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SUMMARY

The myogenic basic helix-loop-helix (bHLH) transcription
factors, Myf5, MyoD, myogenin and MRF4, are unique
in their ability to direct a program of specific gene
transcription leading to skeletal muscle phenotype. The
observation that Myf5 and MyoD can force myogenic
conversion in non-muscle cells in vitro does not imply that
they are equivalent. In this paper, we show thatMyf5
transcripts are detected before those d¥lyoD during chick
limb development. TheMyf5 expression domain resembles
that of Pax3 and is larger than that of MyoD. Moreover,
Myf5 and Pax3 expression is correlated with myoblast
proliferation, while MyoD is detected in post-mitotic
myoblasts. These data indicate thaMyf5 and MyoD are
involved in different steps during chick limb bud
myogenesis, Myf5 acting upstream of MyoD. The
progression of myoblasts through the differentiation steps
must be carefully controlled to ensure myogenesis at the
right place and time during wing development. Because

Notch signalling is known to prevent differentiation in
different systems and species, we sought to determine
whether these molecules regulate the steps occurring
during chick limb myogenesis. Notchl transcripts are
associated with immature myoblasts, while cells expressing
the ligands Deltal and Serrate2 are more advanced in
myogenesis. Misexpression oDeltal using a replication-
competent retrovirus activates the Notch pathway. After
activation of this pathway, myoblasts still expresMyf5 and
Pax3but have downregulatedMyoD, resulting in inhibition

of terminal muscle differentiation. We conclude that
activation of Notch signalling during chick limb myogenesis
prevents Myf5-expressing myoblasts from progressing to
the MyoD-expressing stage.

Key words: Myf5, MyoD, Notch, Delta, Chick, Limb bud,
Myogenesis

INTRODUCTION

Ectopic expression of these MRFs is able to convert several
non-muscle cell types into skeletal muscle in tissue culture

In vertebrates, all the myogenic cells that form the striate@Weintraub et al., 1991), in transgenic mice (Miner et al.,

skeletal muscles of the limb and trunk originate from thel992; Santerre et al., 1993) andXenopugLudolph et al.,
somites. The medial halves of the somites give rise to back994). Conversely, knockout of these genes leads to various
and intercostal muscles or the epaxial musculature (Ordahtuscle defects (Rudnicki et al., 1992, 1993; Braun et al.,
and Le Douarin, 1992). Cells derived from lateral1992a,b; Hasty et al., 1993; Nabeshima et al., 1993).
dermomyotomes migrate lateroventrally to produce thévioreover, cells deprived dflyf5 or MyoD assume a non-
muscles of the body wall and the limbs, forming the hypaxiainuscle fate (Tajbakhsh et al., 1996; Kablar et al., 1999).
musculature (Ordahl and Le Douarin, 1992; Christ and’hese properties have led to the notion that MRFs trigger the
Ordahl, 1995). Formation of limb skeletal muscle duringsuccessive events leading to skeletal muscle formation. Gene
vertebrate embryogenesis involves cellular commitmentiargeting has clearly defined a hierarchy among the MRF
migration, proliferation, growth arrest and differentiation.family members. Mice lackiniylyf5 andMyoD (Rudnicki et
Each step involves the expression and activity of a specifial., 1993) do not form myoblasts or skeletal muscle. In
panel of factors (Olson, 1992). The myogenic bHLHcontrast, in myogenin-null mice, myoblasts do form, as
transcription factors, Myf5, MyoD (also known as Myodl), assayed byMyf5 and MyoD expression, but do not
Mrf4 (also known as Myf6) and myogenin, which are alsodifferentiate into muscle fibres (Hasty et al., 1993;
called myogenic regulatory factors (MRFs), have been showNabeshima et al., 1993ylyf5 andMyoD therefore appear to

to initiate the skeletal muscle differentiation program.lie in a genetic pathway upstream of myogenin, the latter
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having a role in activating muscle cell terminal differentiationMyf5-expressing stage to thdyoD-expressing stage, during
(Hasty et al., 1993; Nabeshima et al., 1993). In mice, therehick limb bud myogenesis.

are numerous and consistent studies concerning the

sequential expression of myogenic factors during somite a

limb bud developmentlyf5 being detected befoidyoD in %ATERIALS AND METHODS
somites and limbs (Ontell et al., 1995; Tajbakhsh angpick embryos

Bucklng.ham, 1999). In b'rdsf' Stu,d'es qf the timing of theFertilised White Leghorn eggs (HAAS, Strasbourg, France) were
expression of these factors in axial regions have led to thgcypated at 37°C. All grafting experiments were performed in ovo.
conclusion that, in contrast to the situation in miRy0D  vYoung embryos were staged according to Hamburger and Hamilton
expression occurs before that MyfS by a few hours (HH) (1951), while old embryos were staged according to embryonic
(Pownwall and Emerson, 1992; Boricky et al., 1997;days in ovo. To facilitate comparisons, we report both staging for
Denetclaw and Ordahl, 2000). However, Hacker and Guthrigoung embryos.

