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SUMMARY

The developmental signals that govern cell specification cateninmRNA is regulated by positive and negative signals
and differentiation in vertebrate somites are well derived from neural tube, notochord and lateral plate
understood. However, little is known about the downstream mesoderm. These signals include Bmp4, Shh and
signalling pathways involved. We have shown previously Wntl/Wnt3a itself. In somite explants,Fz1, S-cateninand
that a combination of Shh protein andWntl or Wnt3a Lefl are expressed prior to activation of myogenesis in
expressing fibroblasts is sufficient to activate skeletal response to Shh and Wnt signals. Thus, our data show that
muscle-specific gene expression in somite explants. Here, a combination of Shh and Wntl upregulates expression of
we have examined the molecular mechanisms by which the Wnt pathway components in developing somites prior to
Whnt-mediated signal acts on myogenic precursor cells. We myogenesis. Thus, Wntl could act througtB-catenin on
show that chick frizzled 1 (Fz1), B-catenin and Lefl are  cells in the myotome.

expressed during somitogenesis.Lefl and [-catenin

transcripts become restricted to the developing myotome.

Furthermore, B-cateninis expressed prior to the time at  Key words:B-catenin, Wnt signalling, Lef1, Frizzled, Somite,
which MyoD transcripts can be detected. Expression g8 Myogenesis, Chick

INTRODUCTION al., 1994; Marcelle et al.,, 1997; Munsterberg et al., 1995;
Pourquié et al., 1996; Pownall et al., 1996; Reshef et al., 1998;
Vertebrate somites are segmented mesodermal structures tB&ern et al., 1995, 1997). Known myogenic signals are derived
form on either side of the axial midline tissues, neural tubé&rom both axial midline structures (neural tube, floor plate and
and notochord during embryogenesis. They are generatewtochord; Buffinger and Stockdale, 1994; Minsterberg and
sequentially in an anterior to posterior direction. The initiallyLassar, 1995; Pownall et al., 1996; Stern and Hauschka, 1995)
epithelial somite gives rise to three different parts: theand from lateral plate mesoderm (Pourquié et al., 1995).
dermomyotome, myotome and sclerotome, which contribute to Previous work shows that a combination of either Wntl or
the dermis of the skin, axial skeletal muscle, and cartilage antynt3a (derived from the developing neural tube) with
bone in the adult organism, respectively (Christ and Ordahtecombinant Shh protein (derived from floor plate/notochord)
1995). The tissue interactions and molecular signals importaig sufficient to activate skeletal muscle-specific genes,
for specification of different cell types within the somite haveincluding MyoD and Myf5, and the genes for myogenin and
been well characterised (see Tajbakhsh and Cossu, 1997 fomgosin heavy chairMyh) in cultured somites (Miinsterberg et
review). al., 1995). We have found that Shh is only transiently required
Skeletal muscle precursor cells originate from thefor activation of myogenesis in somite explants and we suggest
dermomyotome (Christ and Ordahl, 1995). They migratéhat Shh acts to sensitise somitic cells for reception of the Wnt
medially through the dorsomedial lip of the dermomyotome tsignal (Minsterberg et al., 1995). A crucial role of Wnt
form the epaxial myotome (Denetclaw et al., 1997). Theignalling for skeletal myogenesis has been demonstrated in
initiate expression oMyoD and Myf5 as the first sign of both avian and mouse embryos (Borello et al., 1999; Hirsinger
commitment to the myogenic lineage. Hypaxial muscleet al., 1997; Marcelle et al., 1997; Munsterberg et al., 1995;
precursors delaminate from the ventral lip of theStern et al.,, 1995; Tajbakhsh et al., 1998). In addition, it has
dermomyotome and migrate to peripheral target sitef)een shown thaBmp4expressed in the lateral plate blocks
including limbs and ventral body wall. It has beenMyoD expression (Pourquié et al., 1996). Therefore, the
demonstrated that myogenic differentiation within the somitédalance of activating and repressing signals is important for the
is governed by positive and negative signals from surroundingrecise pattern of myogenic differentiation.
tissues (Borycki et al., 1998; Hirsinger et al., 1997; Johnson et Here, we have investigated the role of Wnt pathway
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components in somite differentiation, in particular duringproducts were subcloned into pGEM-T-Easy (Promega), and used to

myogenesis. Because we have previously identified a transietgrive probes for in situ hybridisation. Antisense DIG-labelled RNA

requirement for Shh in skeletal myogenesis, we also hawobes were generated according to manufacturers protocol

examined whether Shh regulates components of the wifigromega). In situ hybridisation was performed as described by

signalling pathway. Henrique et al. (1995). The folloyvlng p,robes were used in th!s study:
The study ofDrosophila genetics has helped to identify (1) 2 400 bp probe representing theed of theFz1 coding

