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The concerted action of Meox homeobox genes is required
upstream of genetic pathways essential for the formation,
patterning and differentiation of somites
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Summary

The paraxial mesoderm of the somites of the vertebrate with extremely disrupted somite morphogenesis,
embryo contains the precursors of the axial skeleton, patterning and differentiation. Mutant animals lack an
skeletal muscles and dermis. TheMeoxl and Meox2  axial skeleton and skeletal muscles are severely deficient.
homeobox genes are expressed in the somites and their Our results demonstrate that Meox1 and Meox2 genes
derivatives during embryogenesis. Mice homozygous for a function together and upstream of several genetic
null mutation in Meox1 display relatively mild defects in  hierarchies that are required for the development of
sclerotome derived vertebral and rib bones, whereas somites. In particular, our studies place Meox gene function
absence oMeox2function leads to defective differentiation  upstream of Pax genes in the regulation of chondrogenic
and morphogenesis of the limb muscles. By contrast, mice and myogenic differentiation of paraxial mesoderm.
carrying null mutations for both Meox genes display a

dramatic and wide-ranging synthetic phenotype associated Key words: Somite, Myogenesis, Chondrogenesis, Homeobox

Introduction implements periodic inhibition of Notch signalling to establish

A kev feat fth | fth t t is th negative feedback Ioo_p, which controls the cyclic expression
ey feature of the body plan of the vertebrate embryo is gé genes in the presomitic mesoderm (Dale et al., 2003).

presence of somites, which are transient segments of i Th ¢ 1 i terni d diff tiati f
paraxial mesoderm flanking the notochord and neural tube. € correct formation, patterning and difierentiation o

Somites form as epithelial blocks of cells, which bud off in asomites requires the activity of at least several genetic

: . . : athways. Wnt signals from the surface ectoderm are
highly coordinated fashion from the anterior end of theID plicated in somite epithelialisation (Borycki et al., 2000),

unsegmented presomitic mesoderm (PSM). The strict tempor.

_and spatial regulation of somitogenesis Is of fundament rmation of epithelial somites (Burgess et al., 1996; Johnson
importance, because segmentation of structures such as N 2001)

peripheral spinal nerves, verte_brae, axial m.usc_:I(_as and €aryMmutations in the Notch pathway disrupt not only the
blood vessels, develops according to the periodicity of Som%

. g o . tterning of the PSM but also anteroposterior polarity of
segmentation. Each somite is subdivided into rostral and caudgl ites (Barrantes et al., 1999). Foxcl and Foxc2 are both

compartments that differ in adhesive properties and gengqyired for the formation of segmented somites, and may
expression, and this differentiation patterns the spinal nervggnction by interaction with the Notch signalling pathway in
and ganglia and is also the mechanism that maintains bordgfg anterior presomitic mesoderm (Kume et al., 2001).
between segments. ) ~ Whereas mutations in Eph, Ephrin and cadherin genes in mice
Experimental and gene-expression data strongly indicaigave not revealed phenotypes — in contrast to zebrafish (Durbin
that the generation of somite periodicity and the establishmeagt 3|, 1998) and frog embryos (Kim et al., 2000) — affecting
of rostrocaudal polarity takes place before segment-bordgomite boundaries, a dominant-negative papc (cadherin)
formation in the apparently homogenous PSM. Studies aholecule disrupts the epithelial organization of cells at the
knockout mice have confirmed that the Notch/Delta signalingegmental borders between somites in transgenic mice (Rhee
pathway has a crucial role in establishing both temporadt al., 2003).
periodicity in the PSM and rostrocaudal polarity in somite A large body of evidence, from both in vitro and in vivo
primordial (reviewed by Pourquie, 2001; Saga and Takeda&xperiments (reviewed by Brent and Tabin, 2002), indicates
2001). Evidence of the molecular nature of the oscillator hathat antagonism between different signals from adjacent tissues
emerged recently from studies that demonstrate lunatic fringe required to subdivide the somite into distinct compartments:

d the paraxis bHLH transcription factor is necessary for the
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the ventral mesenchymal sclerotome that generates tlpablished separately (S.S., B.M., C.W., V.P. and H.A., unpublished).
chondrogenic axial skeleton, and the dorsal epitheliaMolecular analysis of a transgenic line identified a recessive
dermomyotome that forms the skeletal muscles of the trunkjsertional mutation led to the conclusion that a DNA fragment
thought to be the ventralising signals for sclerotome inductiorP’®moter, the 1.1 kb HTLV1 Tax cDNA, and part of intron 2 and non-
and WNT proteins are involved in establishment of the dors&{°ding exon 3 of the mougeglobin gene, had inserted fortuitously

d in of th ite. BMP si | iqinating in the lat first intron of theMeox1gene and ending 31.2 kb downstream of
omain or the somite. signais, originating in the lateray,q stop codon, deleting a total of 45.4 kb of DNA. The allele was

mesoderm, negatively regulate the spatial and tempor%:]ven the full designatioMeoxT9N2627ARNand is here referred to as
activation of somitic myogenesis (Reshef et al., 1998) anfjieoxim (insertional mutant). A knockout allele iMeox1 was
positively regulate lateral somitic cell fates (Pourquie et al.generated by established procedures in ES cells. Upon homologous
1996; Tonegawa et al., 1997). It is likely that noggin-mediatedecombination, the transcription start site, the entire exon 1, including
antagonism of BMP signaling is required for both myotomathe translational start codon, and 2.3 kb of the flanking intron 1 of
and sclerotomal development (McMahon et al., 1998). Therdeoxlwere deleted. Chimaeric males from four independent clones

somitic cells to respond to BMPs to induce chondrogenes omozygous animals derived from these clones had identical
(Murtaugh et al., 1999) phenotypes. According to nomenclature rules, this allele carries the

