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Multipotent Pax3-positive (Pax3™) cells in the somites give rise to
skeletal muscle and to cells of the vasculature. We had previously
proposed that this cell-fate choice depends on the equilibrium
between Pax3 and Foxc2 expression. In this study, we report that
the Notch pathway promotes vascular versus skeletal muscle cell
fates. Overactivating the Notch pathway specifically in Pax3* pro-
genitors, via a conditional Pax3"'® allele, results in an increase of
the number of smooth muscle and endothelial cells contributing to
the aorta. At limb level, Pax3™* cells in the somite give rise to skeletal
muscles and to a subpopulation of endothelial cells in blood vessels
of the limb. We now demonstrate that in addition to the inhibitory
role of Notch signaling on skeletal muscle cell differentiation, the
Notch pathway affects the Pax3:Foxc2 balance and promotes the
endothelial versus myogenic cell fate, before migration to the limb,
in multipotent Pax3™ cells in the somite of the mouse embryo.

During development, the segmented paraxial mesoderm of
the somites gives rise to different mesodermal derivatives.
As somites mature, cells delaminate from the dorsal dermo-
myotome to form the skeletal muscle of the myotome and later
trunk muscles, or migrate from the hypaxial dermomyotome into
the early limb bud to form limb muscles (1). Vascular progeni-
tors also derive from this part of the dermomyotome. In the
chicken embryo, a subpopulation of endothelial cells and myo-
genic progenitors in the trunk (2) and the limb (3) arise from the
same multipotent cells in the somite, as do skeletal muscle and
vascular smooth muscle of some blood vessels in the trunk (2).
Clonal analysis in the mouse has shown that smooth muscle cells
of the dorsal aorta and the myotome have a common origin (4).
Dermomyotomal cells are marked by Pax3, which is essential for
the migration of myogenic progenitors to sites of skeletal muscle
formation, such as to the limb (1). Genetic tracing experiments
confirm that some endothelial cells in the mouse limb derive
from Pax3™ cells in the somite (5).

Reciprocal inhibition between Pax3 and Foxc2 in the somite,
when perturbed genetically in the mouse embryo, affects vascular
versus myogenic cell fate choices (6). Signaling molecules impact
the somite, potentially changing the Pax3:Foxc2 equilibrium. In
the chicken embryo, manipulation of bone morphogenetic pro-
tein signaling showed that it promotes an endothelial cell fate,
whereas Notch signaling promotes the formation of vascular
smooth muscle at the expense of skeletal muscle (2). However, in
another report on the chicken embryo, overactivation of Notch
signaling was shown to increase the migration of vascular endo-
thelial cells from the somite to the dorsal aorta (7). Notch sig-
naling is active in the hypaxial region of the chick somite (2) and
also in somites and in endothelial cells of blood vessels at em-
bryonic day (E) 9.5 in the mouse embryo (7, 8).

To examine the role of Notch signaling in the myogenic versus
endothelial fate choice in the mouse embryo, we have targeted
one allele of Pax3 with a sequence coding for NICD, the con-
stitutively active intracellular domain of Notch receptor 1. In the
trunk of such Notch gain-of-function embryos, both vascular
smooth and endothelial cells derived from the somite are in-
creased, whereas myogenesis is diminished. In the limbs, fewer
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Pax3* cells are present initially, reflecting the promotion of an
endothelial versus skeletal muscle cell fate. Somite explant experi-
ments confirm this shift in cell fate, which is accompanied by an
increase in Foxc2 expression, whereas when Notch signaling is
inhibited, the reverse is observed with a relative increase in
myogenic cells. We conclude that the endothelial/myogenic cell
fate choice takes place in Pax3™ cells in the somite, before their
migration to the limbs, and is regulated by the Notch signaling
pathway which affects the Pax3:Foxc2 genetic equilibrium.