. . . . equence; (2) a 400 bp probe representing'teedBof theB-catenin
components of the wingless/Wnt signalling pathway (Arias € oging Seque)nce; 3) 2256 bp F')Orobe reprgesenting wﬁ&fLefl

al., 1999; Moon et al., 1997). One of the downstream effectoig,ging sequence, not including the highly conserved HMG-box; and
of this pathway isDrosophila armadillo and its vertebrate (4) a 1500 bp probe representing the complete coding sequence of
homologue-catenin (Willert and Nusse, 1998}-catenin  chickenMyoD and 5 and 3 untranslated regions, obtained from
performs at least two functions in the cell: (1) it binds to theBruce Patterson. Stained embryos were embedded in gelatine, as
cytoplasmic region of cadherins at the plasma membrandgscribed in Stern (1993), frozen and sectioned at @ With a
where it plays an important role for changes in cell adhesiokeica CM1900 Cryostat. Whole-mount embryos were photographed
and cell shape; (2) free cytoplasnficatenin protein has the with a RS Photometrics coolsnap digital camera on a Leica MZ8
ability to interact with HMG box transcription factors and SES{&? g;ﬁgg'%”n s;oLpe?éasijl:ggnrsn i\évrirsecopphemgr?(rjagne;?h(\;\{ggr:pmzl
:Egrﬁgzlggmmes transcriptional activation of target genes 'ﬁita was collected with Openlab software (Improvision, Coventry,
This latter function off3-catenin is highly regulated by UK.
Wwnt. In the absence of Wntp-catenin becomes Chick embryos and in ovo manipulations
phosphorylated and degraded via the proteasome pathwasgrtile chicken White Leghorn eggs were obtain from Needle farm,
Binding of Wnt to its putative receptor, frizzled (Fz), resultsHartfordshire, UK, and incubated at 37.5°C in a humidified
in inactivation of Gsk-B kinase activity and accumulation of incubator (Ehret) until the desired Hamburger-Hamilton (HH) stage
B-catenin in the cell-catenin then interacts with HMG box Was reached. Pellets of parental or Wnt-expressing RatBla
transcription factors of the Lef/TCF family to activate fibroblasts (Munsterberg et al., 1995), noggin-expressing CHO-ce[Is
transcription in the nucleus. Because Lef/TCF can alsg-@mb et al, 1993) and Shh-expressing chicken embryonic

; ; P lbroblasts (CEF) cells were generated by growing the cells in
'IgteraCt V\tllthltra]r-lgggptlt_)tnal repre_sslorst (Cav;';lllo_ ethal., 1‘99 suspension on bacterial dishes. The resulting cell aggregates were
Cc?n?lf)?ats fozri i:;inding )’Eo ILeIfS/TIé?:SSI e thaatenin has to implanted into HH 10 embryos. Mixed cell pellets were generated

. : . . by combining trypsinised cells 1:1 after thorough washes with
We have investigated the role of chick F#%catenin  medjum. Cells were collected by centrifugation for 2 minutes at
and Lefl in somite differentiation and myogene$igl is 2000 rpm in a 1.5 ml tube, followed by a 30 minute incubation at
expressed in the dermatome and myotome, vdateninand  37°C and another centrifugation for 2 minutes at 2000 rpm. The
Lefl are expressed exclusively in the myotonfiecatenin  resulting cell pellet was transferred into a petri dish and cut to a
and Lefl are not only highly expressed specifically in thesuitable size for implantation using a scalpel. In ovo surgical
dorsomedial lip of the myotome, but in addition their&Xperiments were performed as described in (Pourquié et al., 1995).
transcripts are detected priolyoD, both in vivo and in vitro. EMDPyros were fixed in 4% paraformaldehyde and processed for in
Surgical experiments show thtcateninexpression depends S'tY hybridisation 16 to 18 hours after the operation.
on signals derived from axial midline tissues, neural tube angypjant cultures and RT-PCR

notochord, while it is inhibited by signals from lateral plategmpryonic tissues were isolated and cultured as described in
mesoderm. (Munsterberg and Lassar, 1995). Co-culture of paraxial mesoderm
Furthermore, Wntl and Wnt3a can substitute for thexplants with RatBla fibroblasts was performed essentially as
presence of the neural tube and can indykeatenin  described in (Minsterberg et al., 1995), except that cell aggregates
expression after neural tube ablation, while Wnt5a and Wnt7Asere generated by growing cells on bacterial dishes for 2 days. Shh
are unable to do so. In addition, Wntl and Wnt3a can at{as added at a concentration of 200 ng/ml and Bmp4 was added at a
together with Shh to inducg-catenin expression after concentration of 100 ng/ml. RT-PCR was performed as has been
removal of axial midline tissues. Furthermore, inhibition ofPreviously described (Munsterberg et al., 1995; Munsterberg and

- . ‘o : . . Lassar, 1995). After production of cDNA using MMTV-Reverse
IBartT;Fr)gl 'Ssoﬁ]lilg'c'em for ectopigs-catenin expression in the transcriptase (Promega), individual PCR reactions were performed

with appropriate primer pairs for different genes. The radiolabelled
PCR products were visualised by polyacrylamide gel electrophoresis
and autoradiography. Each PCR cycle was 93°C for 30 seconds, 60°C

MATERIALS AND METHODS for 40 seconds, and 72°C for 1 minuBaxlandShhwere amplified

. . e ) in the presence of 5% formamide with an annealing temperature of
Primers, probes, in situ hybridisation, sections and 50°C. Amplification was within the linear range, between 27 to 30
photography cycles. The primers used for PCR amplification were as described in

