independent of gene expression regu-
lation. Here we adopted chimera analyses to overcome this difficulty 
and clarified that Notch signalling is required not only for the oscil-
lation of the mouse segmentation clock, but also for its synchroni-
zation. In addition, we propose that Lfng has an important role in 
the synchronization mechanism via both chimera experiments and 
numerical simulation.

Results
Notch signalling synchronizes the segmentation clock. To examine 
the involvement of Notch signal in the clock synchronization 
mechanism during mouse somitogenesis, we established a method 
to quantify the rate of synchronization based on the Hes7 protein 
expression levels and on the amount of cleaved Notch1 receptor 
(Fig. 1a,b; Supplementary Figs S1, S2). We defined relative PSM 
position as 0–100% from the anterior to posterior PSM, and defined 
the posterior PSM region as 30–100% to avoid Mesp2-expressing 
domain (anterior PSM). The rate of synchronization is calculated 
at an anterior part of the posterior PSM, as the regulation of gene 
expression changes once Mesp2 is expressed5,13,14, and gene 
expression mainly depends on FGF signalling in the posterior part 
of the posterior PSM15. Therefore, we focused on the narrow PSM 
region (30–34%), where we can observe the outcome of synchronized 
expression of segmentation clock genes clearly. In the wild-type 
embryos, the synchronization rates for Hes7 and Notch activity 
were 77 ± 6% and 86 ± 8%, respectively (Fig. 1c–e). Next, we analysed 
Dll1-knockout (KO) embryos, which are defective in activating 
Notch signalling16, and Lfng-KO embryo, which are defective 
in repressing Notch signalling5. In Dll1-KO embryo, however,  
Hes7 expression was too low to determine the synchronization  
rate although Hes7 still oscillated in the posterior part of the 
PSM (Fig. 1f). In Lfng-KO embryo, Hes7 expression oscillated in  
the anterior region of the posterior PSM and the synchronization 
rate was calculated as 53 ± 3% (Fig. 1g). However, we judged 
the Lfng-null embryos as an inappropriate system to examine 
synchronization, as we cannot distinguish whether the defect is 
due to the defect in the synchronization mechanism or in the 
clock system by the constitutive activation of Notch signalling. 
Hence, we needed to develop a system in which the intracellular 
segmentation clock mechanism is intact but which shows impaired 
intercellular coupling because of the partial inhibition of Notch/
Delta signalling.

To make this condition, we thus generated a Dll1 chimera com-
posed of wild-type cells genetically marked with GFP and Dll1-
null cells (Fig. 2a; Supplementary Fig. S3a,c). We assumed that if 
a cell in this embryo came into contact with at least one wild-type  
(Dll1-active) cell, the oscillation of the clock would recover as even 
Dll1-null cells harbour Notch receptors and can therefore receive 
and process the Notch signals required for the proper oscillation of 
Hes7 (refs 15,17) (Fig. 2b). Under these conditions, if Notch signal-
ling is essential only for oscillation but not for clock synchroniza-
tion, we expect to observe the synchronization of oscillation in this 
Dll1 chimera. In contrast, if Notch signalling is required for syn-
chronization, this is expected to be impaired in the Dll1 chimera. 
Our analyses indicated the latter to be the case. We first confirmed 
that there was a random distribution of Dll1-null cells in this chi-
meric embryo and that wild-type cells, although present at very low 
levels, were often found in the vicinity of the Dll1-null cells, indicat-
ing that most cells could receive a Notch signalling (Supplementary 
Fig. S4). The segmentation clock oscillated even in Dll1-null cells 
in this chimeric embryo, as revealed by different transcriptional 
states of Lfng, a sensitive clock marker (Supplementary Fig. S5a–f, 
m–r)17,18. However, the synchronization of the clock was found to 
be severely impaired in Dll1 chimera when the contribution rate 
of wild-type cells was low; Hes7 expression and Notch activity did 
not show a clear segregation pattern in the posterior PSM unlike 
in wild-type or chimeric embryo with high contribution rate of 
wild-type cells (Fig. 2c). The quantified synchronization rates were 
low in the chimeras with a low number of wild-type cells (Fig. 2d,e, 
Supplementary Table S1). These results indicate that Dll1-mediated 
Notch signalling has a crucial role not only in clock oscillation but 
also in its synchronization during mouse somitogenesis.