Results

The Notch Pathway Promotes a Vascular Fate in the Trunk. To de-
termine the role of the Notch pathway in cell-fate decisions in
Pax3" cells in the mouse somite, we designed a mouse model
where a sequence encoding the activated intracellular domain of
Notch receptor 1 (NICD) was introduced into the first exon of the
Pax3 gene (Fig. S14). The floxed Pax3"CPIRESnLacZ qllele was
activated by crossing with a PGK-Cre transgenic line, unless oth-
erwise stated. Expression of NICDI and Notch target genes, Hey!
and Lunatic fringe, was increased at sites of myogenesis, notably in
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these somite-derived cells into the limb. This embryological
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stem cells for tissue repair.
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the hypaxial somite, in Pax3"/CP-/RESLacZlt (pgy3NICDIHY compared
with control embryos (Fig. S1 B and C). Comparison of p-Ga-
lactosidase (B-Gal) activity between Pax3'RESEacZ/+ (pgy3Itzit)
(9) and Pax3MNCP-IRESnLacZl+ (pgy3NICPI+y embryos showed ex-
pression at similar sites, reflecting the expression of Pax3 (Fig.
14). Pax3V"“P'* embryos have embryonic defects at sites of Pax3
expression in the neural tube and somites, resulting in de-
velopmental defects, which are different from those of Pax3-null
embryos. We detected differences in thoracic somites at E11.5,
when the organization of Pax3* cells in the hypaxial dermo-
myotome is perturbed (Fig. S24).

We first examined the effect of the Pax3"'“? allele on vascular
cell versus myogenic cell fates in the trunk in somite explant
cultures (6). After 3-d culture of presomitic mesoderm and im-
mature somites isolated from E9.5 embryos in the presence of
NICD, transcripts of Myogenin (Myog) were lower, whereas
transcripts of Tie2 and Foxc2 that mark vascular cells were
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Fig. 1. Somite defects and an increase in somite-derived vascular cells in the
trunk of Pax3"'®* embryos. (A) X-Gal staining of Pax3"/CD-RESnLaZI+ (pgx 3NICDI+)
compared with Pax3'RESntacZl+ (pax3t2i) at E10.5 (Upper) and E11.5 (Lower).
Yellow arrowheads: neural tube defects; red arrowheads: reduction in X-Gal
staining in the limbs; blue arrowhead: structural perturbation in the hypaxial
dermomyotome (Scale bar, 2 mm). (B) qRT-PCR analysis on Pax3V'®"* somite
explants after 3 d in culture, compared with those from control (Pax3*"*) em-
bryos, taken as 1, relative to transcripts for gapdh (*P < 0.05, error bars indicate
SEM, n = three experiments with six pooled embryos). (C) Immunohistochem-
istry on sections of Myf5"®*;Rosa26°m1fxGFPI+ 3t E10.5, with GFP, Pecam-1
(Left) and a-smooth muscle actin (a-SMA) (Right) antibodies, at the level of the
dorsal aorta (DA). White arrows: GFP*;Pecam-17 cells; yellow arrows: GFP*;a-SMA™*
cells (Scale bar, 50 pm). (D and E) Quantification of the contribution of somitic
cells (GFP*) to smooth muscle cells (a-SMA™) (D) and endothelial cells (Pecam-1%)
(E) of the dorsal aorta, was automatically measured using the Pearson coefficient
as a colocalization tool, in Pax3"V'P* (Pax3VIP: My 5" Rosa26!omato-FloxGrPiy
and control (Pax3™*;Myf5";Rosa26'°m10foxGFPI4) embryos. ****P < 0.0001,
error bars indicate SEM (n > 12 aorta sections).

Mayeuf-Louchart et al.

significantly higher (Fig. 1B), as was the expression of Pecam-1
(Fig. S34), a marker of differentiated endothelial cells. In vivo,
quantitative RT-PCR (qRT-PCR) analysis of immature poste-
rior somites of E11.5 embryos shows up-regulation of Foxc2 and
down-regulation of Pax3, as well as the myogenic regulatory
genes Myf5 and Myog, in Pax3"“P'* embryos compared with
controls (Fig. S3B).