Chick Fzl, B-catenin and Lefl cDNAs were amplified from (Munsterberg et al., 1995; Minsterberg and Lassar, 1995) and as
embryonic c¢cDNA using primers hybridising to the publishedfollows: Lefl, 5-CTGCGCCACCGACGAGATGAT-3and 3-TGG-
sequenceFzl, accession number AF031830 (Kengaku et al., 1997)GGATGGGTGGCGACAGAG-3 amplifying from position-16 to
5'-GGGCGGCACCGACTGAGCAT-3 5-GAGAACAAAACCCC- +340 (356 bp);Fzl, 5-CTAGCGGCCGGCATGAAGTGG-3 5-
CAAGTCTGTCC-3; chick -catenin accession number U82964 (Lu TGGGGCAGGGGATGGCATAG-3 +1343 to +1805 (463 bp)f-

et al., 1997), 5STGGGAGCACAGCAAGGAACA-3, 5-AGCAAC- catenin 5- TGCGCTCCGTCACCTCACC-35-ATGCGCACACC-
TCTACAGGCCAATCAATG-3; chick Lefl, accession number CTCCACAAACT-3, +1506 to +1805 (300 bp). The specificity of the
AF064462 (Kengaku et al., 1998)/-GTGCGCCACCGACGA- amplification was verified for these primers by restriction mapping of
GATGAT-3, 5-TGGGGATGGGTGGCGACAGAG-3 The PCR the PCR products and/or sequencing.
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RESULTS Expression of B-catenin in developing somites
precedes that of MyoD in vivo

Expression of chick  Fz1, B-catenin and Lefl during Next, we performed a side-by-side comparison3afatenin

somitogenesis with MyoD expression in staged embryog-catenin is

To investigate further the role of Wnt for skeletal muscleexpressed in all epithelial somites, starting with the first formed
specification we examined the developmental expression ofsomite at stage HH 7, whellyoD transcripts cannot be
putative Wnt receptoFzl, and the intracellular effector8;  detected (data not shown). At stage HH 12 (Fig. 2A8H)
catenin and Lefl in chick embryos. Whole-mount in situ cateninis expressed in all somites whiléyoD expression is
hybridisation was performed on embryos from stages HH #rned on only in more-anterior, more-differentiated somites
to 22. This analysis demonstrates a dynamic expression fompare Fig. 2A and E). Both whole-mount embryos and
chick Fzl1, p-catenin and Lefl transcripts in paraxial sections show thgt-cateninexpression becomes restricted to
mesoderm during somitogenesis (Fig. 1A,E,I; HH 14).medial somite regions prior to any detectable expression of
Analysis of whole-mount embryos showed that all threeMyoD (compare Fig. 2D and H). As somite differentiation
genes are expressed to varying levels in presegmentedoceedsf-cateninandMyoD are expressed in an overlapping
mesoderm.Fz1 is expressed weakly in this tissue andpattern (Fig. 2C,G). Both genes are co-expressed in the
becomes upregulated slightly in the region of the nextlorsomedial lip of the early myotome (Fig. 2B,F) and the
prospective somite (Fig. 1A). In contragcatenin is  expanding myotome of more mature somites (Fig. 21,J,L,M;
expressed moderately (Figs 1E and 2A) katl (Fig. 11) is HH 14 embryo). B-catenin expression begins to fade in
expressed strongly in presegmented mesoderm. The pattenyotomes of anterior somites of HH 14 embryos (Fig. 2I) and
of B-catenin and Lefl expression becomes more
restricted to medial somites as they different
The relative levels of expression Bt1, 3-catenir
and Lefl in presegmented mesoderm is
apparent from RT-PCR analysis (see below, Fi
lane 1).

Transverse sections at different anterior
posterior levels demonstrate tiatlis expressed
low levels throughout epithelial somites (Fig. 1
Chick Fz1 expression then becomes restrictel
the dermamyotome (Fig. 1C) and in more ma
somites it is expressed in dermatome and myo
(Fig. 1B).

For B-cateninwe observed a very striking patt
of expression during somite development. Sec
revealed that B-catenin was expressed evel
throughout the epithelial somite (Fig. 1H). As
myotome forms at the dorsomedial edge of
somite, B-catenin becomes highly expressed
restricted to this region (Fig. 1G). Subsequenth
catenin expression is maintained at high le
specifically in the myotome as it expands beneat
dermatome (Fig. 1F).

Leflis expressed at high levels in the anterior
of pre-segmented mesoderm (somiteso VI, Fig.
1I). It is expressed throughout epithelial somite
lower levels (Fig. 1l,L). Expression is maintail
during somite differentiation and transcripts bec
localised to the myotome as the somite different
(Fig. 1K,J).

Fig. 1. Dynamic expression dfz1, 3-cateninandLefl =
during somitogenesis. In situ hybridisations performed onf#: = (o
chick embryos of stage HH 14 show expressioRzdf _ % ¥
(A-D), B-catenin(E-H) andLef1(l-L). Shown are whole- el ' .
mount embryos (A,E,|) and sections representing different”
stages of somite differentiation within the same embryo. D
Horizontal black lines indicate the axial level at which
sections were taken. The most posterior sections are shown™
in the bottom panels (D,H,L). Epithelial somites (somite "
1) from posterior regions of the axis are shown in (D,H,L),,
somites XIlI are shown in (C,G,K) and somites XVIII
shown in (B,F,J).