The expression of Dll1 does not oscillate in the mouse PSM. In 
zebrafish somitogenesis, the intercellular coupling of the clock 
cells that are essential for synchronization is achieved through the 
cyclic expression of DeltaC under the control of Her1 and Her7 
oscillation11,12,19,20. To determine whether a similar mechanism 
is responsible for intercellular coupling in mice, we examined the 
protein expression of Dll1 at different clock phases by immunos-
taining. Although the Dll1 protein signals displayed a high-to-low 
gradation along the A–P axis, the expression pattern was uniform 
at all clock phases. This indicates that Dll1 does not show clear pro-
tein oscillation during mouse somitogenesis, at least at E10.5, which  
is consistent with a previous report on Dll1 mRNA expression  
(Fig. 2f)13. Hence, unlike the situation in zebrafish, intercellu-
lar coupling is unlikely to be regulated in the mouse through the  
control of the Dll1 gene.

Lfng represses Notch signalling in the neighbouring cells. We 
next focused on the Lfng gene as an appropriate candidate gene for 
the regulator of the clock synchronization in the mouse, as Lfng 
oscillates and has an important role in the mouse5,17 but not in the 
zebrafish embryo21. Lfng is a glycosyltransferase known to both 
positively22,23 and negatively4,5,17 modulate Notch activity via the 
glycosylation of the Notch receptor in a cell-autonomous manner. 
However, it is not known whether Lfng also regulates Notch signal-
ling in neighbouring cell. We speculated that Lfng might influence  
the intercellular coupling of the segmentation clock if it has the 
ability to affect Notch activity in neighbouring cells by modulating  
Dll1 function in the same cell. To test this attractive possibility, we 
generated a chimeric embryo composed of wild-type and Lfng-
null cells (Fig. 3a; Supplementary Fig. S3b,c). As shown previously, 
Notch activity was elevated in all PSM cells in this Lfng-KO embryo 
(Figs 1g, 3b). In the chimera embryo, wild-type cells exhibit a posi-
tive or negative signal for Notch activity. Interestingly, however, a 
positive or negative signal was also observed in the Lfng-null cells 
of the chimeric embryo (Fig. 3b), indicating that the Notch activity  
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was being repressed by the function of Lfng expressed in the  
surrounding wild-type cells.

To more directly ask whether the suppressive effect of Notch 
activity by Lfng is transferred from signalling cells, we performed 
Notch signalling reporter assays using two kinds of cultured cells, 
one type being receiving cells, which express Notch1 and the 
reporter, and the other type being sending cells, which express 
Dll1, Dll3 and Notch1. We tried to reproduce similar condition 
in NIH3T3 cells to those of PSM cells in vivo and tested whether  
the ability of signalling cells was influenced by Lfng. We found  
that the Notch-reporter activity in the receiving cells was decreased 
when the signal-sending cells expressed Lfng (Fig. 3c). The cells 
in PSM also express Dll1, Dll3, Notch1 and Lfng, therefore, it was 
suggested that Lfng suppresses signal-sending capacity of Dll1  
in the presence of Dll3 and Notch1. These results indicate that  
Lfng inhibits Dll1 function of signal-sending cells in a cell- 
autonomous manner and thereby suppresses Notch activity in the 
neighbouring cells.