Using genetic tracing with Pax3<° and Rosa26/maio/1oxGEP
alleles, we show that cells that have expressed Pax3 give rise to
both endothelial and smooth muscle cells of the intersomitic
vessels (Fig. S44) that are formed from sprouting of the aorta.
This finding is in keeping with GFP perduration seen in all
smooth muscle cells of the dorsal aorta in Pax3“"/* embryos (4).
To avoid any contribution of neural crest cells, which also ex-
press Pax3 (1) and can contribute to the formation of vascular
cells, we used the M)fSC""’ allele, which is first activated in a subset of
cells in the presomitic mesoderm (10). Myf5<"/*;Rosa26'" o 1exGFF+
embryos have scattered GFP* cells within the dermomyotome (Fig.
S4B). At E10.5, a subpopulation of endothelial and smooth muscle
cells of the dorsal aorta are labeled in this experiment (Fig. 1C).
Endothelial cells of the aorta are laid down before the smooth
muscle component and are less marked by Pax3- and Myf5-Cre
drivers, expressed in late presomitic mesoderm. To analyze the role
of the Notch pathway in vivo at the cellular level, we quantified the
number of endothelial and smooth muscle cells in the dorsal aorta,
labeled with the Rosa26"/*GFP and MyfS< alleles, as in Fig. 1C,
in control and Pax3™P™* embryos. There is a significant increase of
the contribution to the aorta of smooth muscle (Fig. 1D) and en-
dothelial cells (Fig. 1E) derived from the somite. This accumulation
of vascular cells induces intersomitic vessel disorganization later as
shown by Pecam-1 whole-mount staining in the tail of Pax3"P'*
embryos at E12.5 (Fig. S5).

In conclusion, these results show that in the mouse embryo,
the Notch pathway promotes acquisition of a vascular cell fate in
Pax3™ cells. The choice of cell fate probably occurs early during
development, because we have observed GFP* cells at E9.25
in the dorsal aorta of Myf5<"*;Rosa26'"*/*GFPI+ embryos
(Fig. S4B).

Somite-Derived Endothelial and Myogenic Cells in the Limbs. We
then analyzed the contribution of Pax3* cells of the somite to the
limb. As previously described (5), cells that have expressed Pax3
give rise to endothelial cells, of the superficial vessels (Fig. S4C) as
well as to skeletal muscles of the limb. No smooth muscle cells in
the limb were labeled in this experiment, indicating that in the
mouse embryo they do not derive from the somite (Fig. S4C). Cell
labeling with GFP in the limbs of Myf5<™/*;Rosa26'o™ o oxGFP/+
embryos at E10.5 confirms that endothelial as well as myogenic
cells derive from the somite, excluding the implication of neural
crest cells (Fig. S4D).

In the absence of Pax3, myogenic progenitors do not migrate
to the limbs and no p-Gal* cells are present in Pax3"<#/tacz
embryos compared with Pax3"-“““/* embryos (Fig. 24). How-
ever, in Pax3"/“";Rosa26/"*“%/* embryos, cells that had
expressed Pax3 are present (Fig. 24). In addition to showing that
migration of endothelial cells is Pax3-independent, this result
also indicates that endothelial cells have migrated from the
somites to the forelimbs before apoptosis of cells in the hypaxial
dermomyotome, seen by E10.5 in the Pax3 mutant (1).

Once myogenic progenitors are specified in the dermomyo-
tome, they begin to delaminate at E9.25 and migrate into the
forelimb at E9.5. We observed at the beginning of the migration
that somite-derived endothelial cells, labeled by p-Gal, have al-
ready acquired an endothelial cell fate, as shown by Pecam-1
labeling and the absence of Pax3 (Fig. 2B). At E9.25, we observed
by using genetic tracing with Myf5"® and Rosa26°meofoxGrP
alleles, that GFP* cells localized in the hypaxial dermomyotome
express both Pax3 and Flk1 proteins (Fig. 2 C, a). Flk1 is an early
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Fig. 2. Endothelial cells of somitic origin, in the limb. (A) X-Gal staining of
Pax3™2* and Pax3“®*;Ro0sa26"° 2%+ embryos compared with Pax3".2#/ntaZ
and Pax3“®"®;Rosa261°"2Z* muytant embryos, at E10.75. Black arrowheads
indicate nonmyogenic cells that had expressed Pax3 (Scale bar, 1 mm). (B) Im-
munohistochemistry on sections of Pax3<®*;Rosa26"*"2Z"* embryos at E9.5,
with Pax3 (red), p-Galactosidase (3-Gal; green), and Pecam-1 (blue) antibodies, at
the forelimb (FL) level (Scale bars, 100 pm). Close up of the boxed region in the
Upper panel of the two Lower panels (Scale bars, 10 pum), shows myogenic pro-
genitors (orange arrows: p-Gal*, Pax3*, Pecam-17) and endothelial cells derived
from Pax3* progenitor cells (gray arrows: p-Gal, Pax3~, Pecam-1%). NT, neural
tube. (C) Immunohistochemistry on sections of Myf5®/*:Rosa26tomato-floxGFPl+
embryos at E9.25, with Pax3 (red), GFP (green), and Flk1 (blue) antibodies, in
the hypaxial somite (Scale bars, 50 um). Close ups of the boxed region of the
hypaxial dermomyotome (HDM) (a) and of delaminating cells (b) are rep-
resented in panels on the right (Scale bars, 10 pm). White arrowheads in
(a) (Pax3™, GFP*, FIk1*, potential bipotent progenitors); orange arrowheads
in (b) (FIk1~; Pax3*, myogenic progenitors); gray arrows in b (FIk1*; Pax3~,
endothelial cells).

