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Pax3 is a key transcription factor implicated in development and human disease. To dissect the role of Pax3 in
myogenesis and establish whether it is a repressor or activator, we generated loss- and gain-of-function alleles
by targeting an nLacZ reporter and a sequence encoding the oncogenic fusion protein PAX3-FKHR into the
Pax3 locus. Rescue of the Pax3 mutant phenotypes by PAX3-FKHR suggests that Pax3 acts as a
transcriptional activator during embryogenesis. This is confirmed by a Pax reporter mouse. However, mice
expressing PAX3-FKHR display developmental defects, including ectopic delamination and inappropriate

migration of muscle precursor cells. These events result from overexpression of c-met, leading to constitutive
activation of Met signaling, despite the absence of the ligand SF/HGF. Haploinsufficiency of c-met rescues this
phenotype, confirming the direct genetic link with Pax3. The gain-of-function phenotype is also characterized
by overactivation of MyoD. The consequences of PAX3-FKHR myogenic activity in the limbs and cervical and

thoracic regions point to differential regulation of muscle growth and patterning. This gain-of-function allele
provides a new approach to the molecular and cellular analysis of the role of Pax3 and of its target genes in

vivo.
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Transcription factors of the Pax family play an important
role during development, and spontaneously occurring
mutations affecting PAX genes in humans, as in mice,
lead to major abnormalities in the formation of organs
and tissues (Tremblay and Gruss 1994). Pax6, for ex-
ample, is a key factor in eye development (van Heynin-
gen and Williamson 2002), whereas Pax5 determines the
emergence of the B lymphocyte cell lineage from hema-
topoietic precursors (Nutt et al. 2001). Pax genes are also
important for the formation of the vertebral column,
ribs, and skeletal muscles, which derive from somites,
segments of paraxial mesoderm located on either side of
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the neural tube in the embryo (Tajbakhsh and Bucking-
ham 2000). In the ventral part of the somite, the sclero-
tome, Pax1 and Pax9 are implicated in the formation of
bone and cartilage, whereas dorsally, in the dermomyo-
tome, Pax3 and its ortholog Pax7 are expressed.

Pax3 is a key regulator of myogenesis. In splotch (Sp)
mice (Auerbach 1954), which have undergone spontane-
ous mutations in the Pax3 locus, myogenic progenitor
cells fail to delaminate from the epithelium of the der-
momyotome and migrate away from the somite to other
sites of skeletal muscle formation. As a consequence,
muscle cells are absent from the limbs, and the hypo-
glossal cord fails to form, resulting in the absence of
pharyngeal and tongue muscles. The diaphragm muscle
is also compromised in splotch mice, as are some other
body muscles formed from the hypaxial (as distinct from
epaxial-adjacent to the axis) part of the dermomyotome
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(Franz et al. 1993; Bober et al. 1994; Goulding et al. 1994;
Tremblay et al. 1998). In contrast, epaxial muscles, to-
gether with those hypaxial muscles that also form in situ
without extensive cell migration, are less affected. No-
tably, the myotome, which is the first skeletal muscle
mass to form in the central compartment of the somite,
is present, although it is reduced hypaxially (see Tajba-
khsh and Buckingham 2000). It is thought that part at
least of the splotch phenotype is caused by the absence of
Met, a tyrosine kinase receptor expressed in the hypaxial
dermomyotome and in migrating muscle cells; in c-met
mutant mice, muscle progenitor cells fail to migrate
from the somite, and limb muscles, for example, are ab-
sent (Bladt et al. 1995).

A second facet of the role of Pax3 in skeletal myogen-
esis was revealed by crossing splotch mice with mice in
which an allele of Myf5 had been inactivated by targeting
with an nlacZ reporter. Myf5 is a member of the basic
helix-loop-helix family of myogenic regulatory factors
and is the first to be expressed in the mouse embryo. In
the absence of Myf5 and MyoD, also a member of this
family, skeletal muscle does not form, and myogenic
precursor cells are absent (Rudnicki et al. 1993). In
Pax3~/~/Myf5~/~ double mutants, MyoD is not activated
and all skeletal muscles are lacking from the trunk, as
well as the limbs (Tajbakhsh et al. 1997). This, therefore,
demonstrates that Pax3 and Myf5 act genetically up-
stream of MyoD as myogenic determination genes.

Although Pax3 plays an important role in myogenesis,
its mode of action as a transcription factor and its direct
targets in vivo are poorly understood. As a member of the
Pax family, it has a characteristic paired domain DNA-
binding motif and, like some other Pax proteins, a ho-
meodomain and a conserved octapeptide motif (Czerny
et al. 1993; Tremblay and Gruss 1994). It is a poor tran-
scriptional activator (Bennicelli et al. 1999) and, indeed,
Pax3 co-factors, such as HIRA (named for its sequence
similarity to two yeast proteins, Hirlp and Hir2p), iso-
lated from cultured cells (Magnaghi et al. 1998), or Daxx
(Hollenbach et al. 1999] act as transcriptional corepres-
sors. It is not clear how Pax3 influences MyoD transcrip-
tion; this may take place via a conserved genetic cascade
involving Six genes (Relaix and Buckingham 1999).
c-met has been regarded as a Pax3 target because of trans-
activation on its promoter in vitro (Epstein et al. 1996)
and because c-met transcripts are not detectable in
splotch mutants (Yang et al. 1996), although this conclu-
sion is compromised by the fact that the cells that would
normally express c-met are lost (Borycki et al. 1999).

Pax3 is not only present in skeletal muscle progenitor
cells. It is also expressed in regions of the brain, in the
dorsal neural tube, and in neural crest cells that migrate
from it (Dahl et al. 1997). Splotch embryos show exen-
cephaly and spina bifida caused by a failure of neural
tube closure, as well as defects in neural crest derivatives
caused by a lack of neural crest migration. Again there is
apoptosis in the dorsal neural tube in the absence of Pax3
(Borycki et al. 1999). In this situation, too, the action of
Pax3 as a transcription factor is poorly understood. There
are several potential target genes, such as Mitf (Microph-

PAX3-FKHR rescues the Pax3 mutant phenotype

thalmia-associated transcription factor) or TRP-1 (tyrosi-
nase-related protein-1) expressed in melanocytes (neural
crest derivative; Watanabe et al. 1998; Galibert et al.
1999), although again the evidence comes from in vitro
studies.

In addition to its role in normal development, Pax3 is
associated with the formation of tumors. PAX3-FKHR
arises in humans as a result of a chromosomal translo-
cation, t(2;13), which leads to the fusion of the potent
C-terminal transcription activation domain of FKHR
(FOX01A) to the N-terminal region of PAX3, which in-
cludes the intact paired-box and homeobox DNA-bind-
ing elements. This chromosomal translocation, together
with a translocation t(1;13), which generates PAX7-
FKHR, are associated with alveolar rhabdomyosarcomas
(ARMS), a highly malignant class of pediatric soft tissue
tumors, with skeletal muscle characteristics (Barr 2001).
PAXS3-FKHR is a potent gain-of-function mutation (Ben-
nicelli et al. 1999), and is thought to exert its role in
alveolar rhabdomyosarcomas through aberrant regula-
tion of PAX3 target genes. Previous mouse models of
ARMS, based on PAX3-FKHR transgenes (Anderson et
al. 2001) or targeted mutations (Lagutina et al. 2002),
gave phenotypes principally resulting from neural crest
perturbations, but were not informative in the context of
Pax3 function during the onset of myogenesis.

To examine Pax3 activity in vivo, we have created a
gain-of-function mutation in Pax3, by targeting the gene
with a PAX3-FKHR fusion sequence. This inclusion of
an nlacZ reporter gene makes it possible to follow the
cells that express this allele. Analysis of the phenotypes
of these embryos, compared with that of Pax3/RESnLacZ/+
controls, gives new insights into the role of Pax3 in the
embryo and demonstrates that it acts in vivo as a tran-
scriptional activator of c-met and MyoD. These experi-
ments also reveal ligand-independent Met activation,
with mechanistic implications for PAX3-FKHR function
in rhabdomyosarcoma.

Results
Generation of loss- and gain-of-function alleles of Pax3

As a control Pax3 reporter mouse, we first generated a
Pax3™ESaLacZ gllele (Fig. 1A), in which IRESnLacZ re-
places exon 2, which contains the 5’ part of the paired
domain. The nLacZ reporter gene faithfully reproduces
the expression of the endogenous gene in vivo, as re-
vealed by in situ hybridization (Fig. 1C,D). Furthermore
these mice display the wide range of heterozygous and
homozygous Pax3 mutant (Splotch, Sp) phenotypes
(Auerbach 1954) when intercrossed (data not shown; see
Fig. 2A,B).