Simulation confirms the role of Lfng for synchronization. To 
examine the sufficiency of our suggested model for the synchroniza-
tion of the mouse segmentation clock, we performed and evaluated 
a series of numerical simulations consisting of a two-dimensional 
(2D) cell array corresponding to the cross-section perpendicular to 
the anterior–posterior axis of the mouse PSM. Thus, the 2D array 
of the simulation corresponds to 1D cell array in the experimental 
image (for example, 30–34% area of PSM). In vivo, the cells in this 
section are expected to synchronize their segmentation clock. Each 
cell contains a gene expression network containing the Notch sig-
nalling and Hes7 transcription pathways, as modelled in previous  
studies in zebrafish but modified in our current analysis in accord-
ance with the results of corresponding studies in mouse12,19,20. 
Unlike the previous models proposed in the zebrafish, we did not 
include the gene regulation of Dll1 under the control of Hes7, but 
assumed that Dll1 expression is constant based on our current 
experimental observations (Fig. 2f). In addition, we included Lfng 
in our proposed model (see Supplementary Methods).
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Figure 1 | Methods used to calculate the synchronization rate of the mouse segmentation clock. (a) The Hes7 and Notch activity levels were analysed 
at the defined PSm region, which was separated into two parts, anterior and posterior. The synchronization rate was then calculated at the 30–34% area 
of the PSm using the formula shown. (b) Segmentation clock patterns of three distinct phases in the wild-type mouse embryo visualized by analysing  
the Hes7 (green) and Notch activity (red) levels along the anterior–posterior axis in the posterior PSm. Blue indicates nuclei. Thin white dotted lines 
represent the somite and PSm. Thick white dotted lines indicate the anterior limit of the posterior PSm. (c) Synchronization rates of wild-type mouse 
embryos calculated by detecting the Hes7 (green square) or Notch activity (red circle) levels are shown. Error bars represent s.d. (d) magnified images  
at the 30–34% the PSm of b (indicated by red strips) were used to calculate synchronization rate shown in c. Hes7 (left) and Notch activity (right)  
for each phase, exhibiting the reverse phase are shown. Non-PSm cells indicated by white dotted lines were excluded from these calculations.  
(e) magnified images of the areas enclosed by the brown dotted lines in d. White triangles indicate de-synchronized cells. (f,g) The Hes7 expression 
(green) and Notch activity (red) patterns in Dll1-KO and Lfng-KO embryos. There is no Notch activity in the Dll1-KO embryo, whereas all cells show  
Notch activity in the Lfng-KO embryo. Scale bars, 100 µm (b,f,g), 10 µm (e). In images, non-specific signals due to blood cells were removed.
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Figure 2 | Notch signalling regulates the segmentation clock during mouse somitogenesis. (a) Schematic representation of the procedure used to 
generate chimeric mouse embryos. Wild-type cells can be distinguished from Dll1-null cells by detecting EGFP signals. (b) A working hypothesis for how 
the synchronization mechanism can operate in a Dll1 chimeric embryo. Both wild-type cells and Dll1-null cells will have functional clock systems and all 
will have the capacity to receive Notch signals from neighbouring wild-type cells. However, Notch signals cannot be transmitted by Dll1-null cells. (c) The 
segmentation clock pattern in Dll1 chimeric embryos. Neither the Notch activity nor Hes7 expression levels showed a clear segregation pattern in the 
posterior PSm with low contribution rate of wild-type cells. In images, non-specific signals were removed. (d) The synchronization rate of a Dll1 chimeric 
embryo measured through the Notch activity (red circle) and Hes7 expression (green square) profiles. Diamonds indicate the synchronization rate in the 
wild-type embryos. Error bars represent s.d. (e) Notch activity and Hes7 expression patterns in the 30–34% area of the posterior PSm. upper numbers 
indicate the contribution rates of wild-type cells in each chimera and lower numbers indicate the synchronization rates. (f) Dll1 protein expression at each 
segmentation clock phase (judged using the Notch activity pattern, red). Dll1 expression (green) was detectable in almost similar patterns using a Dll1 
N-terminus antibody. Graphs indicate the signal intensity of the Dll1 protein expression in the posterior PSm of each upper image; the right-most figure is 
a merged graph of the Dll1 protein expression data (n = 6). Scale bars, 100 µm.
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To evaluate the effect of the hypothesized regulation of Notch 
signalling by Lfng in trans, we initially did not include the well-
established cell-autonomous repression of Notch signalling by Lfng, 
but evaluated the effects of this mechanism in later simulations4,5. 
We also introduced random gene expression noise so that with-
out cell–cell communication, the phases of the segmentation clock 
within the cell population was randomized. Using these simula-
tions, we were able to demonstrate that if Lfng represses Notch sig-
nalling in neighbouring cells, the phase of the segmentation clock in 
the mouse cell population synchronizes (Fig. 4a,b; Supplementary 
Movie S1, S2). Importantly, if the trans-regulation of the Notch sig-
nalling by Lfng was activation and not repression, synchronization 
was not observed and the phases of the clock among neighbouring 
cells were opposing in a manner similar to lateral inhibition. The 
consequence of the simulation is not due to the specific values of 
the parameters. Even though we change the values of parameters, 
we see synchronization as long as the condition (parameter val-
ues) allows oscillation of the segmentation clock (Supplementary  
Fig. S6). In summary, therefore we demonstrated using computer 
simulation that the repression of neighbouring Notch signalling by 
Lfng, but not activation, is sufficient to synchronize the segmentation  
clocks in the mouse.

