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1997) or the MKK1 inhibitor U0126 (DeSilva et al., 1998) (which
blocks ERK phosphorylation) and analyzed the dynamic expression
of Spry2, Axin2 and Lfng (Table 1 and data not shown). We used two
different culture conditions (i.e. hanging drop culture in 10% FBS
in DMEM-F12 or hanging drop culture in 50% rat serum in DMEM-
F12) with E9.5 mouse tails (Correia and Conlon, 2000) and
examined, by in situ hybridization, the expression of FGF target
genes as a control for each batch of cultured embryos. As expected,
the FGF target Spry?2 is rapidly downregulated in the posterior PSM
after SU5402 or U0126 treatment for 2 hours, whereas control tails
cultured in DMSO maintained dynamic expression patterns for
Spry2 (n=18, data not shown). Distinct patterns of Axin2 were
evident in DMSO-cultured control tails, but the expression of Axin2
in the PSM of the treated embryos was downregulated after 2 hours
in more than 80% of the explants, whereas it was always expressed
in the tail bud (Table 1 and data not shown). This rapid
downregulation of Axin2 in the PSM, which occurs during the first
oscillation cycle after treatment, suggests that Axin2 might be
directly regulated by FGF signaling through the MAPK pathway.
Strikingly, a different situation was observed for Lfing. Whereas no
significant change in expression was detected after 2 hours in
culture, most embryos treated with SU5402 or U0126 began to show
a similar pattern after 3 hours, a time corresponding to one clock

Fig. 6. Disruption of cyclic gene
expression in the Fgfr1?;T-Cre mutant
embryos. (A-H) Comparison of expression
of the cyclic genes of the Notch (Lfng), FGF
(Spry2, SnailT) and Wnt (Axin2) signaling
pathways at stages E8.75 (A-F) and E9.0
(G,H). All genes show dynamic expression in
heterozygous Fgfr1™+;T-Cre control embryos
(A,C,E,G). Oscillations in Fgfr1™:T-Cre
mutant embryos are lost (B,D,F,H). Lateral
views are shown for Fgfr1™+T-Cre in AE,G
and dorsal views are shown in C. For
Fgfr1™:T-Cre mutant (B,D,FH), a lateral view
is shown in the left panels, whereas dorsal
views are shown in the right panels.

oscillation period in these culture conditions (Table 1 and data not
shown). This pattern was evident as a single stripe located in the
anterior PSM and resembling phase III of the normal cycle
(Pourquie and Tam, 2001) (data not shown). Therefore, blocking
FGF signaling in vitro using pharmacological inhibitors disrupts the
first cycle of Axin2 oscillations but acts only after a one cycle delay
on Lfng oscillations.

DISCUSSION

Here, we show that a conditional deletion of Fgfrl, the only FGF
receptor expressed in the mouse PSM, blocks somite formation.
Therefore, this provides a genetic demonstration for the role of FGF
signaling in vertebrate segmentation. In the mutants, however, FGF
signaling remains active during formation of the first somites that
appear essentially normal (Fig. 2D, Fig. 7). This delay is somehow
surprising because the 7-Cre driver has been shown to be active from
the earliest stages of gastrulation (Perantoni et al., 2005). The
delayed progressive onset of the phenotypes observed could be
explained by the stability of the Fgfrl transcript and protein.
Following the formation of the first five somites or so, gradual
downregulation of the FGF targets is observed in the PSM,
indicating a progressive downregulation of the pathway activation.
In the mutants, however, the first 10-13 somites appear essentially
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Table 1. Summary of the expression of FGF target genes in tail
cultures in the absence (DMSO control) and presence of either
the FGFR1 inhibitor SU5402 or the MAPK inhibitor U0126

Culture Phase
condition Phase | Phase Il Phase lll inhibitor n
Lfng
2h DMSO 33 39 28 18
U0126 26 39 35 23
SU5402 8 33 58 12
3h DMSO 40 40 20 5
SU5402 28 18 55 40
4h DMSO 33 33 33 15
SU5402 10 20 70 40
6h DMSO 40 30 30 10
SU5402 6 12 82 17
Axin2
2h DMSO 33 33 33 0 21
SU5402 0 5 10 85 20
3h DMSO 30 40 30 0 10
SU5402 0 0 0 100 14
4h DMSO 33 33 33 0 3
SU5402 0 0 0 100 9