X ) . . full designationMeox¥M1BSMand is here referred to Meoxt. The
The induction oPaxlandPax9gene expression by SHH is rgeted disruption of théleox2 gene Meox2) been described

necessary for vertebral and rib formatiorj (Pe;ers et_al.! 199 reviously (Mankoo et al., 1999). ThdeoxT and Meox2 alleles
andFoxc2is required for sclerotome proliferation (Winnier et were kept on a mixed C57BL/6//129/0la background aniee<im
al., 1997). Targeted mutagenesis of the MRF family of bHLHallele on a mixed C57BL/6//C3H/Hed background.
transcriptional activators (MYF5, MYOD1, myogenin, MRF4) o _ _
in the mouse has revealed an essential, but different, role fBtermination of recombinant embryonic stem cells and
members of this gene family in the formation of skeleta@enotyping of animals o
muscle (reviewed by Arnold and Braun, 2000), &as3and Details on the molecqlar .|dent|f|cat|on of the transgene insertion of
Myf5 are required for the expression Mfyodlin the trunk Meoxland the determination of all mutant genotypes can be obtained
(Tajbakhsh et al., 1997). Long range signaling by SHH has ' "eduest.
role in the induction oMyf5 gene expression in the dorsal Histology, in situ hybridisation and skeletal preparations
somite (Gustafsson et al., 2002). , , For histology, embryos or tissues were fixed in Bouin's fixative,
We have previously described the isolation of the MEOXjehydrated and embedded in paraffin wax. Serial sectiqma)@/ere
sub-family of homeobox transcription factors (Candia et al.stained with Haematoxylin and Eosin. For semi-thin sections the
1992; Candia et al., 1996). BdtheoxlandMeox2genes have tissues were embedded in epoxy resin and sections were cut with a
characteristic expression in the somites of the paraxialass knife. Whole mount in situ hybridization was performed as
mesoderm in vertebrate embryddeox1mutant mice display Previously described (Mankoo et al., 1999). For cryosectioning,
defects restricted to sclerotomal derivatives, the vertebrae agfbryos were postfixed in 4% paraformaldehyde, equilibrated in 30%
ribs are fused (S.S., B.M., C.W., V.P. and H.A., unpublished)3Ycros¢ a(‘j”d eg‘be.dde‘j n OST' ?ke'etfa'AFr.epaé?t'ons gf/&‘l.e""b.o”:?p‘éps
; Were produced using a combination of Alcian Blue and Alizarin Re
By contrast, theMeox2 mutation produces a phenotype thatstainir?g. 9
affects the development of the limb muscles (Mankoo et al’,
1999). Meox2is required for the expression B&x3RNA in
migrating Iimp myoblasts; and also fpr 'ghe inductionWff5  Results
gene expression, but not thatMyod2, in limb myoblasts. As ) )
each single Meox gene mutation affected only a subset éWnormal development of the axial skeleton in the
somitic derivatives, despite a largely overlapping expressiofiPsence of Meox gene activity
pattern, this raised the possibility the two genes havéo investigate the role of Meox genes during mammalian
overlapping functions and are capable of compensating for ea€inbryogenesis, we generated mice carrying null mutations at
others absence. To investigate the combined function of tibe loci of the known members of this familyteox1 and
MEOX subfamily of homeoproteins, we crossed mutations foMeox2 Two null alleles of theMleox1locus were used. The
both MeoxlandMeox2 The complete absence of Meox geneMeox1™ allele was produced by the fortuitous insertion of an
activity resulted in unexpected and severe defects in somitéTLV-1 Taxtransgene into first intron of tideox1locus that
development. The axial skeleton and most skeletal muscleeleted the rest of the gene (S.S., B.M., C.W., V.P. and H.A,,
were not formed. Somite epithelialisation and rostrocaudainpublished), while theMeox® allele was generated by
somite patterning were also disrupted, as was the maintenariésgeted mutagenesis in embryonic stem (ES) cells, deleting
of somite boundaries. BotfleoxlandMeox2genes were also exon 1. Animals homozygous for either of the two alleles did
required for the normal differentiation of cells derived fromnot expressMeoxl mRNA (data not shown) and have
both the sclerotome and dermomyotome. We propose that tadnormalities of the axial skeleton characterised by the
concerted activity of the two Meox genes is an essentigiresence of hemi-vertebrae, as well as rib, vertebral and cranio-
component of the genetic circuitry that regulates somitogenesigertebral fusions, but no apparent defects in skeletal
myogenesis (data not shown). Compound heterozygotes for the
. two Meox1mutant allelesNleox1™-) had the same phenotype
Materials and methods as the single mutant homozygotes (data not shown), supporting
Generation and breeding of mutant mice the conclusion that both mutations have produced null alleles
Details of the generation of the twdeox1 mutations are to be at this locus.Meox2deficient animals Mleox2”) have no
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Fig. 1. Meox1;Meox2nutants have profound axial skeleton
defects. Alcian Blue/Alizarin Red skeletal preparations of
neonates. The forelimbs and shoulder girdle have been removed
for ease of viewing. In contrast to control littermates
(Meox1"—Meox2"~ A and E,n>6), animals with mutations in
bothMeoxlandMeox2genes have defects in the development