(1998) found thatMyf5 transcripts were expressed first,

followed by those oMyoD. In the limb, studies using in situ Production of control/RCAS- or Delta-expressing cells

Fieat ; . i Infectious Delta/RCAS (Henrique et al., 1997) and control/RCAS
hybridisation of tissue sections (Williams and Ordahl, 1994),_Iruses were produced in Chick Embryo Fibroblasts (CEF) as

RT-PCR (Lin-Jones and Hauschka, 1996) and whole-mounf . -5 by Duprez et al. (1998). Briefly, CEF were isolated from

In S't.u hybrldlsatlon (Hackgr and thh.ne, 1998) have led t%10 O-line embryos (BBSRC, Institute for Animal Health, Compton,
conflicting results concerning the timing of appearance Oggrkshire, UK) and grown in DMEM (Gibco, BRL) containing 8%
MyoD and Myf5 transcripts. (v/v) fetal calf serum and 2% (v/v) chick serum supplemented with
The progression through discrete developmental steps hastibiotics. CEF were transfected transiently with retroviral
been studied in muscle cell lines. The presence of Myf5 an@combinant DNA using Transfectam (Gibco, BRL) according to the
MyoD is not itself sufficient to trigger differentiation in cell manufacturer’s instructions.
culture, since myoblasts exposed to growth factors continue
proliferate and to expreddyf5 and/orMyoD (Yutzey et al., , _ , ,
1990). One well-described general mechanism inﬂuencingetrowrus—expressmg cells were prepared for grafting as described by
differentiation events during development is the Notch uprez et al. (1998). Pellets of approximately 50 to L0O in

. li h . din Art is-Tsak ¢ Idiameter were grafted into the limb field of White Leghorn embryos
signalling pathway (reviewed in Artavanis-Tsakonas e al-around stage HH 16 of development (E2.5). Embryos were harvested

1999). The Notch pathway has been shown to operate g gifferent times after grafting and processed for in situ hybridisation
different steps durinprosophilamyogenesis (Baylies et al., of whole mounts or tissue sections. Embryos grafted with
1998). However, although mice bearing null mutations in theontrol/RCAS-expressing cells did not exhibit any change in
different Notch signalling components exhibit defects ofmorphology (see also Duprez et al., 1996) or gene expression (data
somite formation, they do not display any muscle defectsot shown). The numbers of embryos processed for in situ
(Swiatek et al., 1994; Conlon et al., 1995; de Angelis et alhybridisation of whole mounts are given in the text or in Table 1. In
1997). The lack of effect probably reflects the functionaf@ch experiment, two to six specimens were used for in situ
overlap among the Notch family members. In mammals, thByPridisation of tissue sections.
only direct evidence of Notch involvement in myogenesisyomodeoxyuridine (BrdU) labelling in ovo
comes from in v!tro St.UdIeS where activated NQtCh Or,l'gand.E3 embryos were injected in the amnios (near the heart and wing)
induced Notch signalling suppresses muscle differentiation it 20qil of 10mM BrdU (Amersham, Life Science), and were re-
various mouse cell lines (Kopan et al., 1994; Nye et al., 19945cubated for another 15 minutespitlof 10 mM BrdU was directly
Lindsell et al., 1995; Shawber et al., 1996; Jarriault et al., 1998sjected in the circulation of E7 embryos and fixed 1 hour after. The
Nofziger et al., 1999; Kuroda et al., 1999). No such evidencembryos were then fixed and processed for in situ hybridisation of
has been obtained in vivo. sections.

Knockouts and studies on cell lines have proved very . o ) .
powerful in determining the genetic hierarchy of MRFs angn situ hybrldlsatlpn of.whole mounts and tissue sections
giving clues about their functions. However, the exacEMPyos were fixed in 4% (v/v) formaldehyde and processed as
functions of the proteins coded Byyf5 and MyoD during previously described for in situ hybridisation of whole mounts and

d | t till not full derstood. B d in vit araffin sections (Duprez et al., 1998, 1999). Antisense digoxigenin-
evelopment are sull not Tully understood. Based on In VIrq,,q jorescein-labelled RNA probes were prepared as folldyf&:

studies, Myf5 and MyoD are widely considered to have (gajtoh et al., 1993Pax3and MyoD (Duprez et al., 1998Deltal
overlapping function associated with myoblast proliferationHenrique et al., 1997)Serrate2 and Notchl (kind gift from
(Lassar et al., 1994; Molkentin and Olson, 1996). In order t@ominguos Henrique). For double in situ hybridisation, the
gain insight into the respective roles of Myf5 and MyoD influorescein probe was revealed with NBT/BCIP reagents (Roche) first,
avian limb myogenesis, we have characterised the celluldinen the digoxigenin probe with INT/BCIP (Roche).

expression patterns of these genes. We found that in the chick . .
limb, Myf5 can be detected at stage 20 with an expressiofy munohistochemistry , ,

domain similar to that oPax3 MyoD being detected a few Differentiated muscle cells were detected on sections and in cultures
hours later (stage 22) in a more restricted domain. Activatio sing a monoclonal antibody against sarcomeric myosin heavy chain,

L - F20 (Developmental Hybridoma Bank, University of lowa, lowa
of the Notch pathway in vivo led to a downregulatioyoD City). Proliferating cells were detected using a monoclonal antibody

expression, without affectind®ax3 and Myf5 expression,  against Brdu (Amersham). In situ followed by immunohistochemistry
fOIIOWed by an |nh|b|t|0n Of term|nal d|ﬁerent|at|0n. TOgether, was performed using Successive|y the prometcml Serratez
these results suggest théyf5acts upstream dflyoD, and that  Deltal, Pax3, MyoD and Myftand the monoclonal antibody against
the Notch pathway is involved in the progression from theéBrdU or MF20 antibody.