4108 M. Schmidt, M. Tanaka and A. Miinsterberg

its expression is undetectable in anterior somites of moreowever, maintained and slightly upregulated during the
mature embryos (Fig. 2K) whildyoDis still expressed at high culture period in presence of Shh and Wntl signals (Fig. 3,

levels (Fig. 2N, HH 22). lanes 2-5). In contrast, Lefl transcripts were not detected in
] ] ) presegmented mesoderm after culture in the presence of either
Expression of Fz1, B-catenin and Lefl in presence of Wntl (Fig. 3, lane 6) or Shh (Fig. 3, lane 7) alone. Low levels
Shh and Wnt1 signals precedes onset of ~ MyoD of Fz1 and intermediate levels g#cateninwere detected in
expression in somite explants response to either Wntl or Shh in the culture (Fig. 3, lanes 6

The timing of expression g#-cateninand MyoD in paraxial and 7).

mesoderm in vivo suggests thaf3ecatenin dependent Wnt  These results show that under conditions that promote
signalling pathway is involved in early steps of myogenicactivation of myogenic genes (Minsterberg et al., 1995),

determination. To investigate this possibility further, wethe components of the Wnt signalling pathway analysed

monitored expression dfzl, 3-cateninandLeflin explants here are expressed before the onset of myogenic gene
cultured in presence of Shh and Wntl. At the time ofxpression. This strongly supports the idea that this pathway is
dissection, presegmented mesoderm contains low levéiglof  directly involved in the activation of myogenesis.

intermediate levels g8-catenin high levels oLefltranscripts ] ) ] . ]

and no detectable expressior\tjoD or Myh (Fig. 3, lane 1). A neural tube-derived signal is required for high

After a 48 hour exposure of this tissue to both Wntl and Shitgvel B-catenin expression in medial somites in vivo

high levels ofz1, 3-catenin Lefl, MyoDandMyhare detected Our expression analysis shows that igttateninandLeflare

(Fig. 3, lane 4). In the absence of both Shh and Wntlexpressed in the developing myotome (Fig. 1E-L). However,

expression oFz1, 3-cateninand
Leflis not maintained in cultu
(data not shown) and express
of myogenic genes is n
activated (Munsterberg et ¢
1995). Increased expression
Fz1during the culture period

response to Wntl and S
signals  precedes  maxin
expression ofMyoD. B-catenir
expression levels remain fail
constant throughout the cultt
period. Interestingly, Lefl
expression levels decrease u
differentiation of presegment
mesoderm in culture (Fig.

lanes 1 and 2), mimicking ve
closely the expression patte
obtained by in situ hybridisatic
(Fig. 1I). Lefl expression i¢

Fig. 2. Timing of B-cateninand
MyoD expression during
somitogenesis. Embryos with the
same number of somites were
harvested and either hybridised
with a probe againgi-catenin
(A-D,I-K) or MyoD (E-H,L-N).
Whole-mount views of stage HH
12 embryos are shown in (A,E)
the corresponding sections are
shown in (B-D,F-H). The most _
posterior sections are shown in the
bottom panels (D,H). Whole-
mount views of stage HH 14
embryos are shown in (I,L); the
corresponding sections are shown -
in (J,M). Sections were taken at D
different axial levels, as indicated

by horizontal black lines. =
Sections through a somite with a
mature myotome derived from a
HH 22 embryo are shown in (K,
N).
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HH 9 psm because Lefl cannot activate transcription in the absence of co-
activators, such g3-catenin, we focussed on the regulation of
Shh + o+ o+ 4 + B-catenin expression in vivo. In particular, we examined
RatB1a-Wnt1 LA T L whetherf-cateninexpression is under the control of the same
RatB1a + signals that govern myogenesis.
hoursofculture 0 12 24 48 72 48 48 The neural tube was surgically removed from HH10

embryos at the level of presegmented mesoderm and replaced
GAPDH W.U by a pellet of RatBla fibroblasts (Fig. 4B). After 16 to 18
hours, embryos were analysed fecateninexpression. Neural
“ tube ablation results in loss of high-leytateninexpression
' in the dorsomedial lip of the myotome (Fig. 4B) compared with
normal expression in nonmanipulated embryos (Fig. 4A). Low
levels of B-catenin expression are detected throughout the
ventral somite.

Fz1 -“ We examined whetheiB-catenin expression could be
rescued by implanting pellets of Wnt-expressing fibroblasts
(-catenin h e after neural tube ablation (Fig. 4C-F). Implantation of RatBla
fibroblasts expressing either Wntl (Fig. 4C) or Wnt3a (Fig. 4E)
Lef1 . - a» | leads to normal induction ¢ cateninexpression. In contrast,
pellets of Wnt5a- (Fig. 4D) or Wnt7a-expressing cells (Fig. 4F)
Pax1 ..- - cannot rescuﬂ_—cateninexpression after neural tube removal.
1 2 3 4 5 6 7 This _experiment demolnstrates that Wntl or Wnt3a
expressing cells can substitute for the presence of the neural
Fig. 3. Timecourse of gene expression in paraxial mesoderm co-  tube and induceB-catenin expression in medial somites in
cultured in the presence of Shh and Wnt1 signals. Presegmented presence of the notochord.
mesoderm (psm) was isolated from HH 9 embryos and cultured in

the presence of recombinant Shh and RatB1a fibroblasts expressing he presence of either notochord or Shh is required

