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SUMMARY

Transcriptional cascades responsible for initiating the
formation of vertebrate embryonic structures such as limbs
are not well established. Limb formation occurs as a result

are not established, including initiation of Fgfl0
expression. Thx5 directly activates the=gf10 gene via a
conserved binding site, providing a simple and direct

of interplay between fibroblast growth factor (FGF) and
Whnt signaling. What initiates these signaling cascades and
thus limb bud outgrowth at defined locations along the
anteroposterior axis of the embryo is not known. The T-box
transcription factor TBX5 is important for normal heart
and limb formation, but its role in early limb development
is not well defined. We report that mouse embryos lacking
Tbx5 do not form forelimb buds, although the patterning
of the lateral plate mesoderm into the limb field is intact.

mechanism for limb bud initiation. Lefl/Tcfl-dependent
Whnt signaling is not essential for initiation ofTbx5or Fgf10
transcription, but is required in concert with Thx5 for
maintenance of normal levels ofFgfl0 expression. We
conclude that Tbx5 is not essential for the early
establishment of the Ilimb field in the lateral plate
mesoderm but is a primary and direct initiator of forelimb
bud formation. These data suggest common pathways for
the differentiation and growth of embryonic structures

Thx5is not essential for an early establishment of forelimb
versus hindlimb identity. In the absence offbx5, the FGF
and Wnt regulatory loops required for limb bud outgrowth

downstream of T-box genes.
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INTRODUCTION established by these patterning events that lead to limb bud
outgrowth. Experiments in chicken embryos have suggested
The development of vertebrate limbs is an excellent model tthat fibroblast growth factors (FGFs) or other molecules
study patterning and growth regulation in embryogenesisecreted from the intermediate mesoderm (IM), which will give
(Capdevila and lzpisua Belmonte, 2001; Johnson andse to the nephrogenic mesenchyme (NM), may be responsible
Tabin, 1997). The limb buds that result in morphologicallyfor initiating limb outgrowth (reviewed by Martin, 1998).
distinct forelimbs and hindlimbs arise from the lateralThese signals are thought to initiate expressidfgf0 which
plate mesoderm (LPM) at precise locations along thés required for limb bud outgrowth, in the limb field
anteroposterior (AP) axis of the embryo. The induction oimesenchyme (Min et al., 1998; Sekine et al., 1999). FGF10 in
limb buds at specific locations along the AP axis implies théurn activates-gf8 expression in the ectoderm overlying the
localized expression of an inductive or competence factolimb field mesoderm (Min et al., 1998; Ohuchi et al., 1997;
However, the initial steps in limb bud outgrowth from theseSekine et al., 1999). FGF8 and other FGFs secreted from the
fields of patterned LPM and the signals that initiate limb budpical ectodermal ridge (AER) subsequently promote limb bud
outgrowth are not known. outgrowth, in part by maintaininggf10 expression (Crossley
The definition of the fields of LPM that will give rise to limb et al., 1996; Lewandoski et al., 2000; Moon and Capecchi,
buds occur possibly as a result of patterning by Hox gen000; Ohuchi et al., 1997; Sun et al., 2002; Vogel et al., 1996;
activity along the AP axis of the vertebrate embryo (CohrXu et al., 1998).
et al., 1997; Cohn and Tickle, 1999; Popperl et al., 2000; FGFs are expressed in the IM and LPM along the entire
Rancourt et al., 1995), but it not known what signals aréength of the embryo, so it follows that there must be a
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responsive intermediate localized at the level of the limb budsgf10 promoter analysis

to transduce the signals from the IM. However, contradictorggflo genomic sequences were obtained from the mouse
information in both chick and mouse embryos in which NMENSEMBL database (http://mouse.ensembl.org) and GenBank
formation is inhibited has cast doubt on the role of the IM in(http://www.ncbi.nim.nih.gov). Bacterial artificial chromosomes were
limb induction, and it has been suggested that there is rigentified and obtained from the Centre for Applied Genomics at the
requirement for axial signaling to the LPM in limb bud Hospital for Sick Chl[dren, apd a fragment comprising 6..5 kb
initiation (Fernandez-Teran et al., 1997; Bouchard et alupstream of the coding region was subcloned in a luciferase
2002). Recently, Wnt molecules e;(presse,d in the early lim xpression vector, pXP1. Deletion constructs were made by removing