We engineered a conditional Pax3"AX8-FRHR-IRESnLacZ
allele by replacing the first exon of Pax3 with a floxed
puro-poly(A)* cassette followed by a dicistronic PAX3-
FKHR-IRESnLacZ c¢cDNA to be able to follow cells ex-
pressing the human fusion sequence, PAX3-FKHR, in vivo
(Fig. 1B). In this case, exon 1 was targeted to avoid cre-
ating a fusion protein. The Pax3"o(PAX3-FKHR-IRESnLacZ)/+
animals [with the floxed puro-poly(A)* cassette blocking
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expression of PAX3-FKHR-IRESnLacZ] are viable and
fertile and display the expected heterozygous Splotch
phenotypes, similarly to mice with the Pax3RESaLacZ 4]
lele. However, when crossed with an ubiquitously ex-
pressing PGK-Cre mouse (Lallemand et al. 1998), to pro-
duce Pax3PAX3-FKHR-IRESnLacZl+ animals, no live new-
born heterozygotes were obtained. This suggests that
early expression of PAX3-FKHR leads to embryonic le-
thality. We first verified that the PAX3-FKHR allele was
correctly expressed by comparing the expression profile
Of PaXSIRESnLacZ/Jr Wlth that Of PanPAXé’—FKHR—IRESnLacZ/+.
B-Galactosidase (B-Gal) activity shows that the allele
with PAX3-FKHR reproduces Pax3 expression during
development (Fig. 1E).

The PAX3-FKHR fusion protein is able to rescue Pax3
mutant phenotypes

To investigate the function of Pax3 as a transcriptional
activator or repressor during development, we crossed
the Pax3PAXS-FKHR-IRESnLacZ/+ line with Pax3°P/* mice
to establish whether the Pax3"AXS-FKHR-IRESnLacZ/+ 4]
lele, as a gain-of-function mutation, is able to rescue the
defects in the Pax3 mutants. Pax3/RESnLacZ/Splotch com .
pound mutant embryos have the expected Splotch phe-
notype, as shown by X-Gal staining compared with the
control Pax3RESnLacZ/+ embryos. This includes segmen-
tation defects, abnormalities in the epaxial and hypaxial
dermomyotome, lack of limb muscles, spina bifida, and
to a lesser extent, exencephaly (Fig. 2, cf. B and A). In
addition there is a lack of neural crest cell migration (Fig.
2, cf. B’ and A’), which leads to the absence of dorsal root
ganglia (Fig. 2, cf. B” and A"). In Pax3PAX3-FKHR-IRESnLacZ/+
embryos, the boundaries between hypaxial somites are
disorganized (Fig. 2C, red arrow), but they do not show
any of the defects due to Pax3 deficiency observed in
Figure 2B. This indicates that PAX3-FKHR, produced
under normal Pax3 regulation, does not antagonize or
interfere with the function of Pax3, as previously sug-
gested (Anderson et al. 2001).

PAX3-FKHR rescues the Pax3 mutant phenotype

Strikingly, in the absence of Pax3,
Pax3PAXS-FRHR-IRESnLacZ/Sp embryos present a phenotype
(Fig. 2D-D") similar to that of Pgx3PAXS-FKHR-IRESnLacZ[+
embryos (Fig. 2C-C") without the defects that character-
ize Splotch mutants (cf. Fig. 2B-B”). This result shows
that PAX3-FKHR is able to rescue the early Pax3 mutant
phenotype, acting as a gain-of-function mutation. This
suggests that Pax3 acts mainly as a transcriptional acti-
vator in the embryo.

Confirmation of this conclusion is provided by a Pax3
reporter embryo. A consensus Pax3-binding site (Epstein
et al. 1996) was concatamerized (five times) in front of a
TK promoter driving an nlacZ reporter. This transgene
will only be expressed at sites where Pax3 is present, if
this factor acts in vivo as a transcriptional activator.
Transgenic embryos (embryonic day 10.5 [E10.5], n=
3/5) have B-galactosidase-positive (B-Gal*) cells in the
somites, limb buds, dorsal neural tube, and dorsal root
ganglia, demonstrating Pax3 activation in vivo (Fig.
2E,F). Additional labeling corresponds to sites where
other Pax genes are known to be expressed, in the neural
tube, for example, or in the ventral somite, where Pax1
and Pax9 are present in the sclerotome, indicating that
the Pax3 consensus site is also recognized by other mem-
bers of the family. The expression of Pax7, the ortholog
of Pax3, overlaps with that of Pax3. In subdomains of the
somite, for example, Pax7 may be responsible for part of
the reporter activation observed. However, Pax7 tran-
scripts and protein are not detectable at other sites of
Pax3 expression such as the hypaxial dermomyotome or
in muscle progenitors migrating to the limb (Jostes et al.
1990; F. Relaix and M. Buckingham, in prep.), where the
reporter transgene is activated.

PAX3-FKHR expression induces ectopic long-range
migration of myogenic precursor cells, leading
to somite, muscle, and rib defects

At E11.5, Pax3PAXS-FRHR-IRESnLacZ/+ heterozygous em-
bryos show disorganization of the hypaxial domain of

Figure 1. Targeting strategies and expression of the Pax3 alleles. (A) Schematic diagram of the targeted Pax3/RESnLacZ gllele. The 5’
part of the Pax3 gene contains exons 1-4 (the gene spans 100 kb and contains eight exons). We targeted an IRESnLacZ sequence
followed by the SV40 polyadenylation sequence and a floxed puromycin-pA selection cassette, into exon 2 of Pax3 by homologous
recombination in embryonic stem (ES) cells. A counterselection cassette encoding the A subunit of Diphtheria Toxin (DTA) was
inserted at the 5'-end of the vector. The probes and restriction enzymes are indicated, as well as the size of the resulting wild-type and
recombined restriction fragments. We chose to target the nLacZ reporter gene into exon 2 in order to inactivate the paired DNA-
binding domain. The Pax3™ESnLacZ(vuro) g]lele was crossed with a PGK-Cre mouse (Lallemand et al. 1998) to remove the Puromycin
selection cassette, leaving a single LoxP site 3' of IRESnLacZpA in the final Pax3™ESnLacZ gllele. (B) Schematic diagram of the targeted
conditional Pax3PAXS-FRHR-IRESnLacZ gllele, The 5' part of the Pax3 locus is indicated as in A. In the targeting vector, the floxed
puromycin-pA selection marker replaces the coding sequence in exon 1 of Pax3, followed by a dicistronic cassette containing the
human PAX3-FKHR coding region followed by an IRESnLacZpA cassette, in order to be able to follow the expression of the allele.
The probes and restriction enzymes are indicated, with the size of the resulting wild-type and recombined restriction fragments.
After homologous recombination, PAX3-FKHR-IRESnLacZ expression from the Pax3Fuo(PAXS-FKHR-IRESnLacZ) g]lele is blocked by the
floxed puromycin-pA cassette and is therefore conditional to removal by crossing with a Cre mouse (Lallemand et al. 1998). As
Pax3PAX3-FKHR-IRESnLacZ/+ heterozygotes are not viable, the mice were maintained as Pax3"uro(PAX3-FRHR-IRESnLacZ)/+ (G D) Expression
of nLacZ revealed by X-Gal staining (D) compared with expression of endogenous Pax3, visualized by in situ hybridization (C), at E10.5
shows that IRESnLacZ is correctly expressed in the Pax3'RES$nlacZ/+ embryos, in the dermomyotome and myotome of the somites
(black arrow), limb buds (red arrows) and hypoglossal chord (green arrow), fronto-nasal masses and olfactory epithelium, and dorsal
neural tube (white star). (E) expression of Pax3PAX3-FKHR-IRESnLacZ/+ 4t E10.5 shows that the Pax3PAXS-TKHR-IRESnLacZ[+ gllele is also
expressed in somites (black arrow), limb buds (red arrows) and hypoglossal chord (green arrow), fronto-nasal masses and olfactory
epithelium, and dorsal neural tube (white star).
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Figure 2. PAX3-FKHR rescues Pax3 mutant defects. Embryos
were stained with X-Gal to reveal B-Gal activity in cells that ex-
press nlacZ from the targeted allele of Pax3. (A) A Pax3™RESntacZ/+
embryo at E11.5. Limb muscles (black arrow) and the hypaxial re-
gion of interlimb somites (red arrowhead) are indicated. (B) A
Pax3!RESnLacZ/Sp compound mutant embryo at E11.5. The pheno-
type is identical to homozygous Splotch (Auerbach 1954) or
DPax3RESnLacZ/IRESnLacZ mytants; one allele of nLacZ facilitates
comparison with heterozygotes as shown in A. Note the exen-
cephaly and spina bifida (green arrows), absence of limb muscles
(black arrow), and fused and truncated somites (red arrowhead)