E)rafting of retrovirus-infected cells
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RESULTS

Myf5 transcripts can be detected before those of
MyoD during limb development

In order to clear up the controversy concerning the timing o
appearance ofMyf5 and MyoD, we performed in situ
hybridisation on serial transverse limb sections (FigMy¥5
and MyoD transcripts were not detected during the migratior
of the muscle progenitors from the somites to the limb bui
(data not shown). This is in agreement with chick (Williams A D Pax3
and Ordahl, 1994, Lin-Jones and Hauschka, 1996) and mou
data (Tajbakhsh and Buckingham, 1994; Ontell et al., 1995
In contrast, as soon as tfRax3expressing myoblasts had Ak
reached their destination (Fig. 1A), defined as stage 2 el gt

(Chevalier et al., 1977; Christ et al., 1977), we were able t v

detectMyf5 transcripts (Fig. 1B), but nblyoD mRNA was B Myt
observed (Fig. 1C). At that stage the ventral and dorsal musc
masses had not yet separated, as visualis@dx8expression
(Fig. 1A). Using this in situ hybridisation techniqudyoD
expression was first detected unambiguously at stage 22/.
(see Fig. 2F and Duprez et al., 1998).

St 20/21 (E3)

Myf5 and MyoD show different expression domains

during limb development c
Whole-mount in situ hybridisation at stage 22/23 (E4) showe

the Myf5 expression domain was larger than thatMyfoD Ao
and closely resembled that 8x3 (Fig. 2A-C). TheMyf5

expression domain matched that d&ax3 throughout

development (Fig. 1, Fig. 2 and data not showwy.oD

transcripts (Fig. 2F,G) were located in a subregion of thFig. 1. Myf5transcripts are detected before thosMgbDin chick

ventral and dorsal muscle masses expreddiyfff mRNA (Fig.  limb bud. Adjacent transverse wing sections from stage 20/21 (E3)
2D,E). The Myf5 expression domain extended to near theembryos were hybridised with digoxigenin-labelled antisense probes
ectoderm, whileMyoD mRNA was located more centrally for Pax3(A), Myf5(B) andMyoD (C). Scale bar, 16am. D, dorsal;
within the limb. In order to understand whetHdyf5 and =~ V. ventral.

MyoD transcripts were located in the same cells where the

expression domains overlapped, we performed double in sig8 (see Materials and Methods). These experiments showed
hybridisation at stage 23. These experiments on transvertigat someMyf5-expressing cells had indeed incorporated
wing sections confirmed that the expression domaMyawiD  BrdU, similar toPax3-expressing cells (Fig. 3A-D, arrows). In
mMRNA (orange) was more restricted than and contained withicontrast, most of the cells expressiMgoD transcripts did not

that of Myf5 (purple) (Fig. 2H,1). All three possible expression incorporate BrdU (Fig. 3E,F, arrowheads).

combinations were observed (Fig. 21): @yf5*/MyoD- cells )

(black arrows) were preferentially located near the ectodernkocation of Delta/Notch pathway components

(2) Myf57/MyoD* cells were preferentially found near the during chick limb myogenesis

centre of the limb (black arrowheads) and (3) cells expressin@ne known mechanism involved in differentiation processes in
both genes were found at the interface between these regiamany systems and species is the Notch pathway (Artavanis-
(white arrowhead). After stage 23, thdyoD expression Tsakonas et al., 1999). We set out to investigate whether this
domain spread to include all muscle masses, viliy€5 and  signalling pathway is involved in myogenesis. We first
Pax3transcripts were progressively downregulated (see Figs @nalysed the endogenous cellular expression pattern of the

MyoD

8 and Duprez et al., 1998). Notch pathway components. From the literature it appeared

o ) ) that the Notch receptor might be ubiquitously expressed, the
Myf5 expression is associated with myoblast specificity of its action being determined by its ligands
proliferation whereas ~ MyoD transcripts are detected (Artavanis-Tsakonas et al., 1999). Indeed, whole-mount in situ
in postmitotic myoblasts hybridisation showed that the ligan@®ltal (Fig. 4A) and

The Myf5 mRNA expression domain appeared identical to thaSerrateFig. 4B) were located in the muscle areas of the chick
of Pax3 (Fig. 1A,B; Fig. 2A,B). The similarity in the limbs at E5, whileNotchltranscripts were more uniformly
expression patterns Bax3andMyf5transcripts suggested that distributed (Fig. 4C; Vargesson et al., 1998; Beckers et al.,
their expression might be linked to the proliferative state of th&999). BrdU incorporation experiments indicated that high
cell. Since Pax3 expression has already been linked withlevels of the ligand®eltal (Fig. 4G, arrows) an®errate2
proliferation (Epstein et al., 1995; Amthor et al., 1998), weFig. 4D,E, arrows) were expressed in scattered cells that did
studied the proliferative/differentiation state Mf/f5-positive  not incorporate BrdU within the muscle masses. At E7, the
cells by performing BrdU incorporation experiments at stagéigand Serrate2was only detected in MF20-positive cells (Fig.
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Fig. 2. Myf5 expression domain differs from that of ¥
MyoD. Distribution ofPax3(A), Myf5 (B) andMyoD (C) :
transcripts in whole-mount preparations from stage 22/2
embryos (E4). A-C are dorsal views focused on the wing
Consecutive transverse sections through the forelimb fro

a stage 23 embryo were hybridised with digoxigenin-

labelled antisense probes tdyf5 (D,E) andMyoD (F,G).