Percentage of tails in Phases |, Il and Il are given for each combination at 2, 3, 4 and
6 hours. For Axin2, which shows an abnormal expression pattern after inhibitor
treatment (data not shown), an additional column (Phase inhibitor) is introduced.

normal. In the mouse, the PSM contains around six presumptive
somites (Tam, 1986), meaning that the precursors of somites 10-13
were already located in the posterior PSM when the downregulation
of FGF signaling began. This suggests that enough FGF signaling
was still available to allow proper specification of these somites.
Posterior to somites 10-13, transient formation of a few larger
irregular somites was observed (Fig. 2H), a phenotype similar to that
observed in fish or chick following treatments with drugs blocking
FGF signaling, such as SU5402 (Dubrulle et al., 2001; Sawada et al.,
2001). Such a phenotype is predicted by the clock and wavefront
model, since downregulating FGF signaling triggers a posterior shift
of the wavefront, which is expected to lead to the formation of larger
somites (Dubrulle and Pourquie, 2004a). Surprisingly, Uncx4.1
whose expression is normally restricted to the posterior
compartment of the somites, was sometimes found in the middle or
in the anterior part of these larger somites, supporting the idea that
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rostrocaudal patterning can be uncoupled from segment formation
(Nomura-Kitabayashi et al., 2002). No segments form posterior to
the larger somites in mutant embryos, despite the continuous
production of paraxial mesoderm from the tail bud. This paraxial
mesoderm matures and differentiates into axial skeleton, but no
somite boundaries form, although some coarse segmental pattern of
the skeletal elements is, nevertheless, observed. This disruption of
segmentation follows the level where arrest of the oscillations of the
segmentation clock begins, further supporting the role of cyclic gene
oscillations in the segmentation process (Fig. 6). Thus, our data
provide genetic evidence for the role of FGF signaling in controlling
the wavefront progression, a process involved in somite boundary
positioning.

RALDH?2, the RA biosynthetic enzyme, is expressed in the
segmented region of the embryo and establishes an anterior-to-
posterior signaling gradient that is involved in the control of cell
differentiation and segmentation (Diez del Corral and Storey, 2004;
Sirbu and Duester, 2006; Vermot et al., 2005). In the mouse,
expression of the RA-signaling reporter RARE-lacZ is only detected
in the anterior somites, suggesting that the RA signaling only acts
early in the embryo in anterior somite precursors (Sirbu and Duester,
2006; Vermot et al., 2005). This is further supported by the fact that
posterior somite formation in Radlh2-null mutants can be rescued by
early RA treatment (Sirbu and Duester, 2006). However, these
observations are difficult to reconcile with the fact that expression of
Raldh? in the segmented region and of Cyp26 in the tail bud extend
all along the AP axis (Fujii et al., 1997; Niederreither et al., 1997).
Moreover, a Cyp26 null mutation in the mouse leads to axis truncation
at the lumbar level, suggesting that RA plays a role in the formation
of posterior somites as well (Sakai et al., 2001). In the chick embryo,
FGF signaling has been shown to antagonize the RA gradient and to
maintain the undifferentiated state of cells in the posterior part of the
embryo throughout somitogenesis (Diez del Corral and Storey, 2004;
Mathis et al., 2001; Vermot and Pourquie, 2005). Experiments in chick
and frog have led to the proposal that in the PSM these mutually
antagonistic gradients are necessary for the appropriate positioning of
the determination front (Diez del Corral et al., 2003; Moreno and
Kintner, 2004; Vermot and Pourquie, 2005). This hypothesis,
however, is challenged by the observation that mouse Raldh2 null
mutants and vitamin A-deficient quail embryos (which cannot
synthesize RA) form smaller, yet reasonably normal somites (Maden
et al., 2000; Niederreither et al., 1999). Thus, in amniotes, RA
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Fig. 7. Summary of the onset of the phenotypes observed in Fgfr1?/;T-Cre mutant embryos. FGF target genes become downregulated in
the posterior PSM of Fgfr1™:T-Cre mutant embryos at the 5- to 7-somite stage, followed by the arrest of cyclic gene expression between somites 8
and 10. Normal somites and corresponding vertebrae elements are observed up to somites 10 to 13; however, abnormal skeletal elements derived