when compared with A. (C) A Pax3PAXS-FRKHR-IRESnLacZ/+ embryo at E11.5. Limb muscles (black arrows) and disorganized hypaxial
somites (red arrowhead) are indicated. (D) A Pax3"AX3-FKHR-IRESnLacZ/Sp compound mutant embryo at E11.5. The phenotype is almost
identical to that of the Pax3PAX3-FKHR-IRESnLacZ/+ embryo at the same stage (cf. C), indicating that the Pax3PAX3-FKHR-IRESnLacZ[+ 4]]e]e
is dominant over that of Pax3. Many of the early phenotypes observed in the Pax3™ESntacZ/Sr compound mutant embryo (B) are
rescued, such as absence of limb muscles (black arrow), or disorganized and truncated somites (red arrowhead). (A’-D’) Dorsal views
of E9.5 embryos showing the neural tube from which neural crest cells normally migrate (back arrow). The defect in Pax3 mutant
embryos (B') is rescued in the Pax3PAXS-FKHR-IRESnLacZ/Sp compound mutant embryos, where neural crest cells are present (D'). (A"-D")
Lateral views of E11.5 embryos showing dorsal root ganglia (black arrow). Their failure to form in the Pax3 mutant embryos (B”) is
rescued in the Pax3PAX3-FKHR-IRESnLacZ/Sp compound mutant embryos (D”). (E,F) A (Pax3CSS),-TK-nlacZ transgenic embryo at E10.5
shows expression of the reporter with B-Gal-positive cells in the neural tube, dorsal root ganglia, somites, and limb buds. (So) Somites;

(NT) neural tube; (DRG) dorsal root ganglia; (MPC) muscle progenitor cells.

the somites (Fig. 2C), and we therefore investigated the
phenotype of these mice at earlier stages (Fig. 3).

At E10.5, in Pax3™RESntacZ/+ embryos, B-Gal activity is
high along the caudal edge and in the hypaxial domain
of the dermomyotome (Fig. 3A). In contrast, in
Pax3RESnLacZ/IRESaLacZ mytant embryos, somites are
disorganized and truncated in the hypaxial and epaxial
domains (Fig. 3B). In Pax3PAXS-FKHR-IRESnlacZ/v em.
bryos, the full extent of the somite is present (Fig. 3C),
but the hypaxial region is disorganized with abnormal
delamination of B-Gal* cells (Fig. 3, cf. F and D). Trans-
verse sections of Pax3PAXS-FKHR-IRESnLacZ/+ gqmjtes at this
stage reveal a complete loss of the hypaxial epithelium of
the dermomyotome, which forms the so-called somitic
bud in thoracic somites, and the presence of ectopic B-Gal*
cells outside the somite (Fig. 3, cf. G and E, arrows).

To visualize directly the cellular structure of the der-
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momyotome in Pax3"AX3-FKHR-IRESnLacZ/+ empyryos, we

performed coimmunohistochemistry on transverse sec-
tions of thoracic somites from control (Fig. 3H,I) and
mutant (Fig. 3],K) embryos. A schematic section of a nor-
mal somite is shown in Figure 3L for comparison. In
normal somites, the basal lamina, revealed by an anti-
Laminin antibody, is located around the dermomyotome
and myotome, separating these two somite compart-
ments (Fig. 31, yellow arrowhead, 3L) and delimiting the
hypaxial extremity of the former (Fig. 31, white arrow-
head, 3L). As expected, B-Gal* cells, synonymous with
Pax3 expression, are present in the epithelial dermomyo-
tome, especially in the hypaxial domain (Fig. 3H, white
arrowhead, 3L), but also in the central region of the der-
momyotome, which at this stage (E10.75, 36 somites) is
losing its epithelial structure, and in the myotome,
where some of the labeling may be due to the perdura-
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PAX3-FKHR rescues the Pax3 mutant phenotype

Figure 3. PAX3-FKHR induces abnormal
delamination and loss of somite structure.
(A-C) X-Gal staining of cells expressing the
nlacZ reporter gene in the targeted Pax3 al-
lele reveals defects in the thoracic somites of
E10.5 (32 somites) Pax3/RESnLacZ/IRESulacZ
(B) and Pax3PAX3-FRHR-IRESnLacZ () embryos
compared with control Pax3/RESntacz/+
embryos (A). Note the somite disorganiza-
tion and hypaxial and epaxial truncations
in PanIRESnLacZ/IRESnLacZ mutant em-
bryos, which also show spina bifida (B). (C)
PaXSI’AX3—FKHR—IRESnLaCZ embryos haVe
B-Gal* cells located between the somites
and around the hypaxial extremity. (FL)
Forelimb bud. (D,F) Closeup views of the
thoracic somites of E10.5 Pax3/RESntacZ/+
(D) or PanPAXS—FKHR—IRESnLacZ/+ (F) em-
bryos, stained with X-Gal, show de-
lamination from the hypaxial region of
the somite in the presence of the
PaXSPAXS—FKHR—IRESnLHCZ/+ allele. CCHS
that have moved away from the hypaxial
somites are indicated (black arrows).
Within the somites, the nlacZ expression
pattern is perturbed (Fig. 3C). The anterior
of the embryos is on the right. (E,G) Trans-
verse sections of an E10.75 Pax3/RESnLacZ/+
(E) or a Pax3PAX3-FKHR-IRESnLacZ/+ (G) em-
bryo, after staining for B-Gal activity.
PaX3PAX37FKHR7[RESnLacZ/+ embrYOS ShOW

disruption of the epithelium of the hyp-

axial dermomyotome with cells leaving

the somite (black arrows). (H-K) Immunohistochemistry on transverse sections of thoracic somites from E10.5 Pax3™ESntacZ/+ ([ [) or

anSPAXS—FKHR—IRESnLauZ/+

embryos (J,K), using antibodies recognizing Laminin (I,K) or B-galactosidase (with DAPI staining; H,]), shows

that the somite structure is perturbed in Pax3"AX3-FKHR-IRESnLacZ/+ embryos compared with Pax3™FSnkacZ/+ embryos, with reduction
of the basal lamina of the hypaxial dermomyotome (white arrowhead), defects (yellow arrowhead), and fusions (red arrowhead) of the
basal lamina separating dermomyotome and myotome. Furthermore, cells mislocated ventrally can be identified (J,K, white arrow). (L)
Schematic transverse section showing mouse somite organization at E10.75.

tion of the B-Gal protein (see Hadchouel et al. 2000). In
Pax3PAXS-FRHR-IRESnLacZ[+ embryos, the structure of tho-
racic somites is disorganized (Fig. 3, cf. J,K and H,I,L),
and the epithelial structure of the dermomyotome is per-
turbed with defects in the basal lamina, which shows
gaps (white arrowhead), fusions (red arrowhead), and ab-
normal accumulation of Laminin (Fig. 3, cf. Kand I,L). In
the mutant, the hypaxial dermomyotome is not clearly
separated from the myotome with a lack of basal lamina
in the hypaxial domain. Furthermore, B-Gal* cells (and
Laminin deposits) are present ectopically, ventral to the
hypaxial domain (arrow).

These data suggest that PAX3-FKHR induces an epi-
thelial-to-mesenchymal transition of the hypaxial der-
momyotome, similar to that normally observed only in
somites at the level of the limbs and hypoglossal cord,
with disorganization of the hypaxial myotome.

Cells that had delaminated in the thoracic region, dis-
tant from the limb fields, are apparently unable to mi-
grate and stay in the vicinity of the somites as seen at
E11.5 by B-Gal* labeling (Fig. 4A,B). These cells, mainly
located in the hypaxial region of the somites and in the
epaxial-most domain, where Pax3 expression levels are

normally highest, activate the myogenic program as vi-
sualized by the muscle differentiation marker, cardiac
a-actin (Fig. 4C,D). This ectopic muscle differentiation,
together with the disruption of the hypaxial myotome,
leads to disorganization of the intercostal muscles and
loss of ventral body muscles at E12.5 (Fig. 4EF).
Pax3PAXS-FKHR-IRESnLacZ[+ fety1ses have distal rib defects
as revealed by Alizarin red-Alcian blue staining of the
bone and cartilage at E18.5 (Fig. 4G, H). This may result
from the malformation of the associated muscles or from
the early disorganization of the hypaxial (dermo)myo-
tome affecting the underlying sclerotome from which
the distal ribs form (see Tajbakhsh and Buckingham
2000; Evans 2003).