. . - 600 bpAfllI/Nhd fragment (deletion II), a 1.2 kBIpl fragment
field have been implicated as key regulators of the FGF log eletion Ill), or a 1.9 kBIpl/Nhd fragment (deletion II/11l). Site-

required for limb bud outgrowth (Kawakami et al., 2001).gjrected mutagenesis of TBEal was performed by overlap PCR,
However, mice lacking transcriptional regulatorefatenin  replacing the sequences GTGTGA by TATAAA, abolishing the
dependent Wnt signaling pathway initiate limb bud growthputative TBE and introducing Ssp restriction site for diagnostic
although this is not maintained, perhaps because of lack pfirposes. Co-transfectionskgf10-luciferase constructs with a Thx5
AER formation (Galceran et al., 1999). What molecule(spgxpression construct (Bruneau et al., 2001) and an actfatatenin
initiate these signaling cascades and thus limb bud outgrowgxpression construct (Miyagishi et al., 2000) were performed in COS-
at defined locations along the AP axis of the embryos is ndtcells as described (Brunea_u et al., 2001). The_ results shown are ;he
known. mea}nts.d. of at least two independent experiments performed in
The T-box transcription factor encoding gerds5 and triplicate.
Tbx4 are early markers of the forelimb and hindlimb fields,
respectively (Bruneau et al., 1999; Gibson-Brown et al., 1996;
Gibson-Brown et al., 1998; Isaac et al., 1998; Logan et alRESULTS
1998; Ohuchi et al., 1998; Saito et al., 2002), and have been . ]
shown, based on misexpression experiments in chickefbsence of limb buds in ~ Thx5deldel embryos
embryos, to be involved in regulating limb type (forelimbWe examinedbx3e/de!mijce to elucidate the potential role of
versus hindlimb) identity (Logan and Tabin, 1999; RodriguezTbhx5 in early limb developmentTbx3e/del mice had no
Esteban et al., 1999; Takeuchi et al., 1999). Tbhx5 is alsevidence of forelimb bud initiation at embryonic day (E) 9.5, as
required in a dose-dependent manner for patterning or growtvidenced by scanning electron microscopy (Fig. 1). A ridge of
of the forelimbs, as demonstrated by limb defects of varyingPM was observed ifibx3€/delembryos, but unlike wild-type
degrees caused by domindiX5mutations in humans with embryos, Thx3eldel embryos had no detectable limb bud
Holt-Oram syndrome (OMIM 142900) or mice that lack oneoutgrowth, including the formation of an AER (Fig. 1B,D, see
copy of Thx5 (Basson et al., 1997; Bruneau et al., 2001; LiFig. 3B,D). Although limb bud outgrowth was not observed in
et al., 1997). However, the role of Tbx5 in early limb Thx3e/delembryos, the establishment and patterning of the limb
development has not been defined. field was intact in these embryos (Fig. 2). Examination of the
In order to investigate the role of Thx5 in early limb site of expression of the defectiVbx5transcript produced from
formation, we have analyzed limb bud development in wildthe Tbx3€ allele (Bruneau et al., 2001) allowed identification of
type mice and mice that lack both copies of Tokbx&lel/del g patterned forelimb field ibx3edel embryos (Fig. 2A,B).
mice) (Bruneau et al., 2001). We show that Thx5 is require@bx5 mRNA levels appeared somewhat decreased compared
for the earliest signals that initiate limb bud outgrowth fromwith those in wild-type embryos, perhaps because of fewer
the LPM, including establishment of FGF and Wnt signalingThx5expressing cells, but the patterning of the domaifbab
We propose that Tbx5 initiates limb bud outgrowth followingexpression was intact. LPM differentiation was also unaffected
patterning of the LPM by directly activatigf10in the early by the lack of Tbx5, as assessed by expression of the bHLH
limb mesenchyme. transcription factor gendand2(Charite et al., 2000; Fernandez-
Teran et al., 2000; Srivastava et al, 1997) (Fig. 2C).
Regionalization of the limb field was normal, as the restriction