marker of endothelial cells. We therefore propose that these cells
are bipotent progenitors able to give rise to both endothelial and
myogenic cells. When somitic cells leave the hypaxial dermo-
myotome, cells that maintain Pax3 expression are no longer Flk1™,
whereas cells maintaining Flk1 are no longer Pax3" (Fig. 2 C, b).
These observations suggest that Flk1 is extinguished in Pax3*
myogenic cells once they have left the somite and that the loss of
Pax3 expression is a characteristic of cells that have entered the
endothelial lineage.

In conclusion, these results suggest that bipotent progenitors
in the hypaxial dermomyotome, which give rise to both endo-
thelial and myogenic cells in the limb, undergo a cell fate choice
before they leave the somite.

Inhibition of Myogenic Differentiation by the Notch Pathway. In
Pax3™P* embryos there is a strikingly reduced number of Pax3*
cells in the limbs, as shown by X-Gal staining at E10.5 or E11.5
compared with control Pax3"“#/* embryos (Fig. 14 and Fig.
S6A4), also seen for transcripts of Pax3 and Lbx! (see, for ex-
ample, Fig. S6 B and C), which label migrating myogenic
progenitors. In keeping with previous reports on the role of
Notch signaling in myogenesis (11, 12), we observed that
MyodI was not activated initially in the remaining Pax3* cells
in the limbs of Pax3™¥°P/* embryos (Fig. S6D). Because Pax3
is down-regulated at E12.5, myogenic cells that are now Pax7*
(Fig. S6E) show hyperproliferation rates and also accelerated
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myogenic differentiation in Pax3"'“?/* embryos, compared
with controls (Fig. S6 F and G). By E18.5 skeletal muscle
masses are indistinguishable from controls (Fig. S6H). These
observations complement those on Notch loss-of-function
embryos, illustrating the inhibitory effect of Notch signaling
on the entry of progenitor cells into the myogenic program.
The findings also demonstrate the plasticity of the myogenic
process, so that skeletal muscle formation recovers once
a developmental perturbation is lifted.

The Notch Pathway Promotes an Endothelial Cell Fate. This effect on
skeletal muscle differentiation occurs once myogenic progenitors
have reached the limbs and does not explain wh%/ the number
of these progenitors is initially reduced in Pax3"'“”"* embryos.
At E9.5-10.5, there is no detectable cell death or structural de-
fect in the hypaxial dermomyotome of these embryos (Fig. S2B).
We therefore investigated whether there had been a corresponding
increase in somite-derived endothelial cells in the limbs. The de-
crease in Pax3 and Myf5 transcripts is accompanied by an increase in
Foxc2 transcripts, in keeping with an increase of vascular cells in the
forelimbs of Pax3™'“P/* embryos (Fig. 34). Immunohistochemistry
on whole embryos with a Pecam-1 antibody showed increased la-
beling with this endothelial marker at E11.5 compared with the
control (Fig. 3B). Serial confocal images from the dorsal superficial
layer to the center of the forelimb showed that this increase is most
marked in the superficial region of Pax3™V'“P"* embryos (Fig. S7),
where genetic tracing experiments had shown preferential location
of somite-derived endothelial cells (5). For quantification of the
contribution of somitic cells to both endothelial and myogenic cell
types, we used Myf5<™ and Rosa26"*ToxGFP jlieles to analyze
GFP*Pax3™ (myogenic progenitor cells) and GFP*Pecam-1*
(endothelial cells) in the forelimbs of Pax3™“P'* and control
embryos at E10.5 (Fig. 3C). There is a significant increase of
the contribution of somitic progenitors to the endothelial, at
the expense of the myogenic lineage, when Notch signaling is
stimulated.