Abnormal activation of myogenic factors in migrating
muscle precursor cells, due to ectopic
somite participation

Myogenic progenitor cells, which have undergone abnor-
mal delamination, remain in the vicinity of the thoracic
somites and subsequently contribute to the disorganiza-
tion of the trunk muscles in Pax3"AX3-FKHR-IRESnLacZ[+
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Pa X 3IRES nLacZl+
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Figure 4. Body muscles and ribs are perturbed in Pax3

P ax. PAX3-FKHR-IRESnLacZ/+

PAX3-FKHR—-IRESnLacZ[+

a-Actin (E12.5)

Skeleton (E18.5)

embryos. (A,B) X-Gal staining of thoracic somites at

E11.5 in Pax3'RESnLacZ/+ (A) and Pax3PAXS-FKHR-IRESnLacZ/+ (B) embryos. Dispersed B-Gal* cells remain adjacent to the somites in

p. - -
PaXSI »AX3-FKHR-IRESnLacZ [+

embryos, and are particularly evident in the hypaxial region (B, black arrowhead). (C,D) The presence of the

myogenic differentiation marker, a-actin, at E11.5 in Pax3'™RESnLacZ/+ (C) and Pax3PAXS-FKHR-IRESnLacZ/+ (D)) embryos shows that
dispersed cells that have undergone abnormal delamination are also terminally differentiated both epaxially (D, black arrowhead) and

hypaxially (D, black arrow). In the Pax3™ESnLacZ/+

control, a-actin-positive cells are confined to the myotome (C). (E,F) Expression of

a-actin at E12.5 marks all the well-defined differentiated muscle masses of control Pax3/RESnlacZ/+ embryos (E). In contrast, in

PaXBPAXS—FKHR—IRESnLacZ/+

embryos (F), intercostal muscle masses are disorganized (F, black arrow; cf. E), and the segmental form of the

rectus-abdominis muscle is no longer distinguishable (F, black arrowhead). (G,H) Alizarin red-Alcian blue staining of bone and
cartilage at E18.5 shows distal rib fusions in Pax3PAXS-FKHR-IRESnLacZ/+ fetyses (H, arrowhead), which are not observed in the
Pax3'RESnLacZl+ controls at the same stage (G, arrowhead). (FL) Forelimb; (HL) hindlimb.

fetuses. However B-Gal* cells from somites adjacent to
those that normally contribute cells to the hypoglossal
cord or limb buds, now also migrate into these areas.
This is shown in Figure 5 for the forelimb bud of
Pax3PAXS-FKHR-IRESnLacZ[+ (Fjg  5B) compared with
Pax3™EsSnLacZ/+ (Eig 5A) embryos at E10.25, and sum-
marized in Figure 5Q. Unlike the normal situation in
which the myogenic determination factor genes MyoD
and Myf5 are not expressed until the migratory mus-
cle progenitor cells reach the limb (Fig. 5C,E,G; Sassoon
et al. 1989; Tajbakhsh and Buckingham 1994), in
Pax3PAXS-FKHR-IRESnLacZ[+ empbyryos, MyoD-positive (Fig.
5D,F) and Myf5-positive (Fig. 5H) cells extend from pe-
ripheral somites into the limb buds. This includes
somites that contribute both to limb and body wall
muscles as well as those that normally make no contri-
bution to the limb. This probably reflects the ectopic
delamination of myogenic cells in the hypaxial dermo-
myotome of cervical and thoracic somites where Myf5
and MyoD are already activated. These cells, like those
from somites opposite to limb buds that delaminate nor-
mally, are now also attracted into the limb field. Despite
an ectopic contribution of predetermined myogenic
cells, the perturbations that this may produce in the for-
mation and patterning of the limb muscles are no longer
detectable at later stages. This is shown at E11.5 for the
forelimb with a muscle a-actin marker (Fig. 5I,]) and at
E12.5 with MyoD as a muscle marker for the hindlimb
(Fig. 5K,L). Similarly in the cervical region, where the
somites are clearly disorganized and the myotomal
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muscle shows bifurcations (Fig. 5M,N), by E12.5 the cer-
vical muscles are largely normal (Fig. 50,P). This is in
contrast to the thoracic region and suggests that in the
neck and limbs compensatory mechanisms are able to
rescue initial defects caused by aberrant behavior of
myogenic cells in the presence of PAX3-FKHR.

Ligand-independent Met signaling mediates
PAX3-FKHR phenotypes in thoracic somites

Because the tyrosine kinase receptor, Met, plays a
critical role in epithelial/mesenchymal transitions and
in the migration of myogenic precursor cells (Bladt
et al. 1995), we performed in situ hybridization on
Pax3PAXS-FKHR-IRESnLacZ[+ embyryos at E10.5 using a c-
met probe. These experiments showed that c-met is
widely overexpressed in the somites (Fig. 6B) compared
with the normal situation, where accumulation of c-met
transcripts is confined to the hypaxial somitic bud, with
transcripts detectable in the epaxial extremity of rostral
somites at E10.5 (Fig. 6A). c-met is also expressed at a
high level in muscle progenitor cells in the limb buds
(Fig. 6A,B). Overexpression of c-met in the somite corre-
sponds to sites of high Pax3, and hence PAX3-FKHR
transcription, as seen along the caudal edge as well as in
the hypaxial part of the dermomyotome (Fig. 6B’; cf. Fig.
3D). c-met is also activated in the dorsal neural tube of
Pax3PAXS-FKHR-IRESnLacZ[+ embryos, where it is not de-
tectable in control embryos (Fig. 6A,B). These findings
indicate that c-met is a Pax3 target in vivo and show that
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Figure 5. PAX3-FKHR induces ectopic
migration of predetermined myogenic
cells in the embryo. (A,B) X-Gal-staining
of migratory precursor cells colonizing the
forelimbs at E10.25 in Pax3™RESntacZ/+ (A)
and PanPAXS—FKHR—IRESnLacZ/+ embryos
(B). In the latter, the first two to three
thoracic somites, which are not facing
the limb bud, are now contributing to this
population (arrow). This is not observed
in the control embryo (A), as previously
shown (Houzelstein et al. 1999). (C,D)
MyoD in situ hybridization shows that
at this stage (E10.25, 32 somites), mus-
cle progenitor cells migrating into the
limb buds are not determined and do
not express myogenic factors in the
Pax3/RESaLacZl+ control embryo (C, ar-
row). However, at the same stage,
PaXSI’AXS—FKHR—IRESnLacZ/+ embryos have
MyoD-expressing cells in the limb bud
(D, arrow). (E,F) MyoD in situ hybridiza-
tion shows that at E10 (30 somites),
PaXSPAX\?fFKHRfIRESnLECZ/+ embryOS have
MyoD-positive cells adjacent to the tho-
racic and cervical somites (black arrow)
and in the forelimb (F). This is not ob-
Q served in the control embryo (E). (G,H)
Myf5 in situ hybridization on hindlimb
buds of Pax3™RESnLacZ/+ embryos (G) shows
that at E10.75, Myf5 transcripts are first
detectable in centrally located cells,
Whereas in PaXSPAXsfFKHRfIRESnL(ICZ/+ em-

bryos (H) at this stage, in the presence of
PAX3-FKHR, expression of Myf5 is much more extensive. Somite numbers (so) are indicated. (I,]) Expression of the myo-
genic differentiation marker, a-actin at E11.5, in the forelimb of Pax3™RFSntacZ/+ (]| and Pax3PAX3-FKHR-IRESnLacZ[+ (1) embryos, shows
that at this stage, muscle patterning and differentiation are normal in Pax3"AX3-FKHR-IRESnLacZ/+ emhryos (J), compared with the con-
trol (I). (K,L) MyoD in situ hybridization shows that at E12.5, muscle patterning in the hindlimb of a Pax3"AX3-FKHR-IRESnLacZ/+ e
bryo (L) is normal compared with that in a Pax3'RESaLacZ/+ embryo (K). (M,N) Expression of the myogenic differentiation marker,
Troponin T, visualized by whole-mount immunohistochemistry at E11.5 in the occipital/cervical region of Pax3™ESnLacZ/+ (M) and
Pax3PAXS-FRHR-IRESnLacZ[+ (N) embryos shows that cervical somites are disorganized (black arrowheads) in Pax3PAX3-FKHR-IRESnLacZ[+
embryos. (O,P) Visualization of transcripts of the myogenic marker, MyoD, by in situ hybridization at E12.5 shows that muscles
in the cervical region (and forelimb) are patterned normally in Pax3AX3-FKHR-IRESnLacZ/+ (p) compared with Pax3/RFSnkacZ/+ (Q)
embryos. (Q) Schema of somitic contribution [somites are numbered by type: (O) occipital; (C) cervical; (T) thoracic; (L) lumbar; (S)
sacral; (Co) coccyx] to the hypoglossal cord (HGC, black), forelimb (FL, blue), and hindlimb (HL, green), in Pax3™ESnLacZ/+ (gbove) and
Pax3PAX3-FRHR-IRESnLacZ]+ (holow) embryos. Additional contributing somites observed in Pax3PAX3-FKHR-IRESnLacZ/+ embryos are indi-
cated in red. This is a dynamic process, and at any one time cells are migrating from a subset of the somites indicated.
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PAX3-FKHR expression is sufficient to overactivate mutation that abrogates Met signaling (c-met”’*,

transcription of c-met, both in mesodermal and neurec-
todermal derivatives.