MATERIALS AND METHODS of LPM expression of the Hox gehixb8(Charite et al., 1994)
and of the ETS transcription factBea3(Chotteau-Lelievre et
Mice and in situ hybridization al., 2001) to the posterior of the limb field occurred normally in

Mice used wereTbxS!e/* (Bruneau et al., 2001),efi~Tcf1-  Tox8elembryos (Fig. 2D,EPeadis initially expressed in the
(Galceran et al., 1999) arfefr249/+ (Xu et al., 1998). Breeding LPM up to the posterior of the forelimb field, and is subsequently
and genotyping was performed as previously described (Bruneau #ainscribed in the nascent limb bud mesenchyme (Chotteau-
al., 2001; Galceran et al.,, 1999; Xu et al., 1998). Embryos werkelievre et al., 2001). The initial regional LPM expression of
staged according to Kaufman (Kaufman, 1992), using morphologic#®ea3 at E9 was intact inrbx3'e/del embryos, but limb bud
landmarks to estimate embryonic day (E) of development. All in sitiexpression at E9.5 was lost (Fig. 2E,F). Patterning of the

hybridization experiments were carried out on multiple littermatesqrelimb field is therefore unaffected by loss of TBX5.
from at least two litters, with similar results. In situ hybridization was

performed as described in previously (Riddle et al., 1993). cDNAHindlimb markers are not induced in the Thx5del/del

probes were as described previously (Bellusci et al., 1997, Brunqure"mb field

et al., 1999; Bruneau et al., 2001; Charite et al., 1994; Crossley an . . .
Martin, 1995: Galceran et al., 1999; Lanctot et al., 1999; Smith ¢t has been hypothesized that TBX5 establishes forelimb
al., 1992; Srivastava et al., 1997), or were obtained by RT-PCR dfl€ntity in part by suppressing expression of genes that define
mouse embryo RNA with primers designed using published’lind”mb identity (Rodriguez-Esteban et al., 1999; Takeuchi
sequences. et al., 1999). To determine if the loss of Thx5 resulted in a
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conversion from forelimb to hindlimb identi
we examined the expression Bitx1 and Thx4
which encode hindlimb-specific transcript
factors thought to be involved in establist
hindlimb identity (Lanctot et al., 1999; Logan i
Tabin, 1999; Rodriguez-Esteban et al., 1
Szeto et al.,, 1999; Takeuchi et al., 1999).
induction of Tbx4 or Pitx1 was observed in tl
presumptive forelimb field ofbx3iel/delembryo:
at E9 (prior to limb bud initiation) or at E¢
(subsequent to limb bud initiation), sugges
that endogenous TBX5 does not rep
hindlimb-specific genes in order to dir
forelimb identity (Fig. 2G,H and data not shov

Thx5 is upstream of FGF signaling

Analysis of genes involved in the initiation of lii
outgrowth confirmed that Thx5 is required
early events in limb bud development. Expres
of Fgfl0 and Fgf8 was not detectable in t
forelimb field of Thx3eldel embryos at E9-9
(Fig. 3A-E). The expression ¢igf10 was neve
initiated in the LPM at E9 (Fig. 3A), but was ini
in the intermediate mesoderm and hindlimb
of Tbx3leldel embryos (Fig. 3A-C). Tt
observation that hindlimb expressiorFaff10car
be detected in E9.Bbx3edelembryos indicate
that undetectablegfl0expression in the forelin
field at this stage is not due to general gre
retardation of the embryos, because hind  Fig. 1.Scanning electron micrographs of wild-type (A,C) diat3te/de!(B,D)

development is delayed compared with that o embryos at E9. Limb bud outgrowth is apparent in wild-type but ribbisie!/de!
forelimb. Furthermore, nd=gf10 expression | embryos (arrows in A,B, asterisks in C,D). Lateral plate mesoderm is seen in

detected in the limb field of E9rbxslelde embryo of either genotype as a ridge along the side of the embryo.