from paraxial mesoderm posterior to somite 13 were present.
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signaling plays a role in refining the positioning of the determination
front but is not critically required for boundary formation. Our results
indicate that up to E9, the Raldh2- and the RARE-lacZ-positive
domains in the PSM are not significantly extended posteriorly in Fgfi/
conditional mutants despite the absence of the RA-degrading enzyme
CYP26 in the posterior part of the embryo. This argues that in contrast
to the situation in chick and frog, in the mouse FGF signaling
antagonism is insufficient to explain the anterior positioning of the RA
signaling domain (Diez del Corral et al., 2003; Moreno and Kintner,
2004). WNT signaling has also been shown to establish a posterior-
to-anterior gradient that plays a role in the positioning of the
determination front in the mouse (Aulehla et al., 2003). In the
conditional mutants, Wn3a (Fig. 3C,D) and its downstream targets 7'
(Fig. 3E,F) and Axin2 (Fig. 6E,F) are still expressed posteriorly,
suggesting that WNT signaling is still active in the PSM. Thus, WNT
signaling could act redundantly with FGF signaling to antagonize RA
signaling in the PSM. Alternatively, the smaller somite size observed
in Raldh2 mutants has been proposed to result indirectly from an early
antagonistic effect of RA on FGF signaling in the node and posterior
neural plate (Sirbu and Duester, 2006). Such an effect is likely to be
intact in the Fgfr] mutants, because the 7 promoter fragment does not
drive expression in the node at these stages, and thus could account for
the lack of effect on the positioning of the later RA domain seen in
Fgfrl conditional mutants (Perantoni et al., 2005).

Oscillations of downstream targets of FGF signaling, such as
Spry2 or Dusp6 (Dequeant et al., 2006), combined with our
observations that FGF signaling is required for oscillations of cyclic
genes of the WNT, NOTCH and FGF pathway in the PSM, provide
evidence for a cyclic activation of the pathway in the PSM. On the
other hand, graded distribution of the ligands and of the downstream
effectors such as phosphorylated ERK (Delfini et al., 2005; Sawada
etal., 2001) and AKT (Dubrulle and Pourquie, 2004b) shows that
FGF signaling is also activated in a graded fashion along the PSM. A
similar situation is also observed for WNT signaling which was
shown to be periodically activated in the PSM and forms a signaling
gradient in the tissue (Aulehla et al., 2003). Although at first glance
these observations seem difficult to reconcile, several possible
explanations can be envisioned to account for this situation. First, it
could be that the pathway shows an overall graded yet periodic
activation in the posterior PSM (Aulehla et al., 2003). These
fluctuations could be sufficient to elicit periodic transcript production,
but not to be detected biochemically using tools such as anti-
phosphorylated ERK antibodies. We previously showed that
phosphorylated ERK is extremely unstable in the mouse embryo
PSM and hence, detecting small cyclic fluctuations might be
technically very challenging (Delfini et al., 2005). Alternatively, it
could be that FGF signaling is distributed uniformly in a graded
fashion and is essentially required permissively for cyclic gene
oscillations and its periodic transcription would be controlled
independently of FGF signaling.

Oscillations of Lfng, Spry2 and Axin2 are also disrupted in
cultures of mouse tails in the presence of pharmacological inhibitors
of FGF signaling. In these experiments, the WNT cyclic gene Axin2
and the FGF cyclic gene Spry2 are rapidly downregulated in the
PSM after inhibitor treatment, whereas Lfig expression continues to
oscillate for one cycle. The observation that Lfig oscillations are
halted in the vestigial tail mouse mutant led to the suggestion that in
the mouse, the WNT pathway acts upstream of NOTCH oscillations
(Aulehla et al., 2003). These data are therefore consistent with FGF
indirectly controlling NOTCH oscillations via the WNT pathway. In
summary, these data provide direct genetic evidence supporting the
role of FGF signaling in the wavefront, which is involved in

positioning somite boundaries in the PSM and in establishing a
hierarchy in the NOTCH, WNT and FGF signaling pathways
involved in the control of oscillatory expression of cyclic genes in
the PSM.
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