of the axial skeleton (B-Hy>6). Meox'Meox2"~ display rib
fusions and deformations, and vertebral bodies at the lumbar
level are split, and tail vertebrae are fused (B,F).
Meox1'—;Meox2'~are less severely affected, there are no rib
defects and lumbar vertebrae appear normal, but tail vertebrae
are malformed and fused (C,®)eoxI’—;Meox2’~animals

lack an axial skeleton (D,H), there are no ribs and, while
ossified, deformed vertebrae are formed at the cervical and
thoracic level; more posterior lumbar vertebrae are present only
as cartilage condensations at the position expected of the neural
arches (arrow in H) and tail vertebrae are completely absent.
The sternum develops, albeit abnormally, in the absence of the
ribs (arrowhead in D). Normally developed neural arches (na)
and vertebral bodies (vb) are identified in E.

elements were detectable at or posterior to the pelvic girdle
(Fig. 1D,H) The occipital skull bones, which are somite
derived, were hypoplastic, whereas other cranial bones
were unaffected (not shown). These observations
demonstrate that strong dosage dependent interactions
betweenMeoxlandMeox2are essential for the formation

of the axial skeleton; each gene can compensate, to a
differing extent, for the absence of the other.

skeletal defects but are characterised by deficiencies in limBkeletal muscle defects in Meox mutants

myogenesis (Mankoo et al., 1999). Compound heterozygotes addition to the skeletal abnormalities, Meox-deficient
(MeoxM; Meox2/~ or Meox1’~; Meox2") displayed no animals had major defects in the development of the somite
abnormalities and were intercrossed to produce mice carryingerived skeletal musculature. Thus, double homozygous
various combinations of wild-type and mutant Meox allelesmytants fleoxt’-, Meox2-) had a severe depletion of the pre-
Animals with a single or no wild-type Meox allele were bornyertebral muscles of the head and neck, and also in the epaxial
at the expected Mendelian ratio (of 1/8 and 1/16, respectivelyparaspinal) and hypaxial muscles of the trunk (abdominal wall
but were severely malformed and died shortly after birth. Mor@nd intercostal) and limb (Fig. 2C,D). As a consequence, it was
specifically, the trunks of such mutants were drasticallyro longer possible to identify individual muscles in the
reduced in length, while the skin was loose and cyanotic. Theutants. Interestingly, the intrinsic muscles of the tongue,
tail in double homozygous mutants (hereafter referred to agespite originating in somitic mesoderm, were relatively
Meoxt’5 Meox2") was reduced to a rudimentary stumpunaffected in the double mutants (Fig. 2A,C). Cranial muscles
lacking skeletal elements (data not shown). _ that do not originate in the somitic mesoderm were generally
Skeletal preparations of animals carrying a single wild-typeinaffected (data not shown), including the masseter and extra-
Meoxlallele (Meox1’-, Meox2") displayed defects affecting ocular muscles that do express Meox genes during embryonic
the axial skeleton; the ribs were normal, and vertebral defecifevelopment (Candia et al., 1992). The failure of the epaxial
were only apparent at posterior levels (Fig. 1C,G). Animals witkikeletal musculature to develop normally was associated with

a single wild-typeMeox2 allele (MeoxX’~, Meox2™) were the absence of the overlying brown adipose tissue (Fig. 2D).
more seriously affected; ribs were present but with fusions, and

vertebral bodies were split at the lumbar level, while posteriofistological analysis reveals that somite formation

to the pelvic girdle poorly differentiated cartilaginous element@nd patterning require Meox genes

were seen in place of vertebrae (Fig. 1B,F). Skeletalrhe rib, vertebral and occipital bone defects and the muscle
preparations of double mutantd€oxt’—Meox2") revealed a abnormalities of mice lacking MEOX proteins indicate that the
striking phenotype, these animals lacked a normal vertebrabmbined function of Meox genes is required for normal
column, which was largely replaced by two strips of fusedomitogenesis. To analyse the processes of somite patterning
cartilage, corresponding in position to the neural arches. Theend differentiation in Meox-deficient embryos, we examined
was no cartilage or bone present in the ventral midline thkistological sections from E9.5-10.5 double mutants. Contrary
location of vertebral bodies; and, although centres ofo control embryos, in which newly formed somites appeared
ossification were observed at the cervical and thoracic level @as well defined epithelial spheres that differentiated into a
the axial skeleton, neither normal vertebrae nor ribs werdorsal epithelial dermomyotome and a ventral mesenchymal
observed (Fig. 1D). In addition, no skeletal or cartilaginousclerotome, the newly generated somites of mutant embryos
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Fig. 2. Skeletal muscle abnormalities in Meox double mutants.
Transverse paraffin wax-embedded sections of control (A,B) and
mutant (C,D) foetuses at E16.5, at the level of the tongue (A,C) and
forelimbs (B,D) demonstrating that most skeletal muscles are absen
or reduced in size in the mutant. These include: the prevertebral
muscles of the neck (black arrowhead in A and C), the epaxial (blackig_ 3. Defective somitogenesis in the absence of Meox gene
arrow) muscles of the trunk and also the hypaxial muscles of the  fynction. (A,B) Thin resin sagittal sections of the caudal region of
trunk including those of the abdominal wall (white arrows) and E9.5 embryos. Unlike those of contidEox1’—Meox2”- embryos
intercostal muscle§ (white arrowhead). The brown fat overlying the (A), newly formed somites from double mutaméox'—Meox2~
shoulder muscles in control foetuses (* in B) was also absent in embryos (B) are irregularly shaped and sized (compare sizes of bars),
mutants. t, tongue; |, lung; h, heart. not organized into epithelial spheres and the basal lamina that
normally surrounds each somite is no longer evident between
somites (black arrows), although it is present dorsal and ventral to

were irregular in shape and failed to epithelialise. The basapmites (white arrows). (C,D) Transverse rostral sections of E10.5