embryos, which are not growth-delayed comp

with their littermate controls. The lack Bfjf10 expression in  perhaps to induc&bx gene expression (Crossley et al., 1996;
the forelimb field is therefore a direct consequence of the logsibson-Brown et al., 1998; Isaac et al., 2000; Isaac et al., 1998;
of TBX5 activity in the limb field. Absence &gf8 expression Logan et al., 1998; Martin, 1998; Ohuchi et al., 1999; Ohuchi
in of Thx3eldelforelimbs is likely to be due to the absence ofet al., 1998; Rodriguez-Esteban et al., 1999; Vogel et al., 1996).
FGF10 signaling (Min et al.,, 1998; Sekine et al., 1999)However, comparisons &fgf and Tbx5expression have been
Similarly, although the expression of the early forelimb fieldlimited to chicken embryos. To establish a potential hierarchy
markerPea3was intact in the LPM oTbx3e/delembryos at  of regulators of limb development in the mouse, we examined
E9, its expression in the putative forelimb bud at E9.5 is absettie temporal and spatial relationship of expressiofrgis,

in Thx3'eldel embryos (Fig. 2F), presumably because of the=gfl0andTbx5 We focused ofgf8, becaus@bx5expression
absence of FGF signaling, which is known to reguRge3 does not initially rely on FGF10 (Sekine et al., 1999).
transcription in other vertebrate tissues (Raible and Brand, Thx5is expressed initially at E8.0 in a broad region of the
2001; Roehl and Nusslein-Volhard, 2001). Expression of thePM corresponding to the cardiac crescent (Bruneau et al.,
FGF-responsiveSnail gene, encoding a transcription factor 1999). At E8.5 (5 somitesJbx5expression is still confined to
expressed in the early limb bud (Ciruna and Rossant, 200the developing heart (Fig. 4A), but shortly thereafter, at the
Isaac et al., 2000; Nieto, 2002; Sefton et al., 1998), was alsight-somite stage, expression Dbx5 is robustly detected
undetectable iTbx3'e/delempbryo putative forelimbs (Fig. 3F), additionally in a discrete region of the LPM that corresponds
while its expression elsewhere in the embryo was unaffectetb the forelimb field (Fig. 4B). This domain ©bx5expression

In all cases, although growth retardation was observed fds continuous with the cardiac domainTdix5expression. At
Thx3lelldelembryos at E9.5, expression of the genes examineitiis stage and until E8.5 (eight somiteBYf8 expression is
was unaffected in tissues other than those destined to beconagely or not detectable in the IM (Fig. 4D) (Crossley and
forelimb, indicating that developmental delay is not the caus®artin, 1995).Fgf8 at the eight-somite stage is very weakly

of the altered gene expression. detectable in the IM, and this expression is reliably observable
) o in very few embryos at this stage (Fig. 4E). At subsequent

Thx5 expression precedes Fgf gene expression in stages of developmentTbx5 remains expressed in the

the LPM mesenchyme of the limb primordium, although not

It has been suggested that FGFs from the IM/NM, in particulammediately adjacent to the IM expressiRgf8 (Fig. 4C,F).
FGF8, signal to the LPM to initiate limb bud formation, andFgfl0 begins to be expressed at E9 in the limb mesenchyme,



626 P. Agarwal and others

overlapping with the domain dfbx5expression, as well as in formation. Wnt2b in the forelimbs and Wnt8c in the hindlimbs
the IM (Fig. 3A). Therefore,Tbx5 expression in the LPM of chicken embryos appear to be sufficient to initiate limb bud
destined to become forelimb precedes expressibgf@fin the  outgrowth via g3-catenin dependent pathway, includigf10

IM and Fgf10in the LPM. expression (Kawakami et al., 2001). We could not detect
) S expression otWnt2bor Wnt8cin early mouse limb buds (data
Thx5 is upstream of Wnt signaling not shown), indicating that these Wnts, unlike in chick