However, c-met activation by PAX3-FKHR was difficult
to link to the ectopic delamination of cells from the der-
momyotome observed in the Pax3PAXS-FKHR-IRESnLacZ/+
embryos (Fig. 3), because the ligand of Met, HGF/SF, is
not expressed in the interlimb region (Bladt et al. 1995;
Thery et al. 1995; Heymann et al. 1996), and we did
not detect any ectopic expression of HGF/SF in the
Pax3PAXS-FKHR-IRESnLacZ[+ embryos (Fig. 6C,D), confirm-
ing that HGF/SF is not genetically linked to the Pax3-
c-met cascade. To establish whether c-met is involved
in the Pax3PAX8-FKHR-IRESnLacZ[+ phenotype, we

crossed these mice with mice heterozygous for a

carrying a mutation in the two C-terminal tyrosines re-
quired for signaling (Maina et al. 1996), and produced
Pax3PAXS-FKHR-IRESnLacZ[+ [c.metP/+  double heterozy-
gous embryos. Surprisingly, removing one allele of c-met
was sufficient to abolish most of the ectopic somite de-
lamination seen with the Pax3PAXS-FKHR-IRESnLacZ/+ 4]
lele (Fig. 6E; cf. Fig. 3D, F). In the presence of both mutant
c-met alleles (metP’P), the somitic phenotype of
Pax3PAXS-FKHR-IRESnLacZ[+ embryos was rescued (Fig.
6F). Thus, PAX3-FKHR expressed from the Pax3 locus is
able to induce ligand-independent signaling from the
Met receptor. This may occur through spontaneous Met
dimerization as has been proposed previously in tumors
expressing c-met at a high level (Bergstrom et al. 1999).
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Figure 6. Ligand-independent Met signal-
ing mediates PAX3-FKHR activity in vivo.
(A,B) In situ hybridization using a c-met
probe shows ectopic and enhanced expres-
sion of c-met in occipital/cervical (green
arrowhead) and thoracic (red arrowhead)
somites of E10.5 Pax3"AX3-FKHR-IRESnLacZ/+
embryos (B) compared with the
Pax3™ESaLacZ/+ control embryos, where it
is expressed in the epaxial and hypaxial
extremities of the dermomyotome (A).
(A’,B') Closeups of c-met expression in
thoracic somites. In both cases, c-met is
expressed in limb muscle precursor cells
(red arrowhead). (C,D) SF/HGF, the Met
ligand, is not expressed in thoracic so-
mites of Pax3'RFSnLacZ/+ control embryos
(C, black arrow), nor is it induced in
Pax3PAX3-FRHR-IRESnLacZ|+  embryos (D,
black arrow). Normal expression in limb
buds (red arrowheads) is also seen in
PaXSPAXS—FKHR—IRESnLacZ/+ embryos (D)
compared with the control (C). (E,F)
PaXSPAXS*FKHR*IRESnLHCZ/+ animals were
crossed with c-metP* heterozygotes
(Maina et al. 1996) to produce
PaXSI’AX3—FKHR—IRESI]LacZ/+/C_metD/+ em-
brYOS (E) and PaXSPAXS—FKHR—IRESnLacZ/+/c_
metP’P

SF/HGF

Pax3lRESnLal:Z/+

DAPI -Gal
I\

embryos (F). Reducing the number of c-met alleles suppresses in a dose-dependent manner the ectopic delamination gain-of-

Pax3PA X3-FKHR-IRESnLacZ|+

Pax3PAX3-FKHR-IRESnLacZl% .y oD+

IRESnLacZl+

DAPI i Gal P-Met erged Pax3'RESnLaczi
C I-

Pax 3P Y3-FRUR-IRESnLacZ/+ -

A ﬁ

function phenotype (arrows) in Pax3PAX3-FKHR-IRESnLacZ/+ embryos (cf. Fig. 3D'-E’), demonstrating that Met signaling is directly
implicated in the phenotype. (G-N) Immunocytochemistry on sections of thoracic level somites (closeup of the dermomyotome) from
Pax3RESaLacZ[+ control (G-]) or Pax3PAXS-FKHR-IRESnLacZ/+ embryos (K-N) with DAPI staining (G,K), using antibodies recognizing g-Gal
(H,L) or the form of Met phosphorylated on tyrosine 1234/12235 (P-Met) (I, M). The merged images for B-Gal and P-Met are shown in
J and N. B-Gal-positive cells that coexpress P-Met are detected in the dermomyotome of the Pax3PAX3-FKHR-IRESnLacZ[+ gomites only,
demonstrating that Met is activated in the presence of PAX3-FKHR. Cells that have delaminated from the dermomyotome (L-N, white
arrowhead) in Pax3PAX3-FKHR-IRESnLacZ]+ embryos also colabel with B-Gal and P-Met antibodies. (O-Q) X-Gal staining of the cervical
region of Pax3'RESnlacZ/+ (), 33 somites), Pax3™ESnLacZ/+c.metP/P (P, 32 somites), and Pax3MESnlacZIRESaLacZ]+ () 34 somites) embryos
at E10.5, shows maintenance of the full extent of the B-Gal* dermomyotome and in particular the hypaxial domain, in the absence of
Met (P, arrows), compared with the Pax3 mutant (Q, arrows). (HGC) Hypoglossal cord; (FL) forelimb.

Activation of the Met kinase domain depends on the
phosphorylation of tyrosine 1234/1235, which is diag-
nostic for the presence of activated Met (Longati et al.
1994). Using an antibody that specifically recognizes this
phosphorylated form of Met, we detected staining in the
B-Gal-positive cells of the dermomyotome of E10.5
Pax3PAXS-FKHR-IRESnLacZ[+ embryos at the interlimb
level, and in cells that have delaminated from the der-
momyotome (Fig. 6K-N). No labeling with this antibody
was seen with control embryos (Fig. 6G-J). We therefore
conclude that ligand-independent Met signaling leads to
ectopic delamination of somitic cells as a result of an
aberrant increase in c-met expression due to overactiva-
tion of the gene by PAX3-FKHR.

The nLacZ reporter gene in the Pax3 locus marks cells
in the hypaxial dermomyotome (Fig. 60) and shows that
in Pax3RESnLacZ/+jc_metP’P embryos at E10.5, these
cells are present (Fig. 6P). This is in contrast to the situ-
ation in Pax3!RESnlacZ/IRESnLacZ myutant embryos (Fig.
6Q), in which this region of the dermomyotome is lost.
This observation demonstrates that Met is not involved
in the proliferation and maintenance of muscle progeni-
tor cells in the dermomyotome, in accordance with pre-
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vious analysis of c-met mutants (Dietrich et al. 1999).
Another target of Pax3 must prevent apoptosis in the
hypaxial and epaxial extremities of this epithelium.

PAX3-FKHR activates MyoD but not Myf5

Because loss-of-function analyses in the mouse embryo
had shown that Pax3 lies genetically upstream of MyoD
but not Myf5 (Tajbakhsh et al. 1997), we investigated the
effects of the gain-of-function Pgx3VAXS-FKHR-IRESnLacZ
allele on MyoD and Myf5 expression. In situ hybridiza-
tion at E9.75 and E10.5 shows no major alteration in
Myf5 transcripts, with the exception of the migrating
cells that delaminate ectopically from thoracic somites
close to the limb buds in Pax3PAX3-FKHR-IRESnLacZ/+ oy
bryos at E10.5 (Fig. 7A-D, black arrow). Similarly to
Myf5, MyoD transcription is initiated correctly (Fig.
7G,H). However, by E10.5, MyoD expression that is nor-
mally still restricted to the hypaxial myotome at this
stage extends into the central domain of the somite in
Pax3PAXS-FKHR-IRESnLacZ/+ emhyryos (Fig. 71J). Trans-