. . embryos. The epithelial dermomyotome (arrow), characteristic of
lamina that normally surrounds each somite and Sep"’"""te"snlgture differentiated somites in controls (C), is absent in

from its m_alghbours was no longer detectable between SOMItqeox1-Meoxalouble homozygous mutants (D). n, neural tube,
although it was clearly present both dorsally and ventrally t@c, sclerotome. (E,F) Longitudinal sections of E10.5 embryos. The
the somites of double mutant embryos (Fig. 3A,B). Moreoversegmented organization of adjacent sclerotomes (dashed lines) in
no evidence of differentiation into morphologically identifiable controls (E) is absent in double Meox mutants (F). Furthermore, the
compartments was observed in more mature somites of mutaatteroposterior polarity of each sclerotome, consisting of a rostral
embryos (Fig. 3C,D). In addition, the segmented organisatiofelf () and denser caudal half (c) is not apparent. The epithelial

of the ventral sclerotome (which normally gives rise to thedermomyotome in controls (E, arrows) is again not evident in
vertebral bodies, neural arches and pedicles of vertebrag,Utants (F). (G,H) Para-sagittal sections of control and mutant
resulting from the alteration of anterior and posterio ;nbrrggjla?rtlfsligfd !‘ngoggggee dm(térygfr})tai)qf)g,sﬁi)ﬁigﬁa?hge';?ér?(;)
sclerotqme halves (com.posed of loose and dense mesenc_:hyr&éeven in size and spacing and often fused in mutants (H, arrows).
respectively), was lost in mutants and replaced by a uniform

unsegmented mesenchyme (Fig. 3E,F). The alteration of

anterior and posterior properties of each somite patterns the ] S

dorsal root ganglia (DRGs) and spinal nerves. As a result dflolecular analysis of epithelialisation and

the Meox double mutation, DRGs, which normally Patterning of somites

differentiate in the anterior half of the sclerotome of eachlo investigate the molecular mechanisms that underlie the
somite, were irregular in shape and size and fused togetheorphological defects in somite patterning and differentiation
(Fig. 3G,H) and similarly spinal nerves were irregular inobserved in Meox-deficient animals, we analysed the expression
spacing and direction (data not shown). of molecular markers of somitic cell lineages by in situ
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+/- /- -/-;-/- Fig. 4. Somite epithelialisation and patterning requires both Meox
A B genes. In situ hybridization analysisNésp2(A,B), paraxis (C-F)
andDII1 (G-J) expression in control (A,C,E,G,I) and double
X | > Meox 1 Meox2’-mutant (B,D,F,H,J,) embryos at E9.5. In A,B,E-N
. (=== 5 the caudal end of the embryo is towards the right. (A,B) Dorsal
aspects oMesp2expression in the rostral presomitic mesoderm.
- Control (A) and mutant (B) embryos have similar expression
cC =i I profiles. Expression of paraxis in whole-mount preparations (C,D)
and para-sagittal sections (E,F). In controls (C,E), paraxis is
expressed throughout the epithelial somites, but double mutant
embryos (D,F) express paraxis in a dorsally restricted domain.
Furthermore, this expression is not maintained in older, more rostral,
somites. Expression @fll1 in caudal (G,H) and rostral (I,J) somites.
In control embryos (GPII1 is expressed at high levels in presomitic
mesoderm (black arrowhead), the caudal halves of newly formed
somites (arrows) and the neural tube (white arrowhead). In mutants
(H), DII1 is expressed at high levels in the presomitic mesoderm
(black arrowhead), but its expression in somites is virtually
extinguished, whereas the neural tube expression remains (white
arrowhead). (IDII1 is expressed in the myotome (arrows) of anterior
differentiated somites of control embryos, and in the neural tube
(white arrowhead). In mutants (J), the myotome expression is fused
ventrally (arrows). (K-N) In situ hybridization analysisEfha4
(K) In control embryosMeox1’/—;Meox2"-, dorsal views oEpha4
expression show a broad stripe (arrowhead) in the most rostral
presomitic mesoderm (in the next somite to form) and a narrow stripe
of expression (arrow) in the rostral half of the most recently formed
somite. In embryos with one wild-type Meox allele,
Meox 1= Meox2'~ (L) andMeoxt'Meox2"- (M), the rostral
somite stripe of expression (arrow) is less refined. In
Meox I Meox2/-mutants (N) the rostral half-stripe Bpha4
expression is absent and only the posterior stripe (arrowhead) is
visible.