Wntl (lanes 2-5), in the presence of RatBla fibroblasts expressing for Wnt mediated rescue of B-catenin expression in
Wntl (lane 6) or in the presence of recombinant Shh alone (lane7). the myotome

RNA was harvested from the explants at the times indicated above We next investigated the role of notochord and Shh for high

each lane (1-7), and analysed for gene expression by RT-PCR. ; ST
Primer pairs used are indicated on the left of each paael level B-cateninexpression in vivo. Removal of both neural tube

expression is shown as a control for active Shh protein. GAPDH, ~and notochord leads to complete downregulatiofi-chtenin
glyceraldehyde-3-phosphate dehydrogenase; Myh, myosin heavy €Xpression in adjacent somites (Fig. 5A). This cannot be
chain. rescued by implantation of Wntl- or Wnt3a-expressing cell

Myh

Fig. 4. Expression of3-
cateninin the myotome is
controlled by a Wnt-mediate!
signal from the neural tube. |
ovo surgical manipulations a
schematically indicated on tt
left of each panel and were
performed on HH stage 10
embryos in the region of pre-
segmented mesoderm. After
further incubation of 16 to 1€
hours, embryos were harves
and hybridised with &-
cateninprobe. Sections
through the operated regions
are shown. The normal
expression off-cateninin a
nonmanipulated embryo is
shown in (A). High-leve[3-
cateninexpression is lost afte RatBla-Wnt3a
removal of the neural tube (E a n
a pellet of parental RatBla
fibroblast cells was grafted ir
place of the neural tube.
Expression of3-cateninwas rescued when a pellet of RatB1la fibroblast cells expressing either Wntl (C) or Wnt3a (E) was grafted in place of
the neural tube. Expression @tateninwas not rescued when a pellet of RatBla fibroblast cells expressing either Wnt5a (D) or Wnt7a (F) was
grafted in place of the neural tube.

RatBi1a-Wnt1 RatB1a-Wnt5a
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C HH 10- psm
RatB1a-Wnt1 + +
Shh + +
CEF-Shh BMP4 -+
%_ GAPDH il
MyoD S
RatBia-Wnt1 Fz1 -
CEF-Shh
4@ > _ : p-cat *
% el
Fig. 5. Notochord-derived signals or Shh are required for Wntl Lef1
(and Wnt3a)-mediated rescuef®dtateninexpression. In ovo 1 2

surgical manipulations are schematically indicated on the left of

each panel and were performed on HH 10 embryos in the region ofig. 6. A Bmp4-mediated signal derived from lateral plate mesoderm
presegmented mesoderm. After a further incubation of 16 to 18  restrictsB-cateninexpression to medial somites. As before, in ovo
hours, embryos were harvested and hybridised wiitatenin surgical manipulations are schematically indicated on the left of each
probe. Sections through the ope_zrated regions are sho_wn. Removabane| and were performed on HH10 embryos in the region of pre-

of both neural tube and underlying notochord results in complete segmented mesoderm. After a further incubation of 16 to 18 hours,

loss of 3-cateninexpression in the adjacent somite (Z)catenin embryos were harvested and hybridised wihcateninprobe.
expression is not rescued by pellets of RatBla fibroblast cells  |ntroduction of an impermeable barrier between lateral plate
expressing either Wntl (B) or Wnt3a (not shown) grafted in place mesoderm and paraxial mesoderm (A) results in expansiBn of

of neural tube/notochord. The implantation of a cell pellet cateninexpression to lateral somite regions. Implanting noggin
expressing Shh is not sufficient to induce high level|g-catenin expressing CHO cells lateral to the somite results in ecfdpic
expression in the medial somite (C). High-le@edatenin cateninexpression in lateral somite (B), * indicates position of CHO-
expression in the medial somite was rescued by implantation of a noggin cells. (C) Bmp4 negatively regulates expressidviyafD,

mixed cell pellet of Shh and Wnt1 (or Wnt3a, not shown) Fz1, B-cateninandLeflin the presence of Shh and Wnt1 in pre-
expressing cells (D). segmented mesoderm explants. Presegmented mesoderm (psm) was

isolated from HH10 embryos and cultured in the presence of RatBla

; S Aimat ibroblasts expressing Wntl and recombinant Shh (lanes 1, 2) in the
pellets (Fig. 5B and data not shown), indicating that Wnt1 angbsence (lane 1) or presence (lane 2) of Bmp4 in the culture medium.

W”t3f?‘ coopera_te W'th notochord derlve_d signals to ingice RNA was harvested from the explants after 2.5 days and analysed for
cateninexpression (Fig. 4C,E). Implanting cells that expresgene expression by RT-PCR. Primer pairs used are indicated on the
Shh does not activate high ley@icateninexpression in the |eft of each panel. The high levelsi§oD, Fz1, B-cateninandLefl
myotome (Fig. 5C). However, implantation of a mixed cellexpression observed in response to Shh and Wnt1 (C, lane 1) are
pellet, containing both Wntl1- and Shh-expressing cells, resultdther completely abolishedigoD, Lef) or significantly reduced

in induction of B-cateninexpression in medial somite regions (Fz1, 3-catenir) by Bmp4 (C, lane 2).