Prediction of chimera experiments by simulation. We next pre-
dicted the consequences of chimerization in our mouse segmentation  

clock model. We simulated a Dll1 chimera or Lfng chimera through 
the introduction of Dll1-null or Lfng-null cells, respectively, and 
scored the resulting synchronization data (Fig. 4c; Supplementary 
Figs S7–S9). Increases in the rate of the Dll1-null or Lfng-null cells 
decreased the level of synchronization as expected. However, in  
the simulations, we noticed that the maximum cluster size of the  
cell array both quantitatively and theoretically accounts for the 
synchronization rate in the chimera (Supplementary Fig. S7). 
The maximum cluster size is the maximum number of wild-type 
cells adjoining each other without being interrupted by mutant 
cells. Because both the Dll1-null and Lfng-null cells are defective 
for transmitting the synchronization signal, the null cells act as a 
barrier against the synchronization among wild-type cell clusters. 
Hence, the maximum cluster size is expected theoretically to corre-
late with the synchronization rate, and we did see such a correlation 
in the simulation. Importantly, also the synchronization was found 
to be more sensitive to the inclusion of Lfng-null cells compared 
with Dll1-null cells, as a low number of Lfng-null cells disrupted 
synchronization more severely (Fig. 4c, magenta versus blue).  
This same result was obtained whether or not we included the  
cell-autonomous repression of Notch signalling by Lfng (Fig. 4c; 
Supplementary Figs S10–S12).

In our current working model, Lfng-null cells send an elevated 
amount of Dll1 signal in a constitutive manner to the neighbouring 
cells, regardless of the state of oscillation inside the Lfng-null cells. 
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activity (red) showing an ON (arrows) and OFF (arrowheads) state in the Lfng-null cells of Lfng chimeric embryos. In contrast, Notch activity  
is always ON in the Lfng-KO embryo. Green indicates wild-type cells and blue indicates nuclei. Scale bars, 10 µm. (c) Lfng repressed a  
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On receiving this high Dll1 input, the Notch signalling pathways in 
the neighbouring cells will reach an almost saturated level that does 
not reflect the oscillation status of the neighbouring wild-type cells. 
Hence, Lfng-null cells not only block synchronization among wild-
type cell clusters but also actively perturb the clock phases of neigh-
bouring wild-type cells. In contrast, a Dll1-null cell does not disrupt 
neighbouring wild-type cells due to the lack of signalling ability, but 
the Dll1-null cell can receive Notch signal from neighbouring wild-
type cells. Therefore, each of the synchronized cell clusters in the 
chimeric embryos should always be larger than the corresponding 
wild-type cell clusters in the Dll1 chimera and smaller in the Lfng 
chimera. This qualitative difference is reflected in the simulation 
results showing that the synchronization rate is always lower in the 
Lfng chimera than that in the Dll1 chimera with the same chimeric 
rate regardless of the model we used (Supplementary Fig. S7c–f). In 
conclusion, our simulation data predict that if our model is func-
tioning in vivo, the inclusion of Lfng-null cells results in a more 
severe disruption of segmentation clock synchronization compared 
with the situation in Dll1-null cells.

Distinct consequences of Dll1 and Lfng chimera experiments. To 
investigate whether we see distinct synchronization defect predicted 
by numerical simulation, we examined the synchronization rate in 
Lfng chimeric embryos with different contribution of wild-type 
cells (Fig. 5a,b). We first confirmed that the segmentation clock was 
functional in each cell by confirming the different transcriptional 
states of Hes7 and also that Dll1 expression did not change in the 
Lfng chimeric embryos (Supplementary Figs S5g–l and S13)17,18. 
The simulation results predicted that the synchronization rate of the 
segmentation clock would be lower in the Lfng chimera than those 
in Dll1 chimeras with the same chimeric rate (Fig. 4c; Supplemen-
tary Figs S10–12). In fact, the synchronization rate of both Notch 
activity and Hes7 expression in the Lfng chimeric embryos showed 
more severe defects than those in the Dll1 chimeric embryos  
(Fig. 5c,d; Supplementary table S1). These results are consistent with 
the cluster size effect predicted by our simulations, indicating that 
our model for the synchronization mechanism of mouse segmenta-
tion clock is sufficient to account for the experimental results using 
the chimeric embryos.
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Discussion
In this study, we reveal that Notch signalling has a crucial role not 
only in the maintenance of clock oscillation but also in its synchroni-
zation. The synchronization mechanism is similar to that in zebrafish, 
which uses DeltaC-mediated coupled oscillator, and Dll1 is an impor-
tant factor for synchronizationalso in mice. However, the regulation 
mechanism leading to the coupling of Notch activity is different in 
mice. Based on the results obtained from the chimera analysis, Notch 
signal reporter assays and the computer simulation, we propose 
that Lfng works cell autonomously to repress Dll1 function, thereby 
represses Notch signalling in neighbouring cells, and regulates the 