Mesp2

paraxis

Dilt

The formation of somites emerging at the most anterior end of
the pre-somitic mesoderm was also analysed using paraxis
(Tcfl5 — Mouse Genome Informatics), a gene that is normally
expressed throughout the epithelial somites and in the epithelial
dermomyotome of mature somites (Burgess et al., 1995) (Fig.
4C,E). In double Meox mutants, paraxis expression in newly
formed somites, albeit segmental, was restricted to a narrow
dorsal domain (Fig. 4D,F), similar to that seen vidiiL (not
shown). No signal was detected in more anterior somites
indicating that the dermomyotome-specific expression of paraxis
was absent. These data suggest Mabx1l and Meox2 are
important for epithelialisation events in the newly formed somites
and of the dermomyotome. Paraxis is essential for somite
hybridisation.Meoxlis expressed in the most rostral part of theepithelialisation (Burgess et al., 1996) and, therefore, the reduced
pre-somitic mesoderm and throughout newly formed somitegaraxis expression could explain the absence of epithelialisation
while Meox2is first expressed concomitant with the formationof newly formed mutant somites and the absence of an epithelial
of epithelial somites. The initial formation of somites is knowndermomyotome in older somites. Paraxis is also implicated in
to be dependent on the function of the Notch signalling pathwayaintaining the anteroposterior polarity of somites (Barnes et al.,
in the pre-somitic mesoderm to establish boundaries antbB97; Johnson et al., 2001), and the disruption of paraxis gene
anteroposterior somite patterning (Barrantes et al., 1999; Sagapression in the absence of Meox proteins could contribute to
and Takeda, 2001). We examined the expression in the rostthe observed defects in somite patterning.
pre-somitic mesoderm of members of the Notch signalling We also examined the expressionDdfl, a member of the
pathway in Meox double mutants. The pre-somitic mesodermotch signalling pathway, which is expressed in the pre-somitic
expression of neitheMesp2 (Fig. 4A,B) norlLfng (data not mesoderm and the posterior half of newly formed somites and
shown) was affected, indicating that Meox gene function is nds required for epithelialisation of somites and establishment of
required for the expression of these genes in the most anteritieir anteroposterior polarity (Hrabe de Angelis et al., 1997). In
pre-somitic mesoderm when segmentation is specified; arieB.5Meox1; Meoxdouble mutants, expressionDii1 in the
supports the histological finding that segmental units are formgate-somitic mesoderm was unaffected, but expression in the
in the paraxial mesoderm of Meox double mutants. newly formed somites was greatly reduced and restricted

EphA4
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Fig. 5. Disrupted sclerotomal differentiation in +/- /- ~-/-;-/- +/- /- [
Meox1;Meoxdnutants. Whole-mount A D G |
preparations of in situ hybridization analysis o :
markers expressed at E9.5 in the sclerotome: .

Pax1(A-F), Pax9(G-J), Twist (K-N) andFoxc2 - v e
(O-R). Representative transverse cryosection: i ¥
whole-mount preparations of control (C,H,L,P l} -
and mutant (F,J,N,R) embryos are shown. ;X =
(A-C) Paxlis expressed at high levels in the '
sclerotome of control embryos (arrowheads),
is not detected in the somites of Meox double A\
mutants (D-F), although branchial arch and lir _
bud expression persists (arrows). The expres: o C 5 -*»" F
of Paxlis first seen shortly after epithelial (

somites form in control embryos (B,C; H
arrowhead), but is not induced in Meox doubl ! ]
mutants (E,F; arrowhead). (GRBax9is also ) _
expressed at high levels in the sclerotome of K M
control embryos (G,H), especially in the caud: B
half-somites (arrowheads). By contrast, doubl »
Meox mutant embryos show greatly reduced .
Pax9expression, most evident in the caudal h
somites (1,J). The residuBax9expression is
restricted to the sclerotomal cells closest to th
neural tube (J). (K-NJwistRNA is detected
throughout epithelial somites, and in the T
sclerotome and dermomyotome of differentiat L - :

somites (K,L). In Meox double mutants (M,N), N ' F
Twistexpression is greatly reduced in somites S i -~ N "
while expression persists in branchial arches . ;

limb buds. (O-R)}oxc2is expressed in control ¥ J Ljf ol i
embryos in sclerotomal cells (O) precedaxl

andPax9 while its expression in the posterior half of somites of mutant embryos is reduced dramatically in the mutant (Q).bUkierdistri
theFoxc2signal on sectional analysis is, however, similar in control (P) and mutant (R) embryos.