Notch Affects the Cell Fate of Limb Progenitors in the Somite. Lbx/
activation in the hypaxial dermomyotome of the somite marks
myogenic progenitor cells that will migrate into the limbs (1). In
Pax3N'P’* embryos at E9.25, LbxI transcripts are notably re-
duced compared with the control, indicating an early defect of
myogenic specification in the somite (Fig. 44). To determine
when this defect occurs during development, instead of using the
PGK-Cre line, we crossed Pax3V'“P'* and Rosa26C¢-ERT2/Cre-ERT2
mice to induce the overexpression of Notch by tamoxifen in-
duction, specifically in Pax3" cells, at different times during
development (Fig. 4B). When Notch overexpression was in-
duced after E7.5, Pax3"'“P/*;Rosa26“*** 7%+ embryos present
the same reduction of Pax3* cells in the limbs, as in Pax3™V P+
embryos. However, when this induction occurred after E9.5,
Pax3N P Rosa26ERT2* embryos were similar to the control
(Fig. 4B). This result indicates that the reduced number of
myogenic progenitors expressing Pax3 in the limb of Pax3NICD+
embryos is because of an effect of NICD in this time window.

We have quantified the number of Lbx1™" cells and Flk1* cells
in the hypaxial region near the limb bud at E9.25 in Pax3""“P"*
embryos. There is a significant reduction of the number of Lbx1*
cells and more FIk1* cells in and around the hypaxial dermo-
myotome, than in the control embryo (Fig. 4C). Furthermore, in
Pax3™PI* embryos the percentage of cells expressing Foxc2 and
Flk1 is significantly higher (Fig. S8). These results indicate that
the balance between specification of endothelial cells and myo-
genic cells in the hypaxial dermomyotome at forelimb level is af-
fected by the Notch pathway, which promotes the endothelial fate.

Finally, to complement these Notch gain-of-function experi-
ments, we used loss-of-function strategies. To inactivate the
Notch pathway, we conditionally deleted RBPJ-k using Pax3"*'™,
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Fig. 3. Increase of the number of endothelial cells derived from the somite, in Pax3N/PH embryos. (A) qRT-PCR analysis of transcripts of Pax3, Foxc2, and
Myf5 compared with gapdh, on forelimbs of Pax3"/“P"* embryos, at E11.5, compared with the controls (Pax3**), taken as 1. *P < 0.05, error bars indicate SEM
(n = 3 embryos). (B) Whole-mount immunostaining with an antibody to Pecam-1 on the forelimbs of control (Pax3'"6SLaZ*) and Pax3V'“®"* embryos, at E11.5
showing the 3D projection (mean value) of the images obtained with confocal sectioning of the limb buds (Scale bar, 100 pm). (C) Immunohistochemistry on
sections from control (Pax3*"*;Myf5"¢/*;Rosa26t°m?to-loxGFPI¥) and pax3M'PH My f5"¢/*;Rosa26tomatoloxGFPI+ ambryos, with Pax3 (red), Pecam-1 (blue), and
GFP (green) antibodies, at E10.5, at the forelimb level. Insets show enlargements of GFP*Pax3* (Left) and GFP*Pecam-1" (Right) cells (Scale bar, 50 um). The
graphs represent quantification of the contribution of somitic cells (GFP*) in the myogenic lineage (GFP™ cells labeled by Pax3) and in the endothelial lineage

(GFP* cells labeled by Pecam-1), expressed as a percentage of total GFP* cells. *P < 0.05, error bars indicate SEM (n = 3 embryos).