(Fig. 5D). This suggests that the presence of both, Shh and

Wntl or Wnt3a, is required to induce high levelfafatenin

in the medial somite. restricted to medial somite regions, owing to the action of

S ) Bmp4, which is derived from lateral plate mesoderm. We
An inhibitory signal from lateral plate mesoderm investigated whetheB-cateninexpression is restricted by the
restricts [(-catenin expression to the medial myotome same mechanism.

It has been demonstrated that myogenic gene expression isWe introduced an impermeable barrier between somite and
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lateral plate mesoderm (Fig. 6A). This manipulation leads tas transcriptional respressors (Cavallo et al., 1998; Roose et al.,
the expansion of-cateninexpression to more-lateral somite 1998). We speculate that expression ®tatenin during
regions. This suggests that an inhibitory signal from lateratomitogenesis is the rate-limiting step that determines Lef/TCF
plate mesoderm normally inhibitg3-catenin expression transcriptional activity. In addition, it is possible that increased
laterally, thereby restricting it to medial somite regions. To tesievels of 3-cateninexpression reflect changes in cell adhesion
whether this inhibition is mediated by Bmp4 we grafted a pelletluring myotome formation.

of noggin-expressing cells lateral to the somite. This It has been shown previously that levelfafatenin protein
manipulation results in ectopf&cateninexpression (Fig. 6B), are post-transcriptionally regulated by phosphorylation and

compared with somites on the contralateral side. protein turnover (Aberle et al., 1997), and accumulation of
Thus, antagonising Bmp4 activity by noggin is sufficient toprotein has been observed at somite boundarieéemopus
induce ectopig3-cateninexpression. embryos (Fagotto and Gumbiner, 1994). The accumulation of
_ ) transcripts in the developing myotome suggestsffetenin
Myogenesis and expression of Wnt pathway is also regulated at the level of transcription.
components are inhibited by Bmp4 in vitro We found thatSB-catenin and Lefl transcripts became

Activation of myogenic gene expression in response to Wntl an@stricted to the medial somite (Fig. 1E,l) and high levels could
Shh can be inhibited by Bmp4 (Reshef et al., 1998). We analysédst be seen in the dorsomedial lip of the myotome as it forms
whether high level expression of the Wnt signalling pathway iduring somitogenesis (Fig. 1G,K). Because we found that high
presence of Wntl and Shh (Fig. 3) can similarly be repressed Bvel 3-cateninandLefl expression in the somite was specific
Bmp4. We found that explants of presegmented mesoderta myotomal cells, it is tempting to speculate that already in
express high levels dflyoD, Fz1, 3-cateninand Lefl when  epithelial somites-catenin and Lefl may identify early
cultured with Wntl and Shh (Fig. 6C, lane 1). As shown beforenyogenic precursors (Figs 1H,L, 2D).
activation of skeletal muscle-specific gene expression in somite The comparative analysis BfcateninandMyoD expression
explants by Wntl and Shh is inhibited by adding Bmp4 to thehows that both genes are expressed in the same domain of
culture medium (Fig. 6C, lane 2; Reshef et al., 1998). Thidifferentiating somites (Fig. 2A-J,L,M). In addition, we found
correlates with the complete inhibitionloéfl expression in the that -cateninis expressed and medially restricted before any
presence of Bmp4 in the culture medium. In additierl, and  MyoD transcripts can be detected (compare Fig. 2D and H). In
[-catenin transcripts, while still detectable, are significantly our handsMyoD is the first myogenic bHLH transcription
downregulated in this situation (Fig. 6C, lane 2). factor that can be detected in specified myoblasts by in situ
hybridisation. HoweveiMyf5 transcripts are detectable by RT-
PCR in presegmented mesoderm. In this tissue, cells are not
DISCUSSION yet committed to a myogenic fate. Consistent with tkiigf5
expression is still dependent on the presence of myogenic
Experiments in both chick and mouse embryos havinducers, Wntl and Shh (Maroto et al., 1997). The analysis of
demonstrated that Shh, Wnt family members, Bmp4 an&inockout mice and work in chick embryos has suggested two
noggin play a role for establishing the early myotome at thearallel pathways that can result in myogenesis (Maroto et al.,
correct position (Borycki et al., 1998; Hirsinger et al., 1997;1997; Rawls and Olson, 1997; Tajbakhsh et al., 1997). One
Johnson et al., 1994; Marcelle et al., 1997; Miinsterberg et apathway is proposed to act via Pax3 and MyoD while the
1995; Pourquié et al., 1996; Reshef et al., 1998; Stern et abecond pathway is proposed to act via Myf5 in a manner
1995, 1997), the dorsomedial lip of the somite (Denetclaw ehdependent of Pax3. Together, these findings are consistent
al., 1997) adjacent to the neural tube. with the idea thaj3-cateninacts upstream of the myogenic
In this paper we investigated the mechanism by which thdetermination geneMyoD, is involved in specification of
Whnt-mediated signal is relayed to myogenic precursors. Theyotomal cells and may predominantly control release of
data presented are consistent with the idea that the Wnt sigmajoblasts from the dermomyotomal lip.
acts through aB-catenin-dependent pathway. Furthermore, Functional experiments in chick embryos have previously
Wnt and Shh are involved in regulating expression of Wnaddressed the role of Wnt an@-catenin signalling in

pathway components, such @gatenin dorsoventral somite patterning (Capdevila et al., 1998).
. ] o Capdevila and colleagues investigated effects of RCAS