Pax9

Pax1
l-q-_,

Twist
Foxc2

dorsally (Fig. 4G,H; data not shown). As visualisedOiil genes that are expressed in the sclerotome and are critical for
expression, the myotomes of anterior somitédéox1; Meox2 normal axial skeleton development (Peters et al., 1999). In E9.5
double mutants were fused ventrally but separated dorsally (Filyleox1; Meoxdouble mutantsPax1mRNA was absent from
41,J). This analysis is consistent with a defect in epithelialisatiothe paraxial mesoderm throughout the anteroposterior axis,
of somites in double mutants. Furthermore, it indicates that iwhile branchial arch and limb bud expression were unaffected
the absence of Meox proteins, the specification of the posteri¢iFig. 5A-F). In addition,Pax9 expression was dramatically
somitic halves is not maintained resulting in somitic fusions andeduced, particularly in the posterior somite halves, resulting
abnormal patterning of DRGs and spinal nerves. in a continuous, albeit anteriorly truncated, band of reduced
To determine whether the observed abnormalities in somitexpression along the anteroposterior axis of the mutant embryo
polarity were a consequence only of defects in specification ¢Fig. 5G-J), further supporting a defect in somite
the posterior half of somites, we examined the expression ebmpartmentalisation.
Ephad At E9.5,Ephadexpression is located in two stripes: a Pax1l mutant animals are characterised by vertebral
broad posterior stripe at the most anterior border of thabnormalities that are milder compared with those observed in
presomitic mesoderm and an anterior stripe in the anterior haileox1; Meox2double mutants (Wilm et al., 1998), whereas
of the most newly formed somite (Barrantes et al., 1999) (FiPax3-deficient animals have normal axial skeletons (Peters et
4K). In all mutants, the posterior stripeEfhadexpression in  al., 1998). Although absence of both functioRaklandPax9
the presomitic mesoderm was not altered. In mutants with onlyenes in one animal results in a more severe defect of the axial
one wild-type Meox allele, the anterior stripe of expression waskeleton (Peters et al., 1999), such a mutant is less severely
present but less refined than in controls (Fig. 4L,M); howevegffected compared witMeoxtMeox2 double mutants. This
in the Meox1; Meox2double homozygotes, the expressionsuggests that additional, non PAX-mediated genetic pathways
corresponding to the anterior half of the prospective somite wasvolved in sclerotome differentiation are disrupted in the
ablated (Fig. 4N), indicating that patterning of the anterior halMeox double mutants. This is supported by the observed loss,

of the somite is also defective in the Meox mutants. in the paraxial mesoderm of double mutant Meox animals, of
) o expression offwist (Fig. 5K-N), a gene that is implicated in

Sclerotome differentiation but not sclerotome myogenic and chondrogenic differentiation (Fuchtbauer, 1995;

specification is perturbed in mutant embryos Spicer et al., 1996). To investigate whether the effedaxi,

To further examine somitic differentiation in Meox-deficient Pax9and Twist expression was due to a failure of sclerotome
animals, we analysed the expressionPakl and Pax9 two  specification, we examined the expressioRad{c2 a gene that
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/it ol

andMyf5 (Maroto et al., 1997; Tajbakhsh et al.,
1997). In E9.5Meoxt Meox2double mutant
embryos, the expression BAx3was severely
reduced in paraxial mesoderm with only a
weak signal observed in the ventrolateral
region of somites at the level of the forelimb
bud (Fig. 6A,B). This signal is likely to
correspond to the precursors of limb myoblasts
that colonise the limbs oMeoxl Meox2
mutants. This finding indicates that despite the
failure of differentiation of an epithelial
dermomyotome, at least a certain degree of
myoblast specification takes place in Meox
double mutants. A similar reduction was
observed in the expressionRix7(Fig. 6C,D),

an additional marker of dermomyotome (Jostes
et al., 1990). The dramatic attenuatiorPak3
andPax7expression itMeox1; Meox2nutants
indicates that Meox genes function as crucial
regulators of genetic pathways upstream of
Fiq. 6. Requlation of skeletal Pax3andPax7gene _activation. _

9. b. kegulation of skeleta We then examined the formation of
myogenesis iMeox1;Meoxdouble . .

mutants. In situ hybridization analysis myotome  using Myf5 _and myogenin. as
of gene expression at E9.5 féax3 molecular markers (Tajbakhsh et al., 1997;
(A.B), Pax7(C,D), Myf5 (E-H) and Smith et al., 1994). IrMeoxt’—; Meox2/-
myogenin (1,J). Control embryos mutants, the most caudal and rostral somites
(A,C,E,l), Meox mutants (B,D,F,G,H,J). did not expressMyf5, although inter-limb
(A) Pax3is expressed in the somites showed low levels bfyf5 expression
dermomyotome of differentiated that did not extend as far dorsally and ventrally
somites (arrowheads) and the neural a5 in control embryos (Fig. 6E,F). Interestingly,

/— /- .
. tube (arrow). I'Meox1=>Meox2: the expression oflyf5 showed a dependency
embryos (B), howeveRax3is expressed at very reduced levels in the ventrolateral on Meox gene dose, which was not observed

region of the dermomyotome of somites (arrowheads), while neural tube expression . .
remains normal (arrow). The dermomyotoRa&x7expression seen in control embryos W.'th any .Of the Other markers of somite
(arrowheads) (C) is extinguished in Meox double mutantsNJ5 mRNA is localised ~ differentiation described ~above. Although
to the ventrolateral dermomyotome of control embryos (arrowhead, E). In double €mbryos with one wild-typeMeox1 allele
mutant embryos\yfs expression is not detected in caudal somites, and only at redu&pwed some loss ofMyf5 expression
levels in rostral somites (AYlyf5 expression is limited along the dorsoventral axis in compared with controls (Fig. 6G), those
mutants, compared with controls. Embryos with only one wild-type Meox allele haveembryos possessing only one wild-tyydeox2

an intermediate phenotype; those with Meoxlallele (G),Meoxt/—;Meox2'-, were allele showed a significant downregulation of
less severely affected than those with blemx2allele (H),MeoxI'-Meox2". (1.9) In  Myf5 expression (Fig. 6H). The expression of
the absence of Meox gene function, the expression of myogenin was reduced and myogenin which identifies differentiated

limited to inter-limb somites (J). myocytes was affected in a manner that
paralleled that ofMyf5 low levels were

is expressed in ventral somites and plays a key role in ttaetected only in a ventral domain of inter-limb somites of

proliferation of sclerotomal cells (Winnier et al., 1997). WeMeox double mutants (Fig. 61,J); aidyogeninexpression

observed that in the mutants uniformly low levelsFokc2 levels also demonstrated a variation that was dependent on

mMRNA throughout the anteroposterior axis replaced the norm&lleox gene dosage (data not shown). Overall, our analysis

segmental pattern of expression (Fig. 50-R). This presence wfdicates that the combined actionNdéoxlandMeox2genes

Foxc2transcripts indicates that sclerotome is specified in Meois a crucial regulator of genes involved in skeletal muscle

double mutants; however it fails to differentiate further intospecification and differentiation.

anterior and posterior compartments, and their derivatives.