synchronized oscillation of Hes7 via intercellular coupling (Fig. 5e). 
In previous reports, Lfng is shown to enhance Notch signalling by 
promoting binding between ligands and Notch receptors in vivo24 
and in vitro22,23 except in the PSM4,5,17. In ex vivo Notch signalling 
reporter experiments, we showed for the first time that Lfng inhibited 
Notch signalling in neighbouring cells. The molecular mechanism, 
in which Lfng inhibits Notch signalling in neighbouring cells, is an 
open question. A simplest scenario is that Lfng itself is secreted from 
a cell and affect Notch receptors in neighbouring cells. It is reported 
that Lfng has a secreted form25, however, our chimera analyses do 
not support the role of the secreted form in the synchronization 
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mechanism. If the secreted form contributes to the synchronization 
mechanism independent of Dll1 function, we should have observed 
efficient clock synchronization even in the Lfng chimera in which 
the secreted Lfng can be supplied from wild-type cells. However, we 
did not observe such a phenomenon. Alternatively, our experiments 
collectively support that Lfng represses Dll1 function of the same 
cell and, consequently, represses Notch signalling in the neighbour-
ing cells. Possible mechanisms of Lfng-dependent Dll1 repression 
includes the glycosylation modification of Dll1 by Lfng26 or the 
modulation of Notch-Delta cis-interaction27 by Lfng. Our reporter 
analyses indicated that trans-repression by Lfng was effective in the 
presence of Dll3 and Notch1 in signalling cells (Fig. 3c; Supple-
mentary Fig. S14), suggesting that proper synchronization of seg-
mentation clock may require Dll1, Dll3, Notch1 and Lfng. Further 
characterization of these components in both signal-sending and -
receiving cells should be an important subject in the future studies.

Methods
Animals and chimeric embryos. The wild-type mice used in this study were  
MCH strain (Clea, Japan) genetically marked with CAG-EGFP28. The Dll1-lacZ 
knock-in29 and Lfng KO mice30 used for chimera production were provided by  
A. Gossler (Medizinische Hochschule Hannover, Hannover, Germany) and  
R. Johnson (University of Texas, Houston, USA). Dll1 + /flox (Dll1-floxed-CAT-Dll3 
knock-in) and Lfng + /Lfng − Venus (Lfng-venus knock-in) mice were generated in our 
laboratory. Chimeric embryos were generated via the previously described aggrega-
tion method31. The details are provided in Supplementary Fig. S3.

Immunohistochemistry. Following antigen retrieval, frozen sections (8 µm) were 
incubated with primary antibodies against cleaved Notch1 (1:200, Cell Signaling 
Technology), the Dll1 N-terminus32 (G. Weinmaster) or the Dll1C-terminus33 
(K. Nakayama), followed by incubation with horseradish peroxidase-conjugated 
donkey anti-rabbit IgG antibody (1:200, Amersham Pharmacia Biotech) and 
Cyanin3-Tyramid detection reagent (Perkin-Elmer). GFP and Hes7 were detected 
using GFP antibodies (1:1,000, Abcam) or Hes7 (ref. 2; 1:100) antibodies, followed 
by incubation with an Alexa 488 donkey anti-chicken IgG (1:100, Molecular 
Probes) or Cyanin3-conjugated anti-guinea pig IgG (1:100, Abcam) secondary 
antibody, respectively.

In situ hybridization and immunohistochemistry. Following detection with 
anti-GFP antibodies, re-fixed sections were hybridized with digoxigenin-labelled 
anti-sense cRNA probes (Roche). The hybridized probes were detected using  
an horseradish peroxidase-conjugated anti-DIG sheep antibody (Roche) and  
Cyanin3-Tyramid (Perkin-Elmer) signal detection reagent. GFP was detected  
using an Alexa 488 donkey anti-chicken IgG secondary antibody (1:100,  
Molecular Probes).