but because of RBPJ-x stability, protein depletion was not
efficient in the critical time window when the cell-fate decision
occurs between myogenic and endothelial lineages (Fig. S9).
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Fig. 4. Endothelial, versus myogenic cell fate in the somite is promoted by
the Notch pathway. (A) Whole-mount in situ hybridization for Lbx7 tran-
scripts on control (Pax3*"*) and Pax3"'“P"* embryos at E9.25. Close ups at the
forelimb (FL) level are shown (Scale bar, 500 um). (B) X-Gal staining of
Pax3/RESnLaczit | pay3NICDI+ and Pax3V“P*:Rosa26*ER™2* embryos, at E11.5.
Enlargements at forelimb level are shown. Tamoxifen was injected into
pregnant mice at E7.5 or E9.5, as indicated (Scale bar, 2 mm). (C) Quantifi-
cation of the total number of endothelial progenitors (FIk1*) and myogenic
progenitors (Lbx1*) in the hypaxial region at E9.25. **P < 0.01 and ****P <
0.0001. Error bars indicate SEM (n > 16 limb bud sections). (D, Upper) A
schema of the explant procedure. (Lower) qRT-PCR results expressed as ratios
of Heyl1/Gapdh, Pax3/Foxc2, Lbx1/FIk1, and Myf5/Pecam-1 transcripts on
explants after 24 h of culture, in DMSO and DAPT (50 pM). ***P < 0.001,
error bars indicate SEM (pool of n > 2 explants by experiment, n > 3
experiments).
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Deletion by Cre-recombinase under the control of genes expressed
earlier than Pax3 results in somite defects. We therefore developed
the strategy of Notch depletion by the y-secretase inhibitor, DAPT,
on explants of forelimb buds and adjacent somites isolated from
wild-type embryos at E8.75 (Fig. 4D). After 24-h culture, qPCR
analysis showed a down-regulation of the Notch target gene,
Heyl, and an increase in the ratio of transcripts for Pax3/Foxc2,
Lbx1/Flk1, and Myf5/Pecam-1, compared with control explants (Fig.
4D). These loss-of-function experiments therefore confirm that the
Notch signaling pathway acts on the balance between Pax3 and
Foxc2 and promotes an endothelial, at the expense of a myogenic
cell fate.

Discussion

In the experiments reported here, we characterize somite-de-
rived endothelial cells in the limb and go on to show that in-
creased Notch signaling in Pax3* progenitors in the somite
promotes the endothelial versus myogenic cell fate of these cells.

Endothelial, but not smooth muscle, cells that have migrated
from the somite are present in the limb and contribute to blood
vessels, particularly to those located superficially, consistent with
previous findings (5). On the other hand, in the trunk smooth
muscle cells of the dorsal aorta derive from the somites (4), and
we now show for the mouse embryo that endothelial cells of the
dorsal aorta are also somite-derived, as previously reported for
the chick. Endothelial cells of somitic origin in the limb already
express Pecam-1, indicating that they are no longer multipotent
and indeed they no longer express Pax3 and do not depend on
Pax3 for their migration, in contrast to myogenic progenitors.
This finding is in keeping with the observation that endothelial
(5), unlike myogenic, cell migration does not depend on the
expression of the c-met gene, which is a Pax3 target (1). In the
Pax3 mutant, the hypaxial domain of the somite is compromised
by apoptosis; however, this occurs later (1), after endothelial
cells are detected in the limb at E9.5. Before expression of the
endothelial cell-marker Pecam-1, most cells in the hypaxial so-
mite express Flk1. These cells are also Pax3* and express Lbx1.
Subsequently, Flk1 is present in cells that do not express Pax3,
whereas cells that retain Pax3 as they leave the somite are Flk1™.
These observations suggest that Flk1 marks multipotent Pax3*
cells in the somite, as well as endothelial cells.

We have examined the effects of Notch signaling in Pax3™" cells
by overexpression of NICD targeted to a Pax3 allele. Stimulation
of Notch signaling in Pax3™ myogenic progenitors inhibits muscle
differentiation, as might be expected from previous results for

PNAS | June 17,2014 | vol. 111 | no.24 | 8847

DEVELOPMENTAL

BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407606111/-/DCSupplemental/pnas.201407606SI.pdf?targetid=nameddest=SF9

L T

/

1\

BN AS  PNAS D)

Notch loss-of-function embryos (11, 12) where myogenesis was
accelerated, with depletion of the progenitor cell population. As
Pax3M€P is down-regulated during development, compensa-
tory mechanisms operate, providing a striking example of
developmental plasticity that permits the skeletal muscle mass
to attain a normal size.