Overall, multiple defects in sclerotome differentiation arepiscyssion

likely to explain the profoundly severe defects in the formation

and patterning of the axial skeletonMéox1; Meoxadouble  Loss of Meox gene function impacts at several

Pax3
Pax7

Myf5

Myogenin

mutants. different levels of somitogenesis

_ The loss oMeoxlandMeox2function from the somitic tissue
Failure of the molecular programme for skeletal generates a synthetic phenotype that could not be predicted
myogenesis in the absence of Meox genes from the phenotype of either single mutant, demonstrating a

To study the mechanisms underlying the skeletal musclstrong interaction between the two Meox genes during
defects, we examined the expression of essential regulatorsmmmalian embryogenesis. Furthermore, the loss of Meox
myogenesis in the dermomyotome and myotome, suPbx®  gene function impacts somite specification and development at
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several different levels, providing further insight into the gengresent study, we have shown that the absence of Meox gene
regulation hierarchies operating during crucial phases dctivity from somitic mesoderm disrupts the expression of all
paraxial mesoderm development. A number of gene pathwaysur somite-expressed Pax genes. Therefore, the differentiation
are affected, involving genes known to have essential functiord somite derivatives into cartilage and muscle requires the
in somite patterning and differentiation. Meox-dependent expression of Pax gene function.
Multiple functions of théNotchpathway have been proposed Interestingly, we have also observed that Meox proteins can
(Barrantes et al., 1999; Takahashi et al., 2000) initially in thénteract with Pax1 and Pax3, indicating that there may be
pre-somitic mesoderm (prior to any Meox gene function) t@ooperativity in the action of these proteins during
segment the mesoderm and establish rostrocaudal polarity eémitogenesis (Stamataki et al., 2001).
presumptive somites; and subsequently in nascent somites to ) )
regulate somite patterning and boundary formation. Th&ossible mechanisms for Meox function
polarity of the somites was disruptedMieoxl Meox2mutants  The patterning and differentiation of somites is governed by
as a consequence of defects in patterning of both anterior andmplex interacting signals that originate in adjacent tissues:
posterior halves, with an associated downregulatioDItff = neural tube, lateral plate mesoderm and surface ectoderm
and Epha4 expression, a phenotype shared with il (Borycki and Emerson, 2000; Correia and Conlon, 2000;
mutants. Our observations indicate that aspects of th@ossler and Hrabe de Angelis, 1998). It is clear that the
phenotype of th#/leox1; Meox2louble mutants are partly (via competition between antagonistic signals is largely responsible
DIl1) explained by a perturbation in théotch signalling  for the patterning of somites and the subsequent fate of the cells
pathway. The irregular and different size of somites is similain the different somitic domains (reviewed by Brent and Tabin,
to that observed iNotchlmutants (Conlon et al., 1995), which 2002). These signals include SHH, noggin, WNT and BMP
also supports our interpretation that the Meox genes aggoteins. Signalling by WNT and SHH molecules, which have
involved in the correct transition of cells from the presomiticbeen shown to act at a distance greater than the length of a
mesoderm into somites. somite in vitro (Fan et al., 1997; Fan et al., 1995), appears to
The phenotype dfleox1/Meoxdnutants resembles aspects be responsible for the subdivision of the somite into dorsal and
of the Foxcl/Foxc2compound mutants (Kume et al., 2001); ventral subdomains respectively. Furthermore, Sfrp2 is a SHH-
however, the effect of the Foxc mutations seems to impact atducible WNT antagonist that can block the dermomyotome-
the anterior presomitic mesoderm prior to Meox genenducing properties of WNTSs in explants (Lee et al., 2000) and,
expression, indicating that Foxc genes do not function directlgonversely, GAS1 may function as a WNT—induced inhibitor
to activate Meox expression. of SHH activity in the dorsal somite (Lee et al., 2001). BMP
The most dramatic aspect of the Meox double mutargignals can negatively regulate the spatial and temporal
phenotype is the severe loss of both ventral (vertebrae and ritetivation of somitic myogenesis (Reshef et al., 1998) and
and dorsal (skeletal muscles) somite derivatives. Theclerotome induction by SHH (McMahon et al., 1998), and
sclerotomal defect itMeoxl Meox2 mutants can be traced positively regulate lateral somite fates (Pourquie et al., 1996;
back to early defects in the specification and patterning of thEonegawa et al., 1997). The suppression of BMP signals by
ventral somite, as revealed by reduced expressioRart, noggin is probably required for both myotomal and sclerotomal
Pax9andTwist This interpretation is further supported by thedevelopment (McMahon et al., 1998). There is also evidence
abnormal dorsal restriction of paraxis expression in the newlgf interactions of these signals, for example, SHH regulates
formed somites. The absenceRafx1linduction in the somite competence of cells to respond to BMP. In the absence of SHH,
phenocopies the effect seen in the absence of hedgehBYIP signals result in lateral plate gene expression, but
signalling in the mouse embryo (Zhang et al., 2001) anébllowing prior exposure to SHH cells respond to BMP by
suggests that a function of Meox genes may be to mediate thelucing chondrogenesis in explant cultures (Murtaugh et al.,
response of somitic cells to hedgehog signals. The sevet®99). As the dorsoventral and mediolateral subdivision of the
defects in skeletal muscles were also due to early defects in teemite is affected profoundly in tiMdeox1;Meox2mutants, it
patterning and differentiation of the myogenic derivatives okuggests that these genes may function to provide competence
the dorsal somite, as revealed by alteration®ar3 Pax7,  to the somitic cells to respond to one or more of these signals.