Method for calculation of the rate of synchronization. After immunostaining 
with appropriate antibodies, we counted signal positive and negative cells using 
sections at 30–34% of PSM. We judged as positive if we find any signal above 
background in 4′,6-diamidino-2-phenylindole-positive nucleus (Supplementary 
Fig. S2). The synchronization rate was calculated as dominant cell numbers (signal 
positive or negative)/total cell numbers (%) (Fig. 1a).

Plasmids. Complementary DNAs for murine Dll1 and Dll3 are kind gifts from 
S. Chiba (University of Tukuba, Ibaraki, Japan) and Sally L. Dunwoodie (Victor 
Chang Cardiac Research Institute, Australia), respectively. The cDNA of Lfng was 
originally cloned from cDNA of E14.5 fetal liver. All cDNA were cloned into the 
retrovirus vectors, Dll1 in pMY (gift from T. Kitamura, University of Tokyo, Tokyo, 
Japan), Dll3 in huko (gift from K. Hozumi, Tokai university, Isehara, Japan) and 
Lfng in ratCD2-expressing retrovirus vector MIGR (originally constructed by 
Hirano (Tokai University, Isehara, Japan)).

NIH-3T3 cell lines used for the reporter assay. To establish NIH-3T3 cell lines 
stably expressing Notch signalling components in various combinations, retrovi-
ruses encoding each molecule were obtained after transfection into the Plat-E eco-
tropic packaging cell line as described previously34. The integration of transfected 
genes was confirmed by detecting marker proteins linked by IRES (Dll1: GFP, 
Dll3: kusabira orange, Lfng: rat CD2 (detected by biotin-avidin system)). We used 
NIH3T3 and Notch1-expressing NIH3T3 as parental cell lines. Notch1-expressing  
NIH3T3 was established as a Zeosin-resistant stable transfectant with pTracer  
TM-CMV (Invitrogen, Carlsbad, CA) encoding mouse Notch1, and Lfng was  
retrovirally transduced35. The transfectants were collected 48 h after the infection 
and the marker-positive cells were obtained by using a JSAN automatic cell sorter 
(Bay Bioscience, Kobe, Japan), giving rise to higher than 78.6% pure population  
as determined by post-sort analysis.

Notch signalling reporter assay. Reporter assays were carried out by the transient 
transfection of reporter plasmids TP1-luciferase (pGa981-6, including six copies of 
RBPJk-binding sites, constructed by L. Strobl36) and pRL-TK (Promega, Madison, 
WI) into signal-receiving cell, Lfng-expressing Notch1/NIH3T3. This cell line 
was established from Notch1/3T3, a stable transfectant with pTracer TM-CMV 
(Invitrogen, Carlsbad, CA) encoding mouse Notch1, and Lfng was retrovirally 
transduced. Reporter plasmids (0.38 mg) were co-transfected into 5×104 cells in 
24-well plates by a liposome-based method (Lipofectamine LTX, Invitrogen)  
according to the manufacturer’s instructions. Following 24 h culture after transfec-
tion, signal-receiving cells were detached by trypsinization and co-cultured with 
signal-sending cells (5×104 cells, respectively) for 40 h. After co-culture, cell lysates 
from the mixtures of two kinds of cells were then used for the luciferase assay using 
Dual luciferase reporter assay system (Promega, Madison, WI). 

References
1. Palmeirim, I., Henrique, D., Ish-Horowicz, D. & Pourquie, O. Avian hairy gene 

expression identifies a molecular clock linked to vertebrate segmentation and 
somitogenesis. Cell 91, 639–648 (1997).

2. Bessho, Y. et al. Dynamic expression and essential functions of Hes7 in somite 
segmentation. Genes Dev. 15, 2642–2647 (2001).

3. Bessho, Y., Hirata, H., Masamizu, Y. & Kageyama, R. Periodic repression by 
the bHLH factor Hes7 is an essential mechanism for the somite segmentation 
clock. Genes Dev. 17, 1451–1456 (2003).

4. Dale, J. K. et al. Periodic notch inhibition by lunatic fringe underlies the chick 
segmentation clock. Nature 421, 275–278 (2003).

5. Morimoto, M., Takahashi, Y., Endo, M. & Saga, Y. The Mesp2 transcription 
factor establishes segmental borders by suppressing Notch activity. Nature  
435, 354–359 (2005).