B-catenin and Lefl play a role in the specification of retrovirus-mediated overexpression of Wntl or an activated form

the early myotome of B-catenin, following injection into HH 10 pre-segmented

Our expression analysis revealed that a number of genemesoderm. This treatment resulted in abrogated expression of
known to act downstream of Wnt, i.Ez1, B-cateninandLefl,  the sclerotomal geneRaxl, in ventral somite regions and
are expressed in a dynamic pattern during somitogenesis (Fexpansion of dermomyotomal gene expression to more lateral
1). B-catenin and Lefl have been shown to interact to activatsomite domains 48 hours later. However, surprisingly no effect
transcription (Behrens et al., 1996; Molenaar et al., 1996n myogenic gene expression was observed. Our results strongly
They show a striking overlap in expression in differentiatingsuggest thap-catenin does function as an effector of Wnt
somites (Fig. 1), suggesting that they interact and relay the Waignalling in the epiaxial myotome of the somite. It is possible
signal within early myotomal cells. However, we cannotthat in the RCAS-mediated overexpression experiments
exclude that other Lef/TCF family members interact viith (Capdevila et al., 1998), negatively acting factors could not be
catenin in this context. Lef/TCF family members cannotovercome by providing excess Wntl and/@rcatenin.
activate transcription on their own (Molenaar et al., 1996), an&urthermore, additional positive factors may be required, as we
in the absence of co-activators, suc-&atenin, they function show thatLefl expression is highly restricted to the myotome.
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Alternatively, somitic precursors may have been irreversiblyabolished after neural tube ablation (Fig. 4B). Thus, a positive
specified at the time that RCAS-mediated overexpression aignal from the neural tube is necessary for both upregulation

Wntl/3-catenin is manifested. of B-cateninexpression and activation bfyoD expression in

the epaxial myotome.
Components of the Wnt pathway are upregulated The surface ectoderm has also been shown to activate
prior to activation of skeletal muscle specific gene skeletal muscle differentiation in somite explants (Reshef et al.,
expression in response to myogenic signals, Shh 1998) and this may be mediated by Wnt4 and Wnt6 (Fan et al.,
and Wntl, in vitro 1997). Interestingly, the surface ectoderm was not sufficient to

RT-PCR demonstrated thiez1, S-cateninandLefltranscripts induce [-catenin expression in the dorsomedial lip of the
are expressed in presegmented mesoderm (Fig. 3, lane fjyotome (Fig. 4B), suggesting that the myogenic signal
However, this expression was not stable and was naterived from surface ectoderm may not act throBiglatenin.
maintained when presegmented mesoderm was cultured onWe cannot exclude the possibility that surface ectoderm
own, in the absence of axial midline tissues (data not shownjerived factor(s) may play a role for the expressiomefi
suggesting that positive signals are necessary for maintenarexed particularly Fz1, which is expressed throughout the
and upregulation dfz1, S-cateninandLefl expression at this dermomyotome.
stage. We show here that Shh and Wntl-mediated signallingWe found that Wntl and Wnt3a can activgeatenin
plays a role in this process. We show that Shh andxpression in vivo. Wnt5a and Wnt7a, which do not activate
Wntl/Wnt3a, which are expressed in axial tissues, floomyogenic gene expression (Miunsterberg et al., 1995; and A.
plate/notochord and neural tube respectively, are involved iNl., unpublished data) and have been shown to actfin a
regulating expression gi-cateninin vivo. As shown before, catenin independent fashion (Kengaku et al., 1998), are not
we found that skeletal muscle-specific gene expression @&ble to rescug-cateninexpression after neural tube removal
activated in somite explants in the presence of both Shh arfeig. 4D,F). High-level S-catenin expression in the
Wnt (Munsterberg et al.,, 1995) (Fig. 3). Skeletal musclelorsomedial somite requires the presence of either the
differentiation as manifested by expressioiybD andMyh, notochord (Fig. 4C,E) or Shh (Fig. 5D). Only low levelgBef
correlated with high levels ofzl, B-catenin and Lefl  catenin transcripts were detected throughout the somite in
expression in response to Shh and Wntl after 48 hours (Fig.r&@sponse to either Wntl- or Shh-expressing cells in vivo (Fig.
lane 4). The timecourse 6%1, f-cateninandLeflexpression 5B,C). In contrast, the relative levels @fcatenintranscripts
showed that these genes are expressed in explants of pwere surprisingly high in somite explants cultured in the
segmented mesoderm, before myogenic genes are indugasence of either Wntl or Shh alone (Fig. 3, lanes 6, 7). Even
(Fig. 3, lane 1). Furthermore, their expression increased ithough it is difficult to compare in situ hybridisation with RT-
response to a combination of Shh and Wnt1 signals prig¥ to (PCR, this apparent difference may indicate the absence of an
catenin, or concomitant with Kz1, Lef} the increased inhibitory factor, such as Bmp4, in vitro.
expression oMyoD and the onset dflyh gene expression. )