On transverse sections through the forelimb from a stag

23 embryo, double in situ hybridisation was performed

using theMyf5 digoxigenin-labelled-probe (purple) and

the MyoD fluo-labelled probe (orange) (H,1). Black arrows
indicate theVlyf5-positive cells. Arrowheads point to
MyoD-positive cells. White arrowheads mark the double 5 i 4 ; .
Myf5- andMyoD-positive cells. E,G,| show higher _ s AT A
magnification of D,F,H, respectively. Scale bars: 1.2mm in ; : -
A-C; 180um in D,F,H; 4%um in E,G,I. D, dorsal; V, : i
ventral.

St23 v Myf5 @t Myf5
4H). Deltal was weakly detected at that stage ( =
not shown). The expression domain of the rece PN F g g% G
Notchlwas larger than that of the ligai®€rratez P o -S\ A *
(compare the adjacent sections of Fig. 4E and e LY *» ®. NS *
suggesting thaNotchlwas also expressed in n ; »
myogenic cells. We could detelsiotchl mRNA in - .
BrdU-positive cells (Fig. 4F, arrowheads), altho :
most of theNotchtpositive cells were BrdU negati X
(Fig. 4F). In additionNotch1transcripts were clear
detected in mononucleated cells around the m
fibres (Fig. 4l). These results indicate that
receptomNotchlis expressed in immature myobla
while the cells expressing the ligal
Deltal/Serrate2are more advanced in myogent
(postmitotic myoblasts and muscle fibres).

Overexpression of Deltal affects MyoD e ._" _92, ,_ﬂ - '
expression without affecting ~ Myf5 e k. " MyisMyoD — Myf5/MyoD
expression

In order to understand the role of Notch signalling during theitu hybridisation ofDeltal transcripts in whole mounts
different steps of myogenesis, we activated the Notch pathwahowed the degree of virus spread 48 hours (Fig. 58sB;

by over-expressindeltal using the RCAS retrovirus. The out of 6) and 72 hours (Fig. 5C,B52 out of 2) after grafting.
Delta/RCAS construct has been shown to be effective in retinéth order to visualise the activation of Notch signalling, we
(Henrique et al., 1997), cartilage (Crowe et al., 1999), feathdooked forNotchlexpression after grafting, since it has been
bud (Crowe et al., 1998; Viallet et al., 1998) and scale (Crowshown that activation of Notch signalling enhandéstch
and Niswander, 1998) formation. Based on described functiorexpression (Lewis, 1996). OverexpressionO#ltal in the

of Notch signalling in different systems and species, wdimb bud led to an extension of theotchlexpression domain
hypothesised that constitutive activation of Notch signalling iFig. 5I,J; n=4 out of 5), reflecting an activation of Notch
muscle cells would lead to an inhibition of terminal musclesignalling (Micchelli et al., 1997; Franklin et al., 1999). In such
differentiation. Aggregates of Delta/RCAS-transfected cellggrafted embryos, théMlyoD expression domain appeared
(see methods) were grafted to stage 16 (E2.5) wing buds. taduced in the region where ectopieltal was detected (Fig.

Table 1. Muscle gene expression in whole-mount embryos following grafts of Deltal/RCAS transfected cells to the wing
region at E2.5

Gene transcripts

Time after grafting Pax3 Myf5 MyoD

24 hours No change (2/2) No change (5/6)* No change (4/6)%
48 hours No change (7/8)8 No change (3/3) Decrease (4/5)1
72 hours n.d. No change (3/3) Decrease (5/7)1

Numbers in brackets indicate the number of cases giving the results out of the number of embryos examined.
*In one caseMyf5 expression appears downregulated.
FMyoD expression was not detected in the control limb in four cases.
8In one cas@ax3expression was upregulated.
fThe other cases were unchanged. n.d., not determined.
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Fig. 3. Myf5 andPax3transcripts are associated
with proliferative myoblasts whilMyoDis
detected in postmitotic cells. Transverse wing
sections from stage 23 embryos incubated with
BrdU 15 minutes before fixation were hybridised
with Pax3(A,B), Myf5 (C,D) andMlyoD

(E,F) probes and then incubated with the anti-
BrdU antibody. B,D,F show higher magnification
of the dorsal (B) and ventral (D,F) muscle masses
of the sections shown in A,C,E, respectively.
Arrows indicate théMlyf5- (B) and thePax3-

(D) positive cells that are also BrdU positive.
Arrowheads point to thislyoD-positive cells,
which are BrdU negative. Scale bar: 168 in
A,C,E; 40um in B,D,F. D, dorsal; V, ventral.

5B,D), compared with the control wing, ai
48 hours (Fig. 5E,F; Table 1) and 72 hc
(Fig. 5G,H; Table 1). In contrast, thdyf5
(Fig. 5K,L; Table 1) andPax3 (Table 1
expression domains were unchan
compared to the control wing. TI
demonstrates that the Notch pathway ope
between theMyfyPax3expressing and tl
MyoD-expressing stages.