6. Niwa, Y. et al. Different types of oscillations in Notch and Fgf signaling regulate 
the spatiotemporal periodicity of somitogenesis. Genes Dev. 25, 1115–1120 
(2011).

7. Ozbudak, E. M. & Lewis, J. Notch signalling synchronizes the zebrafish 
segmentation clock but is not needed to create somite boundaries. PLoS Genet. 
4, e15 (2008).

8. Riedel-Kruse, I. H., Muller, C. & Oates, A. C. Synchrony dynamics during 
initiation, failure, and rescue of the segmentation clock. Science 317, 1911–1915 
(2007).

9. Dequeant, M. L. et al. A complex oscillating network of signaling genes 
underlies the mouse segmentation clock. Science 314, 1595–1598 (2006).

10. Masamizu, Y. et al. Real-time imaging of the somite segmentation clock: 
revelation of unstable oscillators in the individual presomitic mesoderm cells. 
Proc. Natl Acad. Sci. USA 103, 1313–1318 (2006).

11. Jiang, Y. J. et al. Notch signalling and the synchronization of the somite 
segmentation clock. Nature 408, 475–479 (2000).

12. Horikawa, K., Ishimatsu, K., Yoshimoto, E., Kondo, S. & Takeda, H. Noise-
resistant and synchronized oscillation of the segmentation clock. Nature  
441, 719–723 (2006).

13. Takahashi, Y., Inoue, T., Gossler, A. & Saga, Y. Feedback loops comprising 
Dll1, Dll3 and Mesp2, and differential involvement of Psen1 are essential for 
rostrocaudal patterning of somites. Development 130, 4259–4268 (2003).

14. Morimoto, M. et al. The negative regulation of Mesp2 by mouse Ripply2 is 
required to establish the rostro-caudal patterning within a somite. Development 
134, 1561–1569 (2007).

15. Niwa, Y. et al. The initiation and propagation of Hes7 oscillation are 
cooperatively regulated by Fgf and notch signaling in the somite segmentation 
clock. Dev. Cell 13, 298–304 (2007).

16. Feller, J., Schneider, A., Schuster-Gossler, K. & Gossler, A. Noncyclic Notch 
activity in the presomitic mesoderm demonstrates uncoupling of somite 
compartmentalization and boundary formation. Genes Dev. 22, 2166–2171 
(2008).

17. Oginuma, M. et al. The oscillation of Notch activation, but not its boundary, is 
required for somite border formation and rostral-caudal patterning within a 
somite. Development 137, 1515–1522 (2010).

18. Oginuma, M., Niwa, Y., Chapman, D. L. & Saga, Y. Mesp2 and Tbx6 
cooperatively create periodic patterns coupled with the clock machinery during 
mouse somitogenesis. Development 135, 2555–2562 (2008).

19. Lewis, J. Autoinhibition with transcriptional delay: a simple mechanism for the 
zebrafish somitogenesis oscillator. Curr. Biol. 13, 1398–1408 (2003).

20. Giudicelli, F., Ozbudak, E. M., Wright, G. J. & Lewis, J. Setting the tempo in 
development: an investigation of the zebrafish somite clock mechanism.  
PLoS Biol. 5, e150 (2007).

21. Prince, V. E. et al. Zebrafish lunatic fringe demarcates segmental boundaries. 
Mech. Dev. 105, 175–180 (2001).

22. Yang, L. T. et al. Fringe glycosyltransferases differentially modulate Notch1 
proteolysis induced by Delta1 and Jagged1. Mol. Biol. Cell 16, 927–942  
(2005).

23. Hicks, C. et al. Fringe differentially modulates Jagged1 and Delta1 signalling 
through Notch1 and Notch2. Nat. Cell Biol. 2, 515–520 (2000).



ARTICLE   

�

NATuRE COmmuNICATIONS | DOI: 10.1038/ncomms2133

NATuRE COmmuNICATIONS | 3:1141 | DOI: 10.1038/ncomms2133 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

24. Kato, T. M., Kawaguchi, A., Kosodo, Y., Niwa, H. & Matsuzaki, F. Lunatic fringe 
potentiates Notch signaling in the developing brain. Mol. Cell Neurosci. 45, 
12–25 (2010).

25. Shifley, E. T. & Cole, S. E. Lunatic fringe protein processing by proprotein 
convertases may contribute to the short protein half-life in the segmentation 
clock. Biochim. Biophys. Acta 1783, 2384–2390 (2008).