Twist Myf5, myogenin and paraxis expression. Whereas the formation of somite boundaries and the initial
) ) ] establishment of rostrocaudal polarity in the presomitic

Chpr_wdrogene&s and myogenesis require Meox mesoderm are genetically separable (Nomura-Kitabayashi et

activity al., 2002), and take place prior to the expression of both Meox

Our data indicate an essential requirement for Meox activity igenes, it is clear from our studies that the maintenance of
both chondrogenesis and myogenesis in the somitdoundaries and polarity in newly formed somites are not
differentiation pathways that have been considered to bseparate events and require the activity of both Meox genes.
mutually exclusive. One mechanism by which this may occuEvidence that interactions between compartments occur during
is based on the requirement for Pax gene activity isomitogenesis is provided by the observed vertebral defects in
chondrogenesisPéx1 and Pax9 (Peters et al., 1999) and Myf5;paraxis double mutants, which indicate an indirect role
myogenesisRax3andPax?) (Tajbakhsh et al., 1997; Seale et for Myf5 in the development of the axial skeleton (A. Rawls,
al., 2000) and our observation that both Meox genes are cpersonal communication). Furthermore, the defects in the
expressed with all four of these Pax genes in somititateral sclerotome derivatives Rax3mutant mice may result
mesoderm. We have previously demonstrated that in migratiffgom a disruption in the interaction betweRax3expressing
limb myoblasts, which express onMeox2and notMeoxl,  dermomyotome and the non-expressing sclerotome
Meox2 is upstream ofPax3 (Mankoo et al., 1999). In the (Henderson et al., 1999). Whereas the initiation of expression
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of Pax3is independent of paraxis, the maintenancéaf3  Dale, J. K., Maroto, M., Dequeant, M. L., Malapert, P., McGrew, M. and
expression in the dermomyotome requires paraxis (Wi|son_ Pourquie, O. (2003). Periodic notch inhibition by lunatic fringe underlies

Rawls et al, 1999). Therefore, in the dorsoventral e chick segmentation clockiaturedz1 275278, _
. . . . . urbin, L., Brennan, C., Shiomi, K., Cooke, J., Barrios, A.,
dermomyotome paraxis may function as an intermediate in theShanmuga“ngam S., Guthrie, B., Lindberg, R. and Holder, N(1998).

regulation ofPax3expression by Meox genes. Eph signaling is required for segmentation and differentiation of the somites.
The extreme nature of thdeox1; Meox2double mutant EaGeréesMDe\ngogja-%O%h_ o on 5. T Beach. P A and
phenotype may be explained by one of two models: (1) Th 'rr]éssi.er I:avio;:r‘ M. 1595 Ial?ogr; r.én eagglyero.tor.ﬁe i?lézi(ijc}gon. b. 22nic
perturbgtlon_of a Smgle _e_arly event in somite formation that hedgehog: %iréct rS)Ie o)f thegamir?o-terminal cleavage proguct and
results in failure of somitic cells to respond to one or more modulation by the cyclic AMP signaling pathwasell 81, 457-465.
inductive signals from surrounding tissues; or (2) a synergistiean, C. M., Lee, C. S. and Tessier-Lavigne, M1997). A role for WNT
perturbation of several somite patterning and differentiation Pproteins in induction of dermomyotomigev. Biol.191, 160-165.

pathways, with a compounding effect on the defects occurrin'é“gg\tlzi)“;r;eﬁt oMf'tﬁtgr?]?gs';g\’/reS;'ﬁgojf gg‘fggtzdu”“g postimplantation

in individual Som.ite compartments. The expression pattern Q@ossler, A. and Hrabe de Angelis, M(1998). Somitogenesi§.urr. Top. Dev.
the Meox genes is consistent with both hypotheses — which aresiol. 38, 225-287.
not mutually exclusive, in any case — and much work will besustafsson, M. K., Pan, H., Pinney, D. F, Liu, Y., Lewandowski, A.,

required to resolve the complex combinatorial effect of these EPstein. D. J. and Emerson, C. P., J(2002). Myf5 is a direct target of
- ong-range Shh signaling and Gli regulation for muscle specific&ienes
genes. Overall our studies demonstrate that Meox homeoboxy., 16 114-126.

genes function in a co-ordinated manner to regulate criticalenderson, D. J., Conway, S. J. and Copp, A. §1999). Rib truncations
processes that effect the development of somites. and fusions in the Sp2H mouse reveal a role for Pax3 in specification
of the ventro-lateral and posterior parts of the sonidev. Biol. 209,
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