Delta-activated Notch inhibits terminal
muscle differentiation, despite the
presence of Myf5 and Pax3
transcripts

Seventy-two hours after the Delta/RC/

expressing cells were grafted into the wing bud, the control anduscles were affected (Fig. 7D) in this way by Deltal/RCAS
operated wings were cut transversely through the forelimmfection despite the broad distribution of ectofeltal
region and hybridised with thBeltal probe, revealing the transcripts (Fig. 7C). We interpreted this result as Delta-
extent of the spread of the virus (Fig. 6A,B,1,J). Adjacenfactivated Notch acting only within a specific time window
sections hybridised witivlyoD (Fig. 6C,D,K,L), Myf5 (Fig.  between thdlyf5andMyoD expression steps (see above). This
6E,F,M,N) andPax3 (Fig. 6G,H,0,P) probes showed the time window is probably brief, so ectodieltal would have
normal and modified muscle pattern in the control and operated infect myoblasts at a very specific time in order to affect
wings, respectively. The Delta/RCAS-infected right wingtheir further differentiation. High magnifications of theltal-
exhibited a downregulation dlyoD transcripts (compare Fig. infected muscle FCU (flexor carpi unlaris) and control FCU
6C,D with 6K,L), whileMyf5 and Pax3 expression appeared (Fig. 8) confirmed the absence of myosin inkh@D-negative
unaffected (compare Fig. 6E-H with 6M-P). Analysis ofregion (Fig. 8C,D) of the infected FCU, while myosin
myosin expression using the MF20 antibody showed that theexpression could be detected in goD-positive region (Fig.
was a clear diminution in the number of differentiated muscl&D; arrow). In the control muscles, we could detectMiyeD
cells in the treated wing (Fig. 60,P), compared with the contrahRNAs (purple) and myosin (brown) in most of the cells (Fig.
limb (Fig. 6G,H, in brown). This demonstrated that terminal8A,B).

differentiation is affected despite the presenceVigf5 and

Pax3transcripts.

DISCUSSION
Delta-activated Notch leads to disorganised muscles
We then examined the phenotype of the Delta/RCAS-infecteBistinct expression patterns of ~ Myf5 and MyoD in
limbs at E9.5 (7 days after graftingz4). Transverse sections the chick wing indicate different roles during
were cut at the same level along the proximo-distal axis frorflyogenesis, Myf5 acting upstream of MyoD
the control (Fig. 7A,B) and manipulated (Fig. 7C,D) wings. Inin situ studies of Myf5 and MyoD expression during
the limb shown in Fig. 7, only the posterior muscles weralevelopment in the chick have been apparently contradictory
affected (Fig. 7D), although all muscles could be affected (dat@gee Introduction). We have shown thistlyf5 transcripts
not shown). Examination ofMyoD and myosin expression can be unambiguously detected before thoseMgbD in
showed that the posterior muscles were reduced in size atfte chick limb bud. A similar situation occurs in the
disorganised (Fig. 7D), compared with the normal pattern (Figchick somite (Hirsinger et al.,, 2001). These results are
7B). Moreover, the FDP (flexor digitorum profondus) muscleconsistent with those obtained in mice. The expression
was absent in th®eltal-infected wing (Fig. 7D) but was domains of Myf5 and Pax3 essentially overlap during
clearly present in the control wing (Fig. 7B). Only certaindevelopment. In contrastMyoD mRNAs initially show
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Fig. 4. Endogenous expression of Notch signalling components in the chick limb bud. Distribuliehadf(A), Serrate2(B) andNotchl

(C) transcripts in whole-mount preparations from stage 26/27 embryos (E5). (A,B,C) Dorsal views focused on the wingsv€onsecuti
transverse wing sections from stage 29 embryos (E6.5) injected with BrdU 1 hour before fixation were hybrid&emdawe®D,E) and
Notch1(F) probes (blue), and then incubated with the anti-BrdU antibody (brown). (G) Posterior part of the ventral muscle ntasshatlica
the Deltapositive cells are BrdU-negative (arrows). Transverse wing sections from stage 31/32 (E7/E7.5) embryos were hybridised with
Serrate2(H) andNotch1(l) probes (blue) and then incubated with the MF20 antibody (brown). Scale bapgnli®; 40um in E-I.

a more restricted pattern, in the centre of the limb. Duringnusculature formation (Kablar et al., 1997). This has been
subsequent limb development, thlyoD expression domain interpreted, in mice, as showing thsltyf5 has a primary
spreads to include all muscle masses, wPabe3andMyf5are  function in the regulation of axial muscles wher&agD is
downregulated, although a low level B&x3 transcripts can involved in limb muscle formation. Our chick expression data
still be detected quite late (E10) (Duprez et al., 1998). Despitsee Results) provide no evidence for this dichotomy of
the absence of clear segregation between proliferative arfidnction (Myf5/axial muscles versus MyoD/limb muscles).
postmitotic myoblasts in the limb, we observe a gradient ofnstead, our results suggest involvement at different steps
maturation from the ectoderm, whemdyf5- and Pax3  during myogenesis, Myf5 acting before MyoD. This has been
expressing myoblasts proliferate (less differentiated), to thalready suggested by gene targeting analysis: in the absence of
centre of the muscle masses, where myoblasts exghgsd  Myf5 andPax3 mice do not expreddyoD and fail to develop
and become postmitotic (more differentiated). There idody skeletal muscles (Tajbakhsh et al., 1997). Moreover, it
probably an intermediate phase where the cells arappears thaflyf5is activated first in both epaxial and hypaxial
Myf5*/MyoD*. This sequence of myogenic factor expression iglomains of mouse somites (Tajbakhsh and Buckingham,
shown in Fig. 9A. 1999). In addition, mousklyf5 expression matches the main