In the somites of Pax3"“P"* embryos, we observe up-regula-
tion of Foxc2 and of vascular markers with an increased contri-
bution of somite-derived smooth muscle and endothelial cells to
the dorsal aorta. In the chicken embryo, Notch signaling was
reported to promote a smooth-muscle cell fate in multipotent
progenitors in the dermomyotome (2). Our results indicate
that the endothelial versus myogenic cell fate is also Notch-
dependant in the mouse somite. This finding does not exclude
that bone morphogenetic protein signaling, known to inhibit
myogenesis (13), is not also implicated in this cell-fate choice, as
shown in the chick (2). There is a striking reduction in Pax3"
myogenic progenitors in the limbs of Pax3N€P* embryos and
an increased contribution of somite-derived endothelial cells. In
the somites at forelimb level and in somite explants, changes in
endothelial versus myogenic markers are already detectable. This
finding points to a cell-fate choice, influenced by Notch signaling
that occurs already in the somite, contrary to what had previously
been suggested (5). The early labeling with endothelial markers
and loss of Pax3, as well as the time frame in which activation
of the NICD allele affects somite-derived cells in the limb, are
in keeping with an early cell-fate choice in the somite, where
bipotent endothelial and myogenic progenitors are present (Fig.
5). These observations, based on Notch gain-of-function, are
complemented by experiments on explants where inhibition of
the Notch pathway results in converse effects at the level of
endothelial versus myogenic cell fate choices, accompanied by
changes in Pax3/Foxc2 transcripts, consistent with the pivotal
role of the equilibrium in cell-fate choices (6). Downstream
effects on myogenesis are also consistent with the impact of
down-regulation of Notch signaling on muscle cell differentiation
(11, 12). We therefore conclude that the Pax3™'“P allele is af-
fecting an existing process rather than creating an artificial
situation.

In conclusion, stimulation of Notch signaling in Pax3™ cells
results in an increase in the number of endothelial cells and
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Fig. 5. Model. Schematic representation of the role of the Notch pathway
in cell-fate decisions in the somite.
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a reduction in the number of myogenic cells that migrate into the
limbs. This cell-fate change takes place in the Pax3* cells of the
somite that can give rise to both derivatives, and is accompanied
by a change in the expression of Pax3 versus Foxc2 which pro-
mote myogenic versus endothelial cell fates, respectively.

Methods

Targeting Vectors and the Generation of the Pax3*PMICP-IRESnLacZ) pjjele, The
targeting construct is derived from Relaix et al. (9). The Pax34P(NICD-IRESnLacZ)
allele contains 2.4 kb of the 5’ and 4 kb of the 3’ flanking region of Pax3. A
floxed Alkaline Phosphatase-polyA (APpA)-Puromycin cassette preceded
by an NICD sequence (14), and an IRES-nLacZ cassette with an SV40 pA
sequence was introduced into exonl immediately after the 5 UTR
(Fig. S1A).

Mouse Strains and Tamoxifen Administration. PGK-Cre transgenic mice (15),
Myf5T¢"* mice (16), and Rosa26°fR"2 mice [from Lars Grotewold and
Austin Smith (Wellcome Trust/Medical Research Council Stem Cell Institute,
Cambridge, United Kingdom)] were used to generate a Pax3"/C/RESLaZ 5| jgle
(Pax3V'P). Pax3** mice (17) and Myf5" mice (15) were crossed with
Rosa26tamato—floxGFP/tomata—floxGFP (18) and RosazefloanacZ/floanacZ mice [glft of
J. F. Nicolas (Institut Pasteur, Paris)]. Pax3“"®* mice were also used for the
deletion of the RBPJ«™* allele (19). Pax3":2%?* and Pax3'RESta?+ mice lines
were described in Relaix et al. (20). Pax3'RES"taZ* embryos were used as
controls for Pax3"'“®"* embryos or, as indicated in the figure legends, Pax3*"*
embryos from the same litter were sometimes used. No difference was ob-
served at any stage between Pax3'RESMaZ* and pax3*"* embryos. Embryos
were dated taking EQ.5 as the day after the vaginal plug and somite number
was used for precise comparison. Experiments on mice were carried out in
accordance with regulations of the French Ministry of Agriculture.