Whnt signaling has been implicated in the initiation of limbembryos, might not be involved in early stages of mouse limb
formation. Although the identity of
homologous Wnts in mouse that might
be involved in limb bud formation
is not known, transcription factors
downstream of 3-catenin dependent
Whnt signaling, LEF1 and TCF1, play a
key role in mouse limb bud outgrowth
(Galceran et al., 1999) efl and Tcfl
were expressed in the early limb field
of wild-type embryos, but their
transcripts were undetectable in
Tbx3leldelforelimbs (Fig. 5A,C,E). Itis
not known whether Wnt signaling is
upstream or downstream @bx5 and
there is precedent to suggest that Wnts
can directly regulate T-box genes
via LEF1 (Galceran et al.,, 2001;
Yamaguchi et al., 1999). To determine
the hierarchy of regulation between
Thx5 Wnt signaling and Fgfl0
expression, we examinedbx5 and
Fgf10 expression inLefl/Tcfl double
mutant embryos (Galceran et al., 1999).
Thbx5 expression at E9.25 was
unaffected inLefl~=Tcfl~ embryos,
while Fgf10 expression was detectable
at weaker levels than wild-type in these
mutants (Fig. 5B,D,F). We conclude
that Tbx5 acts upstream of Wnt
signaling in the developing limb bud,
and Wnt signaling via LEF1 and TCF1
are required to maintain normal levels
of Fgfl0 expression.

Establishing hierarchies of
signaling in the limb bud

We have shown that in mice lacking
Tbx5 expression ofgfl0 Lefl, Tcfl,
Snail Pea3 and Fgf8 in the
presumptive limb buds is abolished. We
have further established that Thx5 is
upstream of Wnt signaling. To examine
further the relationship between FGF
signaling, Tbx5 expression and
expression of potential downstream
Fig. 2.Intact patterning of the LPM ifibx8'e/delembryos, as demonstrated by expression of targets of TBX5, we examined
Tbhx5mRNA (A,B, arrows) from the wild-type or deleted alleles. LPM differentiation, as expression of Tbx5 and Lefl in
shown byHand2expressiondHandin figure), is intact in embryos of either genotype (C). Fgfr2A|g|||/A|g||| embryos, in which the
Normal patterning of the forelimb field THox3te/delembryos is also apparent as demonstrated tire i lobi like d in 11l of
by expression afloxb8andPea3mRNA in the LPM up to the posterior region of the forelimb entiré immunoglobin-liké domain 1ii 0
field (arrowheads) in both wild-type afithx3'eldelembryos (D-F). After the initiation of limb (e Fgf receptor 2Hgfr2) gene has
bud outgrowth at E9.Bea3expression is expressed in the forelimb mesenchyme of wild-typd€€n deleted (Xu et al., 1998). In these
embryos, but is not detectable in the forelimb fielTlmt3'e/delembryos (F, asterisks). mice, the different isoforms of Fgfr2
Hindlimb markersPitx1 (G) andTbx4(H) are expressed normally in the hindlimb field (hl) but that are receptors for FGF8 (FGFR2c)
not in the forelimb field (asterisks) of wild-type Tipx3'e/delembryos. or FGF10 (FGFR2b), and are required
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for FGF function in limb bud formatic
(Martin, 1998; Xu et al., 1998), ¢
deleted.Thx5expression was norma
initiated at E9.25 (Fig. 5G), but r
maintained by E10.5, in
presumptive limb bud mesenchyme
Fgfr24iglivAigll  empryos (data n
shown). This is similar to what
observed in mice that lackgflC
(Sekine et al., 1999), and presum:
reflects a major role for this recepto
transducing FGF10 signals. Expres:
of Lefl was also unaffected
Fgfr24igiiV Aiglll empryos at E9.5 (Fi
5H).

Tbx5 directly activates the  Fgfi0
gene

The lack of initiation of Fgfl0
expression in the LPM oThbx3telde 7 : '

embryos suggests the possibility = delldel
TBX5 may activate the~gfl0 gene
directly. We examined the promao
region of Fgfl0 for potential TBXE
binding sites (TBEs) (Bruneau
al., 2001; Ghosh et al.,, 2001),
comparing conserved elements of i
kb upstream ofFgfl0 in human an
mouse genomic sequences; additi
confirmation of conserved sites v
carried out by comparing mouse anc by

genomic sequences. The 7 kb upstr bt +/+ del/del
of the Fgf10-coding region have be

; - Fig. 3. Tbx5is upstream of FGF signaling in the forelimb bud. Wild-type embryos express