In mice, Myf5 and MyoD have been described as beingsources of myotomal precursors (Venters et al., 1999). These
activated in a mutually exclusive manner in the musculaturdindings indicate thaiMyf5 initiates the body skeletal muscle
Myf5 transcripts being first detected in the epaxial myotomelifferentiation program in both chick and mou$ke absence
andMyoD in the hypaxial myotome (Braun and Arnold, 1996; of muscle phenotype in thdyf5 knockout mice (Braun et al.,
Cossu et al.,, 1996a, Tajbakhsh and Buckingham, 1999)992a,b) could be explained Bsix3replacing the abseMyf5
Nevertheless, both genes are later co-expressed in the majomdtyd activatingVlyoD. IndeedPax3appears to be sufficient, in
of cells with myogenic potential both in vivo and in vitro some cellular contexts, to activaiyoD expression and thus
(Cossu et al.,, 1996b; Tajbakhsh and Buckingham, 1999nitiate the myogenic program in vitro (Maroto et al., 1997)
Moreover, Myf5-deficient embryos exhibit a 2-day delay in and in vivo (Tajbakhsh et al.,, 1997; Bendall et al., 1999).
development of axial muscles, but normal formation of theAlternatively, paraxis could be another candidate to assume the
limb musculature. Conversely, MyoD mutant embryos, there role of Myf5, since the double mutatigraraxis/Myf5~ shows
is delayed limb muscle development and normal axiaimuscle losses not observed in the single mutations (Wilson-
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Fig. 5. EctopicDeltalexpression
downregulate$1yoD without
affectingMyf5 expression. Viral
transcripts were detected in
whole-mount preparations by in
situ hybridisation with a probe
againstDeltal, 48 hours

(A,B) and 72 hours (C,D) after
grafts to the wing at E2.5 of
Delta/RCAS-expressing cells.
MyoD transcripts are
downregulated in the grafted
wings 48 hours (F) and 72 hours
(H) after similar grafts compared
with the respective control limbs
(E,G).Notchltranscripts are
upregulated in the grafted wings
(right) 24 hours (I) and 48 hours
(J) after similar grafts compared
with the control limbs (left).
Distribution ofMyf5 transcripts in
whole-mount preparations is
unchanged 72 hours (K,L) after
similar grafts. Arrows indicate the

ectopicDeltalexpression (B,D), the downregulationyoD (F,H), the upregulation dflotch1(l,J) and the unchangedyf5 (L) domain in
the manipulated wings. Scale bars: p00in A-G,K,L; 350um in I; Imm in J.

Control Delta/RCAS

-

My bAS

Pax3/MF20

Fig. 6. Overexpression dbeltalinhibits myogenesis despite the presendelyfb andPax3transcripts. Adjacent transverse sections of the
control (A-H) and infected wings (I-P) from the same embryo 72 hours after grafting Delta/RCAS-expressing cells in E2&déimbs w
hybridised with Deltal (A,B,I,J), MyoD (C,D,K,L), Myf5 (E,F,M,N) and Pax3 (G,H,O,P) probesPak®&in situ hybridisation was followed
by an incubation with the MF20 antibody (G,H,O,P). All the pictures are orientated similarly: dorsal towards the topowendtsthe
bottom, posterior towards the left and anterior towards the right. (B,D,F,H,J,L,N,P) High magnifications of the anteriadhparehtval
muscle masses from the control limb (A,C,E,G) and infected limb (I,K,M,0). Scale bausn240A,C,E,G,I,K,M,O; 6Qum in
B,D,F,H,J,L,N,P.
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Control + Delta/RCAS
D Delta = Delta
L
u r
P | a
. . - : A v - g P
Fig. 7. EctopicDeltalresults in disorganised
muscles. Adjacent transverse sections of the control MyoD/MF20 MyoD/MF20
(A,B) and infected (C,D) wings from the same
embryo were hybridised with the RNA probes D N
specific forDeltal (A,C) or MyoD (B,D) and then "5;_,,F o (1 ’
incubated with the MF20 antibody (B,D). The s \‘i‘/ ,%._
muscles in the posterior regions are disorganised or \ @ - ik
absent. a, anterior, D, dorsal; FCU, flexor carpi ' Lo e g
ulnaris;AFCU, the remains of the FCU; FDP, flexor h : . e
digitorum profondus; p, posterior; r, radius; u, ulna;
V, ventral;. Scale bar: 320m. Fcu FOP . D arcu

Rawls et al., 1999a). The presence of muscle in the absenceamid postnatal muscles (Ontell et al., 1995) is consistent with
MyoD (Rudnicki et al., 1992) has been interpreted as showinthis notion.

that it can be replaced biyf5 (Rudnicki et al., 1993; ) . o )