Tamoxifen (Sigma; T5648-1G) dissolved in ethanol and emulsified in sun-
flower oil (Sigma) at a final concentration of 10 mg/mL was intraperitoneally
injected in Rosa26<ER™2/+ mice at 2 mg per pregnant female (30 g).

X-Gal Staining, in Situ Hybridization, and Immunodetection. X-Gal staining,
after 15-min fixation and whole-mount in situ hybridization with digox-
igenin-labeled probes, was carried as previously described (6). Probes were
kindly provided by C. Birchmeier (Max Delbriick Centrum fur Molekulare
Medizin, Berlin) for Lbx1, O. Pourquié (Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Strasbourg, France) for Lunatic fringe, and
A. Gossler (Hannover University Medical School, Hannover, Germany) for
Notch1 (NICD) and Hey1. Whole-mount immunodetection was performed
for myosin heavy chain and Pecam-1 (21), as previously described. A
Confocal Zeiss LSM 700 Laser Scanning Microscope was used for vessel
section surface acquisition (Imagopole, Institut Pasteur). The intensity of
labeling was quantified using ImageJ 1.44 Software (National Institutes of
Health, Bethesda). Fluorescent coimmunohistochemistry, after 2-h embryo
fixation, was performed on 16-um sections, as previously described (6). Pri-
mary antibodies used and their respective concentrations are listed in S/
Methods. Secondary antibodies were coupled to fluorochromes: Alexa 488
(Molecular Probes; 1/500), Alexa 647 (Molecular Probes; 1/500) and Alexa
546 (Molecular Probes; 1/500). For EdU staining, pregnant mice were
injected intraperitoneally with EAU (50 mg/kg) and dissected after 30 min.
The Click-iT EdU Imaging Kit (Invitrogen) was used on slides, after sec-
ondary antibodies. Images were acquired with Apotome Zeiss and Axio-
vision 4.6 software (Imagopole, Institut Pasteur).

Quantification by Acapella Software. Image analysis was performed using
scripts developed in Acapella Image analysis software (v2.3; Perkin-Elmer
Technologies). Scripts successively segment in the appropriate channels (red
and green), with their respective associated features (number, size, intensity).
From this segmentation, two binary masks were performed to retain the
location of each cell. The script then compares the cells present in both
channels by locating the recovery of the two binary masks (for the pro-
liferation study) or the nonrecovery (for the differentiation study).

Quantification of Contribution of Somitic Cells to Different Lineages. For ge-
netic tracing experiments with the Myf5¢®* mice, the image analysis was
performed using the JACoP (Just Another Colocalization Plugin) function of
Image) 1.44 Software (National Institutes of Health, Bethesda, MD) as de-
scribed in Bolte and Cordeliéres (22). The Pearson coefficient, which estimates
colocalization, was measured for each image (taken with the apotome).

For quantification of the number of cells in the hypaxial region (Fig. 4C),
pictures were taken for each slide, with Apotome Zeiss and Axiovision 4.6
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software (Imagopole, Institut Pasteur). After deconvolution, applied by
computer batch run with Huygens Professional Software (v4.3.0p7, Scientific
Volume Imaging B.V.), Object Analyzer Module (v4.3.0p7, Scientific Volume
Imaging B.V.) was used to characterize objects and quantify the number of
each category of cells. The y? test was used to compare the distribution of
cells expressing different markers in Fig. S8.

Explant Culture. Explant experiments with presomitic mesoderm/early
somites (interlimb level at E9.5) or with somites and forelimb buds (E8.75)
were carried out as described in refs. 6 and 23, respectively. DAPT in
DMSO (Calbiochem) was added at 50-uM final concentration, with DMSO
alone added to control cultures.

qRT-PCR Analysis. Total RNA was prepared by using TRIzol reagent (Invi-
trogen) or with the RNeasy Mini Kit (Qiagen). RNA was reverse transcribed
using the SuperScript Il kit (Invitrogen) or the QuantiTect Reverse
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Transcription Kit (Qiagen) and real-time PCR, as described in ref. 6. Primer
sequences are listed in S/ Methods.

Statistics. All experiments were carried out on a minimum of three embryos.
Data have been analyzed with the Mann-Whitney nonparametric test, using
Anastats files (http://www.anastats.fr). The Student t test was applied, pre-
ceded by the Fisher’s test. Data are presented as the mean and SEM.
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