verse sections of thoracic somites from FE10.5
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Pax3/RESnLaczi+ Pax3PAX.?»I-‘K'IIK-IRESnLacZH Pax3/RESnLacZi+ Pax3MAX3-FKHR-IRESnLacZ|+ Figure 7. PAX3-FKHR leads to overex-
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lar levels of Myf5 transcripts in the
somites. Ectopic migration of Myf5-posi-
tive cells to the forelimb is seen at E10.5
(D, black arrow; cf. C), and at E11.5 the
epaxial somite is disorganized in
PaX31’AXS—FKHR—IRESnLacZ/+ embl’YOS (FI
black arrow; cf. E). Somite numbers are
indicated. (G-L) In situ hybridization us-
ing an MyoD probe on Pax3/RESaLacZ/+ em.
bryos at (G) E9.75, (I) E10.5, and (K) E11.5
and PaXSPAXS—FKHR—IRESnLacZ/+ embryOS at
(H) E9.75, (J) E10.5, and (L) E11.5. The on-
set of MyoD transcription is not perturbed
(G,H), but by E10.5, the MyoD expression
domain is much more extensive in
anSPAXS—FKHR—IRESnLacZ/+ (I, blaCk arrow-
head) compared with Pax3/RESnlacZ/+ con-
trol (I) embryos. MyoD transcripts are
seen in cells adjacent to the somites and in
the forelimb in PaXsPAXS—FKHR—IRESnLacZ/+
embryos at E10.5 (], black arrow; cf. I). At
E11.5, MyoD expression can be observed
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outside the myotomes of thoracic somitesin Pax3"AX3-FKHR embryos (L, epaxial, arrow; hypaxial, arrowhead). (M-R) Co-
immunohistochemistry with DAPI staining (M,P), using MyoD antibody (N,O,Q,R, red) and B-Gal antibody (N,O,Q,R, green) on
transverse sections of thoracic somites of Pax3™ESnlacZ/+ (M_QO) and Pax3PAX3-FKHR-IRESnlacZ/+ (D_R) embryos at E10.5. In
Pax3™RESnLacZl+ emhyryos, B-Gal* cells are present in the epithelium of the hypaxial dermomyotome (M-O, white arrow) and in the
myotome. In Pax3"AX3-FKHR-IRESnLacZ/+ embryos, the epithelial structure of the dermomyotome is lost, but B-Gal* cells are present in
this region where again a few MyoD-positive cells are detected (P-R, white arrow). Notably, B-Gal* cells are present throughout the
whole myotome (P), and most of these cells are MyoD-positive (Q,R). Furthermore, cells that have migrated away from the somite
(P-R, yellow arrowhead) are B-Gal*, and coexpress MyoD (insets P'—-R’). (S) Transactivation of the MyoD embryonic enhancer by Pax3
and PAX3-FKHR in 293 cells. For this, 1 pg of test construct (or empty vector) was cotransfected with 0.2 pg of MyoD-TK-nLacZ
(MyoD) or (e5),5-TK-nLacZ (e5) as a control, with 1 ng of RSV-Luciferase for normalization. The data show the relative B-Gal activity
36 h after transfection. Fold induction was calculated as that over the activity measured in cells transfected with the expression vector

alone. Mean values are given and the standard deviation is indicated for three independent determinations.

PaxisESnLacZ/+ and PaXSPAXS—FKHR—IRESnLacZ/+ embry()s’

treated by coimmunohistochemistry using antibodies
recognizing MyoD (red) and B-Gal (green), confirm that
in the control embryos, MyoD is present in cells of the
hypaxial myotome (Fig. 7M-O, yellow arrow; cf. Fig. 3L).
Activation of MyoD occurs in the epithelium of the hyp-
axial dermomyotome (Fig. 7M-O, white arrow; cf. Fig.
3L), where a few cells show colocalization of B-Gal
(green) and MyoD (red). In Pax3PAXS-FKHR-IRESnLacZ[+
embryos, MyoD is present much more extensively
throughout the myotome. The epithelial structure of the
hypaxial dermomyotome is lost, but p-Gal* cells ex-
pressing MyoD are present in the putative dermomyo-
tome (Fig. 7P-R, white arrow), and also ectopically
where they have migrated from the somite (Fig. 7P-R,
yellow arrowheads; 7P’, 7Q’, 7R’), in keeping with the
interpretation of Figure 5, D and F. In more anterior
somites, in the cervical region, MyoD is already overex-
pressed at E10, in the presence of PAX3-FKHR (Fig. 5F).
Later, at E11.5, ectopically located MyoD-expressing
cells are present along the extent of the somite (Fig.

7K,L). Although disorganization with characteristic bi-
furcations of the epaxial somite is also seen with an
Myf5 probe at this stage, cell dispersion is not evident
(Fig. 7E,F). This would suggest that MyoD but not Myf5
is activated by PAX3-FKHR in cells that have delami-
nated because of abnormal activation of c-met, consis-
tent with the suggestion that MyoD, like c-met, is a tar-
get of Pax3. Such mispositioned cells do not receive the
signals that lead to Myf5 activation, but once they have
activated, MyoD cells go on to express differentiated
muscle markers (Fig. 4D), contributing to the disorgani-
zation of the trunk muscles provoked by PAX3-FKHR.
To determine whether the activation of MyoD by Pax3
or PAX3-FKHR is direct or indirect, we isolated the
MyoD distal enhancer, which is able, when linked to an
LacZ reporter gene, to recapitulate complete embryonic
expression of MyoD in transgenic mice (Goldhamer et al.
1992). Using transient transfections, we found that nei-
ther Pax3 nor PAX3-FKHR is able to activate the distal
MyoD enhancer (Fig. 7S). These data thus imply that
Pax3/PAX3-FKHR activation of MyoD is indirect. This
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is in contrast to the c-met promoter, which is activated
by Pax3/PAX3-FKHR in vitro (Epstein et al. 1996).

Discussion

The gain-of-function allele, obtained by targeting Pax3
with the PAX3-FKHR sequence, saves the Pax3 mutant
(Splotch) phenotype. The C-terminal sequence of FKHR,
present in the fusion protein, contains a potent transcrip-
tional activation domain, and PAX3-FKHR has been
shown to act as an efficient transactivator on Pax3-bind-
ing sites in vitro (Bennicelli et al. 1999). This, therefore,
strongly suggests that Pax3 acts by transcriptional acti-
vation in vivo, and points to the importance of putative
coactivators. Because the only cofactors isolated to date
act as corepressors and because HIRA (Magnaghi et al.
1998), Daxx (Hollenbach et al. 1999), and Rb (retinablas-
toma protein; Wiggan et al. 1998) interact with the ho-
meodomain of Pax3, present in PAX3-FKHR to ensure
DNA binding, it is formally possible that PAX3-FKHR
can exert repressor activity. However, PAX3-FKHR ap-
pears to be completely unresponsive to Daxx corepres-
sion (Hollenbach et al. 1999), and the C-terminal trans-
activation domain of PAX3-FKHR is not sensitive to the
inhibitory effects of the N-terminal PAX3 domain (Ben-
nicelli et al. 1996; Bennicelli et al. 1999). All spontane-
ously occurring Splotch alleles lack the homeodomain
(Tremblay and Gruss 1994), but mutations in other Pax
genes such as the Sey™*” mutation in Pax6 conserve this
domain and lead to a loss-of-function phenotype similar
to Sey, where the homeodomain is absent (Hill et al.
1991). The nlacZ reporter gene, preceded by multimer-
ized Pax3-binding sites, revealed Pax transcriptional ac-
tivation at many sites where Pax genes are expressed in
the embryo, including the eye, pharyngeal regions, mid-
brain-hindbrain boundary region (data not shown) and
notably in the somites, in myogenic precursor cells, and
in neural crest derivatives such as the dorsal root ganglia,
where Pax3 is functional. We therefore conclude that the
Pax3 homeodomain and also the 5'-octamer sequence
known to be important for Pax5 function (Eberhard et al.
2000), present in the PAX3-FKHR sequence, do not me-
diate major transcriptional repression at these sites in
vivo. The rescue of the Pax3 mutant phenotype by
PAX3-FKHR is therefore principally due to its function
as a transcriptional activator.

It has been shown that overexpression of Pax3 can
both activate and repress target genes (Khan et al. 1999;
Mayanil et al. 2001). However, these experiments were
performed ex vivo by overexpression of Pax3 and/or
PAX3-FKHR in cell lines. Our genetic manipulation, in
which the PAX3-FKHR transcriptional activator rescues
the Pax3 mutant phenotype, provides an in vivo demon-
stration that Pax3 is acting as a transcriptional activator
in somitogenesis and myogenesis, dorsal neural tube clo-
sure, and neural crest cell migration. However, this does
not exclude the possibility that Pax3 may act as a regu-
lated transcription factor and also repress some target
genes in vivo. Indeed, appearance of c-met transcripts in
the dorsal neural tube in the presence of PAX3-FKHR
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may indicate that Pax3 normally represses c-met expres-
sion at this site. Furthermore, Pax3 has been reported to
repress Msx2 expression in the dorsal neural tube via a
direct effect on a Pax3-binding site in the Msx2 promoter
and furthermore in Msx2//Pax3%"/5? double-mutant
mice, the cardiac neural crest phenotype seen in the ab-
sence of Pax3 is rescued (Kwang et al. 2002). In previous
experiments in which PAX3-FKHR was manipulated in
vivo, fewer migrating neural crest cells were observed
(Anderson et al. 2001), and mice had cardiac defects,
probably as a result of neural crest perturbations (La-
gutina et al. 2002). This may have been caused by inter-
ference with a repressor function of Pax3; however, it is
striking that the Pax3/AX3-FKHR-IRES-nlacZ g]]ele that we
describe restores neural crest migration in the Pax3 mu-
tant background. The previous Pax3-FKHR allele
showed a low level of expression, perhaps owing to the
presence of the Pgk-Neo cassette (Lagutina et al. 2002).