Tajbakhsh and Cossu, 1997). Howevédyf5 alone is Delta-activated Notch signalling inhibits myogenesis
insufficient to activate the myogenic program in the absence & vivo

the other three myogenic factors (Valdez et al., 2000)We have shown that Delta-activated Notch signalling in vivo
suggesting rather an overlap in the functions of myogenirdownregulatesMyoD expression and then inhibits terminal
MyoD and Mrf4. It has already been shown thiif4 and  differentiation in the chick limb bud. This is the first
MyoD can compensate for each other’s absence in musctiemonstration in vivo of the involvement of Notch signalling
differentiation in mice, since thdrf4-/MyoD™ double mutant in chick limb myogenesis. The cell-surface receptor Notch
displays a severe muscle deficiency, whereas mice lackimgediates communication between cells expressing Notch and
either Mrf4 or MyoD do not show defects in muscle cells expressing membrane-bound ligands such as Deltal and
development (Rawls et al., 1998). The absence of axial muscBerrate2. Our examination diotchl and Deltal/Serrate2
defects inMyoD™ mice could be explained Wrf4 were able expression shows that high levels of the ligands are detected in
to support muscle development. The transient expression pbstmitotic cells and muscle fibres but tNatchlis associated
Mrf4 in myotome before its expression in late embryogenesiwith mononucleated cells surrounding the fibres. These results

Control + Delta/RCAS

Myommﬁ@
.

A N e
.?‘,-T' I“T% -‘,Ey ; —rge
%45-«— SRS q

Fig. 8. Higher magnifications focused on FCU muscles from the control (A,B) and manipulated wing (C-F) from Fig. 7, hybridiggdmvith
probe (purple) and then incubated with the MF20 antibody revealed in brown (A-D), or hybridised igitatigrobe (E,F). The arrow in D
indicates a myosin-positive cell in tMyoD-positive area. Scale bars: gt in A,C,E; 40um in B,D,F.
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are illustrated in Fig. 9B. Our overexpression data coupled wit’ @
the in situ analysis can be interpreted as Notch signallin Pax3 Myf5
playing a role in maintaining the myoblasts in an 1

Proliferation

undifferentiated state until myoblasts are correctly positione
to pursue their differentiation. This result is consistent with the

known functions of Notch in other systems, e.g. retina, wher Myf5

progenitor retinal cells exposed Beltal are prevented from Notch

undergoing neuronal differentiation (Henrique et al., 1997 © Cell cycle exit
Dorsky et al., 1995); cartilage, where misexpressidDeifal

blocks chondrocyte maturation (Crowe et al., 1999); an MyoD
feather, where overexpression &feltal inhibits feather
development (Crowe et al.,, 1998; Viallet et al., 1998).
Moreover, during development of adult indirect flight muscles ) _ o
in Drosophila Notch activation causes failure of differentiation MyoD Myosin Differentiation
(Anant et al., 1998).
The use of the dominant-negative fornDafitalthat blocks
Notch signalling (Henrique et al., 1997) failed to give any Receptor
muscle phenotype when grafted into the limb (data not shown
This means that definitive proof of a physiological role for
Notch in limb myogenesis is still lacking. However, successfu

block of Notch signalling using the dominant-negative form of } Ligand

Deltal has only been reported for one system, the retin

(Henrigue et al.,, 1997). An alternative explanation is tha Undifferentiated  Differentiation
Serrate2, another Notch ligand that is expressed i state

differentiated myotubes (see Results), compensates for the la A 4

of Deltal activity. Serrate has been indeed shown t

compensate for the loss of function of Delt®iwsophila(Gu .'.

et al., 1995). Moreover, overexpression of Serrate2 can inhit
the differentiation of C2C12 myoblast cells (Lindsell et al.,
1995).Serrate2s expressed at the right time and place to play
a role in limb myogenesis. However, it is not clear whethe “‘
Deltal and Serrate2 have identical functions or whether the

use the same receptors during limb myogenesis. Fig. 9. Involvement of Notch signalling between the Myf5-step and

the MyoD-step(A) The sequence of expression of the myogenic
. factors during myogenesis is represenRak3andMyf5 are
Delta-activated Notch acts between the  Myf5 and associated V\?ith ?/ny%blast prolifepratidt/lny remainsytfexpressed in
MyoD steps post-mitotic myoblasts, which then expréégoD followed by the
Our results show that neith@éftyf5 nor Pax3is affected by myosin proteins. Activated Notch inhibits the progression from the
ectopic activation of Notch signalling, indicating that NotchMyf5step to theMyoD step. (B) The myoblasts expressing the
signalling acts after theax3Myf5 step (Fig. 9A). In addition, receptoNotchlremain in an undifferentiated state while the
our results show thailyf5 and Pax3are insufficient to allow Myoblasts expressing the ligand¥e(talor Serrate pursue their
further muscle differentiation in the absenceMyoD. This  differentiation.
contrasts with the normal muscle phenotypelyimDknockout
mice (Rudnicki et al., 1992; Kablar et al., 1997). Ouranalogy with the situation in the retina, where forced
misexpression experiments do not allow us to exclude thexpression ofDeltal maintains proliferating neuroepithelial
hypothesis that Deltal-activated Notch acts on the MyoDprecursors (Henrique et al., 1997), we would have expected an
expressing lineage in the chick limb, leaving intact the Myf5-extension of thé&ax3andMyf5 domains concomitant with an
expressing pathway. But in that case we would have expectéttrease of the BrdU incorporation. However, the fact that we
to observe normal terminal differentiation in our experimentatio not observe any change in fex3andMyf5domains (Figs
limbs, as in theMyoD knockout mice (Rudnicki et al., 1992; 5, 6) or of BrdU labelling (data not shown) aftBelta
Kablar et al.,, 1997). The Myf5 (and Pax3) pathway ismisexpression favours an action of NotchMyrf5 postmitotic
insufficient, in our experimental context, to rescue terminatells. Whatever the situation, it is clear that Delta-activated
muscle differentiation in the absence MiyoD, since we Notch blocks further differentiation of Myf5-expressing cells.
observe fewer myosin-positive cells in Deltal-infected limbs. ) ) ) )
This reinforces the idea that myogenic factor(s) other thaftelationship between MyoD and Notch signalling
Myf5 compensate for the absenceMyoD in MyoD”~ mice ~ components
(Rawls et al., 1998; Wilson-Rawils et al., 1999b; Valdez et al\We found a decrease d¥lyoD transcripts after ectopic
2000). Alternatively, there might be a genuine differenceactivation of Notch signalling. We cannot conclude from our
between chick and mouse. experiments whether the downregulationMyfoD transcripts