26. Panin, V. M. et al. Notch ligands are substrates for protein O-
fucosyltransferase-1 and Fringe. J. Biol. Chem. 277, 29945–29952 (2002).

27. del Alamo, D., Rouault, H. & Schweisguth, F. Mechanism and significance of 
cis-inhibition in Notch signalling. Curr. Biol. 21, R40–47 (2011).

28. Kawamoto, S. et al. A novel reporter mouse strain that expresses enhanced 
green fluorescent protein upon Cre-mediated recombination. FEBS Lett. 470, 
263–268 (2000).

29. Hrabe de Angelis, M., McIntyre, J. II,  & Gossler, A. Maintenance of somite 
borders in mice requires the Delta homologue DII1. Nature 386, 717–721 
(1997).

30. Evrard, Y. A., Lun, Y., Aulehla, A., Gan, L. & Johnson, R. L. lunatic fringe is an 
essential mediator of somite segmentation and patterning. Nature 394, 377–381 
(1998).

31. Koizumi, K. et al. The role of presenilin 1 during somite segmentation. 
Development 128, 1391–1402 (2001).

32. Nichols, J. T. et al. DSL ligand endocytosis physically dissociates Notch1 
heterodimers before activating proteolysis can occur. J. Cell Biol. 176, 445–458 
(2007).

33. Hiratochi, M. et al. The Delta intracellular domain mediates TGF-beta/Activin 
signaling through binding to Smads and has an important bi-directional 
function in the Notch-Delta signaling pathway. Nucleic Acids Res. 35, 912–922 
(2007).

34. Hozumi, K., Abe, N., Chiba, S., Hirai, H. & Habu, S. Active form of Notch 
members can enforce T lymphopoiesis on lymphoid progenitors in the 
monolayer culture specific for B cell development. J. Immunol. 170, 4973–4979 
(2003).

35. Abe, N., Hozumi, K., Hirano, K., Yagita, H. & Habu, S. Notch ligands transduce 
different magnitudes of signaling critical for determination of T-cell fate. Eur. J. 
Immunol. 40, 2608–2617 (2010).

36. Minoguchi, S. et al. RBP-L, a transcription factor related to RBP-Jkappa.  
Mol. Cell Biol. 17, 2679–2687 (1997).

Acknowledgements
We thank Gerry Weinmaster, Kohzo Nakayama and Yasumasa Bessho for generously 
providing antibodies against the N- and C-terminus of Dll1 and Hes7, respectively 
and Katsuto Hozumi for various cell lines required for the Notch-reporter assay. 
We are also grateful to Aya Satoh, Hisayo Suzuki and Makoto Kiso for their general 
assistance in maintaining the mouse colonies. We further thank Masayuki Oginuma 
and Mitsuru Morimoto for valuable discussions during the course of this study. This 
work was supported by Grants-in-Aid for Science Research on Priority Areas from 
the Ministry of Education, Culture, Sports, Science and Technology, Japan, and from 
the Transdisciplinary Research Integration Center of the Research Organization of 
Information and Systems.

Author contribution
Y.O. and Y.S. designed the research. Y.O. performed the in vivo experiments.  
N.A.-K. performed ex vivo experiments. T.S. and A.K. performed the mathematical 
modelling. Y.O., T.S., A.K. and Y.S. wrote the manuscript. J.K. and Y.S. supervised  
the project.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Okubo, Y. et al. Lfng regulates the synchronized oscillation of 
the mouse segmentation clock via trans-repression of Notch signalling. Nat. Commun.  
3:1141 doi: 10.1038/ncomms2133 (2012).


	Lfng regulates the synchronized oscillation of the mouse segmentation clock via trans-repression of Notch signalling
	Introduction
	Results
	Notch signalling synchronizes the segmentation clock
	The expression of Dll1 does not oscillate in the mouse PSM
	Lfng represses Notch signalling in the neighbouring cells
	Simulation confirms the role of Lfng for synchronization
	Prediction of chimera experiments by simulation
	Distinct consequences of Dll1 and Lfng chimera experiments

	Discussion
	Methods
	Animals and chimeric embryos
	Immunohistochemistry
	In situ hybridization and immunohistochemistry
	Method for calculation of the rate of synchronization
	Plasmids
	NIH-3T3 cell lines used for the reporter assay
	Notch signalling reporter assay

	Author contribution
	Additional information
	Acknowledgements
	References