Our analysis of the Pax3PAX3-FKHR-IRESnLacZ/+ pheng-
type focuses on myogenesis. Although expression of
PAX3-FKHR, in the absence of Pax3, rescues the skeletal
muscle phenotype of Splotch mutants, it also results in
anomalies that illustrate the activator function of Pax3
and demonstrate that both MyoD and c-met are targets.
Interestingly, c-met is strongly expressed in the dorsal
neural tube of embryos expressing PAX3-FKHR, but not
in the control embryos (Fig. 6A,B). However c-met is not
induced at other sites of Pax3 expression, such as in the
fronto-nasal processes or neural crest cells, suggesting
that Pax3 activation of c-met is also regulated by tissue-
specific factors. Activation of MyoD expression is lim-
ited to sites of myogenesis, and PAX3-FKHR does not
lead to MyoD transcription in nonmesodermal deriva-
tives such as the neural tube or facial processes (Fig. 7).
It had been shown previously that PAX3-FKHR is able
to bind and directly transactivate the c-met promoter
in vitro (Epstein et al. 1996). In contrast, in similar trans-
activation experiments in cultured cells, we show here
that PAX3-FKHR activation of MyoD is indirect (Fig.
7S). The Six homeoproteins are potential intermedi-
aries (Relaix and Buckingham 1999), and it is notable
that Six1, expressed in myogenic precursors, was found
to be up-regulated by PAX3-FKHR in cultured cells
(Khan et al. 1999). Six1 or Six4 is expressed within the
muscle lineage in a wider domain than Pax3, which pre-
vented analysis of ectopic activation of these genes in
Pax3PAXS-FKHR-IRESnLacZ[+ emhryos (data not shown; see
Ozaki et al. 2001; Laclef et al. 2003a,b). However, we did
not find evidence for up-regulation of Eyal or Eya2,
which encode Six cofactors and are part of the regulatory
cascade, in Pax3PAXS-PKHR-IRESnLacZ/+ embryos (data not
shown). This suggests that the relationship between
Pax3 and the Six/Eya/Dach genetic cascade may be more
complex than previously proposed. Analysis of Myf5 and
Splotch single and double mutants showed genetically
that either Myf5 or Pax3 is required for activation of
MyoD and subsequent myogenesis in the trunk and
limbs (Tajbakhsh et al. 1997). This loss-of-function study
is now complemented by the gain-of-function analysis
reported here, which shows that PAX3-FKHR leads to



overactivation of MyoD, while having no effect on Myf5,
which is in a parallel genetic pathway. Thus transcrip-
tional activation by Pax3, although indirect, is sufficient
for MyoD expression in vivo. This is in keeping with the
observation that ectopic expression of Pax3 in chick em-
bryo explants results in MyoD activation (Maroto et al.
1997). However, in these experiments Myf5 was also ac-
tivated by Pax3. Ectopic overexpression of Pax3, fol-
lowed by 5 d of culture, may have led to perturbations in
other components of the explants, which then affect
Myf5 activation, possibly implying that the myogenic
regulatory cascade differs between birds and mammals.

Overexpression of c-met has the most dramatic con-
sequences in the interlimb region, where the gene is nor-
mally expressed in the hypaxial dermomyotome, but
where, in the absence of the ligand, HGF/SF, Met signal-
ing is not activated. The introduction of beads coated
with HGF/SF leads to delamination and migration of
c-met-expressing cells from thoracic somites of chicken
embryos (Brand-Saberi et al. 1996; Heymann et al. 1996),
and indeed, with Fgf, can result in ectopic limb forma-
tion (Cohn et al. 1995). Overexpression of c-met in the
presence of PAX3-FKHR is not accompanied by any
change in HGF/SF expression, but nevertheless results in
ectopic delamination of cells from somites in the inter-
limb region. The role of c-met in this phenomenon is
confirmed, genetically, by the abrogation of the delami-
nation phenotype as the number of c-met alleles is re-
duced. We show that the Met receptor is present as a
phosphorylated form, which is diagnostic of activated
Met signaling. Such ligand-independent Met dimeriza-
tion has been observed previously in tumors that express
high levels of Met (Bergstrom et al. 1999). The fact that
this can occur in vivo points to the importance of con-
trolling the extent of c-met activation during develop-
ment. The PAX3-FKHR result indicates that Pax3 is a
key regulator of c-met in the somite. The activation of
Met signaling is probably one of the reasons that the
PAX3/FKHR translocation leads to rhabdomyosarcomas.
It has been shown that c-met is expressed in ARMS with
the t(2;13) translocation (Epstein et al. 1996; Ginsberg et
al. 1998), and the implication of the Met pathway in
rhabdomyosarcomas is also suggested by a recent report
that showed that aberrant expression of HGF/SF results
in an embryonal variant of rhabdomyosarcoma in mice
with a deletion in the tumor suppressor locus Ink4a/Arf
(Sharp et al. 2002). Mice with the Pax3"AXS-FKHR-IRESnlacZ
allele die at birth, and show no signs of tumors. It re-
mains to be seen whether activation of this conditional
allele postnatally will result in ARMS or whether tumor
formation depends on a second mutation in a tumor-
suppressor gene.

The Alveolar subtype of RMS is much more meta-
static than its embryonal RMS counterpart (ERMS),
which does not express PAX3-FKHR. This metastatic
behavior is the main reason that ARMS is much more
malignant than ERMS. The ability of Met to enhance
cell dissociation, motility, and survival is probably im-
portant in neoplastic invasion and migration to meta-
static sites of many tumors (Birchmeier et al. 1997; Tru-
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solino and Comoglio 2002). Our results in the embryo
show a role for ligand-independent Met signaling that
may be a critical pathological factor in PAX3-FKHR-as-
sociated metastasis.

Perinatal death of Pax3PAX3-FKHR-IRESnlacZ+ fetyges is
probably caused by respiratory failure because of the rib
phenotype. This is also seen with mice mutated for the
myogenic factor genes Myf5 (Braun et al. 1992; Tajba-
khsh et al. 1996) and Myogenin (Vivian et al. 1999, 2000),
where it is a secondary consequence of perturbations in
skeletal muscle formation. Precisely why distal rib de-
velopment is affected is not clear. It may be because of
the disorganization of later muscle masses in the trunk,
which is also seen in the presence of PAX3-FKHR or,
indeed, in the absence of Pax3; Splotch mice also have a
rib phenotype (Henderson et al. 1999). However, in Myf5
mutant mice, the early myotome does not form, and it
has been proposed that this affects the underlying sclero-
tome from which the ribs derive (Braun et al. 1992;
Huang et al. 2000). In the case of Pax3 loss- or gain-of-
function mutants, the myotome is present, but compro-
mised hypaxially as a result of loss of the hypaxial der-
momyotome, limiting affects on the sclerotome to this
location. Indeed, it has been shown recently that this is
the site of distal rib formation, which takes place in close
proximity to the hypaxial (dermo)myotome in conjunc-
tion with the formation of intercostal muscles (Evans
2003).

Trunk muscles remain disorganized at later develop-
mental stages in Pax3VAXS-FRHR-IRESnlacZ+  emhryos,
whereas those in the cervical region and limbs that are
also subject to overexpression of c-met recover, suggest-
ing differential regulation of muscle growth and pattern-
ing between these and the thoracic region. In the case of
the limbs, there is ectopic recruitment of myogenic cells
that are already expressing Myf5 and MyoD. Normally
these genes are only activated once somitic cells reach
the limb buds (Sassoon et al. 1989; Tajbakhsh and Buck-
ingham 1994). This is in contrast to myogenic cells of
the hypoglossal cord, for example. However, these cells
move as a coherent mass, rather than as the loosely mi-
grating mesenchymal cells seen at limb level. Appar-
ently, the presence of myogenic determination factors
and hence the initiation of the myogenic program does
not prevent Met/HGF-mediated migration to the limb
bud. Overexpression of MyoD, which is very evident in
cervical as well as thoracic somites, does not appear to
have deleterious consequences in the long term. In the
thoracic region, ectopic activation of MyoD due to
PAX3-FKHR in cells that delaminate abnormally be-
cause of an excess of Met, leads to muscle cell differen-
tiation. Notably this takes place in the absence of Myf5,
which is not affected by PAX3-FKHR.