It is not clear whether activated-Notch acts on the transitiors the result of an inhibition of gene activation or a defect in
(1) betweerMyf5-proliferative andviyoD-postmitotic cells or the maintenance dflyoD expression. However, studies on
(2) betweenMyf5postmitotic toMyoD-postmitotic cells. By transfected cell lines revealed that activated Notch is able to
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inhibit MyoD transcription (Kuroda et al., 1999). Activated that Myf5 initiates the myogenic program and thetyoD
Notch also interferes with the muscle-inducing activity of theexpression is the manifestation of subsequent differentiation.
MyoD protein (Kopan et al.,, 1994). This interference hasThe in vivo signal regulating the transition from tigf5 step
recently been shown to occur through a direct proteitio theMyoDstep in the chick limb may involve Notch signalling.
interaction between the ankyrin repeat region of Notch and
MEF2C, an essential cofactor of MyoD, that blocks DNA We thank Marie-Aimée_ Teillet and Heather Etchevers for critical
binding (Wilson-Rawls et al., 1999b). Since MyoD andre.adlng of the manuscrlpt: We are gratefull to Frgnms BgaUJean,
MEF2 participate in regulatory circuits involving positive Michel Fromaget and Sophie Gournet for the illustrations. This work
ranscripionl feedback loops (Thayer et l, 1965; Braun afeS SUPPETEC by he dicocalon Earcare conte les Mhopeties
al., 1989; Molkentin et al., 1995), the downregulatioMgbD '
expression we observed could also be the consequence of the
inhibition of MEF2 activity.

It has been shown recently that MyoD is a direct, positivé?EFERENCES
reQUIa.tor of Xenopus Del.tal (Wittenberger et al., ]_'999)' Thgmthor, H., Christ, B., Weil, M. and Patel, K. (1998). The importance of
detection ofMyoD transcripts before those @feltalin the timing during limb muscle developmer@urr. Biol. 8, 642-652.
Xenopus gastrula indicates that MyoD triggers Notchanant, S., Roy S. and Vijayraghavan, K(1998). Twist and Notch negatively
signalling in this species (Wittenberger et al., 1999). From our regulate adult muscle differentiationmosophila Development 25 1361-
results it is not clear whether MyoD inducBsltal, which 1399 _ o R ) (1999). Notch
would then trigger Notch signalling in adjacent myoblasts, or signaling: cell faté cc;’ntrol an’d signél integratior’1 in.de.velopnémitance
if Notch signalling is activated before the onsetMyoD 284, 770-776.
expression. ChickyoD andDeltal expression seem to occur Baylies, M. K., Bate, M. and Ruiz Gomez, M(1998). Myogenesis: a view
together in the limb (data not shown). HowevBgrrate2 from Drosophila Cell 93, 921-927. ,
wanscripts are detected before thosbigéDin the fimb (data 2675 3 Clark A onsch ¢, De Angelis it and Cosser 1
not shown). Thus, we favour the hypothesis that high levels of foetal developmentech. Dev84, 165-168.
ligand (Deltal, Serrate2) expression in a few cells wouldendall, A. J., Ding, J., Hu G., Shern, M. M. and Abate-Shen, 1999).
activate Notch signalling in adjacent cells. The ligand-positive Msx1 antagonizes the myogenic activity of Pax3 in migrating limb muscle

; ; Nyati precursorsDevelopmeni 26, 4965-4976.
cells would then differentiate by activatinylyoD. The Borycki, A. G., Strunk, K.E, Savary, R. and Emerson, C(1997). Distinct
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200.
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. Braun, T., Rudnicki, M. A., Arnold, H. H. and Jaenish, R.(1992a). Targeted
mouse and chick myotomes (Ontell et al., 1995; Brand-Saberi; ” Hanice \ ( ). Targ

-+ C inactivation of the muscle regulatory gene Myf5 results in abnormal rib
et aI., 1996, Amthor et al., 1998, lesmger et aI., 2001) In development and perinatal dea@ell 71, 369-382.

the chick limb, where the distinction between proliferativeBraun, T., Rudnicki, M. A., Amold, H. H. and Jaenisch, R.(1992b).
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MyoD-expressing C_e“S do not incorporate BrdU, indicating gistinct mesenchymal stem cells and determine different skeletal muscle cell
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