It is interesting to note that, in mouse, expressioRzdfis ~ Expression of Wnt pathway components and
more highly restricted to the medial edge of newly formedmyogenic competence’
somites (Borello et al., 1999) in a pattern similar to thafTaken together, our data suggest fBaiatenin and Lefl are
observed fo-cateninandLefl While we cannot exclude the involved in establishing the early myotome. We propose that
possibility that other Wnt receptors and/or Lef/TCF familyexpression of Wnt pathway components in pre-segmented
members are involved, the timing lB£1, 3-catenin Lefl, and  mesoderm plays an important role in terms of the ‘competence’
MyoD andMyh expression in explants (Fig. 3), and the timingof this tissue to myogenic induction. The activation of this
of B-cateninandMyoD expression in vivo (Fig. 2) supports the pathway, perhaps initially by Shh-mediated signalling, would
idea that Wntl may act through F#%catenin and Lefl to render precursor cells responsive to Wnts. We have shown
activate myogenesis. Our results suggest that there is a
functional difference between the induction of epaxial anc

hypaxial muscle precursors, @scateninand Lefl are only (1) Wnt1
expressed in the epaxial myotome. Fz
p-catenin | — MyoD
[B-catenin expression is controlled by myogenic / Let/TCF
signals in vivo Shh
In this study we examined how signalling molecules, derive:
from tissues surrounding the somite, influenBeatenin
expression in vivo. Surgical manipulations in chick embryos (2) Wnt1
have demonstrated that Wntl, Shh, Bmp4 and noggin a Fz
together to regulate expression Mf/oD, and to restrict its p-catenin ——M@
expression to medial somite regions. We show here @hat Lef/TCF

C.atenm expression in the somite is governed by the SamEig. 7.Proposed model of events that lead to stable induction of
signals (Flg_s 4-6). In the absence of the neurz_’il tube, low lev ogenesis in the somite. (A) Wnt and Shh act together to induce
of p-catenin expression were detected in the ventralyigh jevels of Wnt pathway components. This results in the
mesenchymal part of the somite, most likely due to th@ctivation of skeletal muscle genes. (B) The Wnt pathway is stably
presence of the notochord (Fig. 4B). However, high-I@el induced and Shh is no longer required. Ultimately skeletal muscle
cateninexpression in the dorsomedial lip of the myotome waglifferentiation becomes autonomous.
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previously that Shh is transiently required for myogenic expression of Sonic hedgehog alters dorsal-ventral patterning of somites.
differentiation in vitro, and show in this paper that both Shh Cell 79, 1165-1173.

; ; ; Kengaku, M., Capdevila, J., Rodriguez-Esteban, C., De La Pefa, J.,
ﬁn?l Wntl antmil)};;[e to the ltl’egu(;Q.tIC)tn lt?]ilt ﬁ-catethln?nddb Johnson, R. L., Belmonte, J. C. |. and Tabin, C. J1998). Distinct WNT
erlexpression. ese results indicate that a positive tee adﬁ)athways regulating AER formation and dorsoventral polarity in the chick

loop is involved in establishing high-level expression of the |imb bud.Science280, 1274-1277.
Wnt pathway in myogenic precursors. The pathway is stilkengaku, M., Twombly, V. and Tabin, C.(1997). Expression of Wnt and
expressed in the newly formed myotome, indicating that it may g“zz'e%ge”fSBF’“gg‘%i‘izgg"mb bud developmdluld Spring Harbor
H H H H mp. Quant. blobZ, - .

also be |mp<_)rtant f.or.mamtenance of myogenic Commltmeq_tamyb, 2' M., Knecht, A. K., Smith, W. C., Stachel, S. E., Economides, A.
and early differentiation. We speculate that once the Wnt'y, stanl, N., Yancopolous, G. D. and Harland, R. M(1993). Neural
pathway is stably induced, its expression becomes independenihduction by the secreted polypeptide nognience262, 713-718.
of Shh. Finally, skeletal muscle differentiation becomesLu,hJ. F-t. _Chltl_ong,fCr-]_ l\lilé&am: Widglitzylgé 5&133?' Isolation and
H H 1 i aracterization or cnici catenin.iGene. - .
Isr;dﬁgle"?]den;%f C:G%f;Oﬂ;):X(Ij%l tlr?rs;eslaajtgg a.: t,:;,:(sa Sst:r?]etéhelzm]afrcglle, C., Stark, M. R. and BronnerFraser, M. (1997). _Coordinate

9 g p W_ Yy A Yy W_ gu ! . '_ ( 19- actions of BMPs, Wnts, Shh and noggin mediate patterning of the dorsal
7). Consistent with this model, high-ley&tateninexpression somite.Developmeni24, 3955-3963.
in the myotome is lost in mature somites (Fig. 2K). Maroto, M., Reshef, R., Miinsterberg, A. E., Koester, S., Goulding, M.,

Lassar, A. B.(1997). Ectopic Pax-3 activates MyoD and Myf-5 expression
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