Perturbations in somitogenesis have an indirect effect
on myogenic progenitor cells, whether they subse-
quently activate Myf5 or MyoD. In the absence of Pax3,
the epithelial dermomyotome is severely affected with
reduction and abnormal bifurcations of the epaxial ex-
tremity and loss of the hypaxial part. The central dermo-
myotome is probably less affected because of Pax7 ex-
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pression (F. Relaix and M. Buckingham, in prep.). In ad-
dition to its role, through c-met activation, in the
epithelial/mesenchymal transition exemplified by the
delamination of myogenic progenitor cells, Pax3 also
promotes epithelialization. This has been documented
in mesenchymal mammalian cell lines, in which expres-
sion of Pax3 induced cytoskeletal changes and increased
cell adhesion, accompanied by changes in cell size and
shape (Wiggan et al. 2002). Mild perturbations of somite
structure, for example, epaxial bifurcations revealed af-
ter Myf5 in situ hybridization (Fig. 7F), may reflect minor
deregulation of somite epithelialization in the presence
of PAX3-FKHR, independent of later effects due to ecto-
pic delamination of c-met-expressing cells. In a Pax3-
null background, PAX3-FKHR corrects the loss of the
hypaxial dermomyotome. It is clear that Met, which can
also play a role in cell proliferation/survival, is not im-
plicated in this aspect of the Splotch phenotype, because
in c-met mutant mice the epithelial dermomyotome is
unaffected. It is probable that the apoptosis documented
in Splotch mutants (Borycki et al. 1999) is avoided by
activation of antiapoptotic genes targeted by Pax3/
PAX3-FKHR, in addition to genes involved in epitheli-
alization. A p53 loss-of-function mutation rescues apo-
ptosis and neural tube defects in the Splotch mutant
(Pani et al. 2002), pointing to the role of Pax3 as an in-
hibitor of p53-dependent apoptosis.

In conclusion, PAX3-FKHR can replace Pax3 in the
transcriptional activation of a number of key genes in-
volved in somitogenesis and myogenesis. Among these,
c-met and MyoD are shown to be targets of this gain-of-
function allele. Their overactivation has interesting im-
plications for Met functioning and for the onset of myo-
genesis. Furthermore, overactivation of Pax3 pathways
in a myogenic context probably underlies the formation
of human rhabdomyosarcoma that results from the
PAX3/FKHR translocation.

Materials and methods

Targeting vectors and mice

To target the Pax3 locus, we isolated a 10-kb Clal fragment
containing 6 kb of the 5’ region and exons 1-4 of Pax3, from a
bank of 129/sv mouse DNA selected for 9-11-kb size fragments
after digestion with Clal. This fragment was then used to gen-
erate a Pax3/RESnLacZ targeting vector containing 3 kb of ge-
nomic sequence (in part by PCR, followed by sequencing), 5’ to
the Pax3 gene in which an IRESnLacZpA reporter cassette re-
places exon 2 (which contains the start of the paired domain)
followed by a floxed PGK-Puromycin-poly(A) selection cassette
and 3 kb of genomic sequence extending to the Clal site in exon
4. The poly(A) sequence used in these cassettes was that of the
bovine growth hormone mRNA (Meilhac et al. 2003). The
Pax3PAXS-FRHR-IRESnLacZ ¢argeting vector contained 2.4 kb of 5
genomic region, replacing the coding sequence of exon 1, up to
the BamHI site, 20 bp 3’ of the splice donor site of exon 1, to
remove any possibility of translational reinitiation, and 4 kb of
3’ sequence containing exons 2-4. In addition, a PGK-DTA cas-
sette encoding the A subunit of the Diphtheria Toxin gene
(Meilhac et al. 2003) was inserted 5’ of the constructs to allow
for negative selection in ES cells. The Pax3/RESalacZ targeting
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vector was electroporated into HMI ES cells according to Mei-
lhac et al. (2003), and the Pax3PAX3-FKHR-IRESnLacZ taroeting vec-
tor was electroporated into CK35 ES cells (Kress et al. 1998). ES
cells were selected and screened for recombination events by
Southern blot analysis using EcoRV digests and a 5’-flanking
probe (Fig. 1). Targeted ES cells were recovered with a 0.5%-1%
frequency and injected into blastocysts to generate chimaeras.
Germ-line-transmitted alleles were identified by the classical
Splotch heterozygote phenotype (lack of melanocyte coloniza-
tion of the belly), and by PCR or Southern blotting.

c-met mutant mice were genotyped by PCR according to pub-
lished conditions (Maina et al. 1996). Pax3PAXS-FRHR-IRESnLacZ |
c-met”® compound mutants were generated by cross-
ing PaXS(Pqu)PAXS—FKHR—IRESIlL(IcZ/+/C_metD/+ males with
PGK-Cre/c-metP* (Lallemand et al. 1998) females, and
Pax3PAX3-FRHR-IRESnLacZ[+ |o.metP/P embryos were recovered at
the expected frequency of 1/8 PaXSPAXS—FKHR—IRESHLacZ/SpZothz
compound mutants were  generated by  crossing
Pax3(Turo/PAXS-FRHR-IRESnLacZ[+ males with PGK-Cre/Splotch
(Lallemand et al. 1998) females, and Pax3"AX3-FKHR-IRESnLacZ/Sp
embryos were recovered at the expected frequency of 1/4 (PGK-
Cre is maternally expressed and therefore does not require
germ-line transmission to be functional).

X-Gal staining, histology, immunohistochemistry,
whole-mount in situ hybridization, and
whole-mount immunohistochemistry

We collected mouse embryos after natural overnight matings;
for staging, fertilization was considered to take place at 6 a.m.
For X-Gal staining, dissected embryos were fixed for 10-30 min
(depending on the stage) with 4% paraformaldehyde (PAF) in
PBS, on ice. Embryos were rinsed twice with PBS, then stained
with X-Gal (Roche), using 0.4 mg/mL X-Gal in 2 mM MgCl,,
0.02% NP-40, 0.1 M PBS (pH 7.5}, 20 mM K,Fe(CNJ,, and 20
mM K,Fe(CN) at 37°C for 4-16 h, with shaking. Embryos were
rinsed in PBS and postfixed overnight in 4% PAF. For histologi-
cal analysis, sections (12 pm) were prepared from X-Gal-colored
embryos and stained with eosin according to standard proce-
dures. Genotyping for whole-mount in situ hybridization was
carried out by X-Gal staining in X-Gal + 0.2% PAF for 30 min
following 1-2 h fixation in 4% PAF, on ice. When light color had
developed, embryos were rinsed in PBS and postfixed overnight
in 4% PAF. Whole-mount in situ hybridization with digoxi-
genin-labeled riboprobes was performed as described (Tajbakhsh
et al. 1997). MyoD and Myf5 riboprobes have been previously
described (Tajbakhsh et al. 1997). The c-met probe was kindly
provided by C. Birchmeier (Bladt et al. 1995), and the Pax3 probe
was kindly provided by P. Gruss. Fluorescent coimmunohisto-
chemistry was done according to Daubas et al. (2000), using the
following antibodies: polyclonal anti-B-Gal (Molecular Probe;
diluted 1:200), polyclonal anti-Laminin (Sigma; 1:200), mono-
clonal anti-B-Gal (Sigma; 1:200), monoclonal anti-MyoD
(DAKO; 1:200), monoclonal anti-Phospho-Met (Tyr 1234/1235,
Cell Signaling; 1:50). Whole-mount immunohistochemistry
was done according to Guris et al. (2001), using a mouse mono-
clonal anti-troponin T antibody (Sigma; 1:200) and a mouse
monoclonal anti-desmin antibody (DAKO; 1:200). Alizarin red-
Alcian blue staining of bone and cartilage was done according to
Braun et al. (1992).

Generation of transgenic embryos

To generate Pax3 reporter embryos, oligonucleotides containing
the Pax3 consensus binding site defined by Epstein et al. (1996)
were multimerized. The sequence of the oligonucleotides is as



follows: CSSPax3-A, 5-CCTCGTCACGCTTCGAATGT-3;
and CSSPax3-B, 5'-GGGACATTCGAAGCGTGACGA-3'. The
oligonucleotides were annealed and polymerized. Concate-
meres containing five binding sites were gel-purified, and
cloned into a TK-nLacZpA vector, which contains the nlacZ
reporter gene under the control of the thymidine kinase (TK)
promoter (Hadchouel et al. 2003), into an Sfil site located 5’ to
the TK minimal promoter. A 7.4-kb plasmid fragment for injec-
tion was isolated using Xhol and Notl as described previously
(Kelly et al. 1995). Transgenic mice were generated as previ-
ously described (Hadchouel et al. 2003). Embryos were har-
vested at E10.5 and X-Gal-stained.

Transient transfection experiments

The MyoD-TK-nLacZ reporter was described previously (Primig
et al. 1998). For (e5)5-TK-nlacZ, oligonucleotides containing
the Pax3-binding site found in the MITF promoter (cccttgtctat
TAATactactGGACtaaaga) were annealed and polymerized five
times in front of the TK-nLacZ reporter construct. Transient
transfections, B-galactosidase, and Luciferase assays were per-
formed as described (Primig et al. 1998).
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