S’:Lesrcmr; nteignto i?]e slgr;fgzlengugd:gflaoi Fgfl0(A,C,E), Fgf8 (B,D) andSnail(F) in the nascent limb buds (red arrowheads). These
lsewh p Sasaki L 2001). TI transcripts are absent in the forelimb fieldrok3'el/delembryos, but expression at other sites

elsewhere (Sasaki et al., )- in Thx3lelldelembryos is intact, including intermediate mesoderm and hindlimb expression of

regions of significant homolot  Fgf10(yellow and blue arrowheads, respectively, in A,C,E).
between mouse and human seque

could be identified (Fig. 6A). With
these regions, three potential TBEs were detected in thectivated thd=gfl0duciferase reporter gene, with a maximum
genomic sequences of both species [Fig. 6A,B; based on thetivation of ~10-fold (Fig. 6D). In combination wiltbx5 an
sites described by Bruneau et al. (Bruneau et al., 2001)4dditive effect of3-catenin was observed (Fig. 6D).
additional potential TBEs were found outside the regions of To identify the regions of th&gfl0 promoter that were
homology. Only one site was conserved in human, mouse amesponsive to TBX5 and-catenin-dependent transcription
rat DNA (asterisk in Fig. 6A). We isolated 6.5 kb of genomicfactors, we performed deletion analysis of fyf10 promoter
DNA upstream of the=gfl0 gene, and fused this putative (Fig. 6E). We deleted a 0.6 kb region corresponding to most of
regulatory region to aluciferase reporter gene. Co- conserved region Il (delll), a 1.2 kb region corresponding to
transfections in COS-7 cells of thigfl0reporter gene with most of conserved region 1l (dellll) or a 1.9 kb deletion that
a Thx5expression construct resulted in powerful (up to 120¥emoves all of region Il and most of region 1l (delll/lll) (see
fold) activation of the reporter gene (Fig. 6C), showing thafig. 6A). The first deletion removes the conserved TBE (al),
TBX5 can directly activate thegfl0gene. while the second deletion removes two TBEs (a2 and c), as well
The decreased expression &4f10 in Lefi’~Tcfi’~  asthe LEF1/TCF1 binding site. Deletion of region Ill abolished
embryos indicates a role for Wnt signaling in the regulation ofthe response of th&gfl0 promoter to activate@-catenin,
FgflOexpression. A single consensus LEF1/TCF1 binding sitavhich correlates well with the presence of the LEF1-binding
(TTCAAAG) was identified in mouse and humdygfl0  site in this region. Activation by TBX5 was not significantly
regulatory sequences, as shown by ‘L' in Fig. 6A. We coaffected by this deletion. However, deletion of region Il
transfected the~gfl0luciferase reporter construct with an abolished activation by TBX5 almost completely (1.5- versus
activated3-catenin construct into COS-7 cells, with or without 18-fold). Deletion of both regions Il and Il completely
the Tbx5 expression construct. This activatBetatenin  eliminated activation by either activatBetatenin or TBX5. To
construct will activate LEF1/TCF1-dependent transcriptiorfurther delineate the contribution of TBEal, the putative Thx5
(Miyagishi et al., 2000). Activate@-catenin at all doses tested binding sequences GTGTGA of TBEal were mutated to
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TATAAA, and the construct assessed for its response to TBX%dentity by the forelimb field. Misexpression experiments in
Mutation of TBEal (mutal in Fig. 6E) significantly reducedchicken embryos have suggested that forced expression of
TBX5 activation of the=gf10 promoter-luciferase construct to Thx5in the hindlimb andTbx4 or Pitx1 in the forelimb can
1.6-fold (compared with 18-fold for the wild-type promoter).induce a conversion of limb type identity (Logan and Tabin,
The combined data indicate that TBX5 activates FigEl0  1999; Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999).
promoter directly mainly via the evolutionarily conserved Thx5misexpression in the hindlimb was shown to result in the
TBEal, and thg-catenin-dependent signaling activaiggl0  repression ofTbx4 suggesting that the endogenous role of
via a conserved LEF1/TCF1-binding site. Tbx5 in the forelimb is to repreS%x4 expression (Takeuchi

et al., 1999). Our data showing that lackrok5does not lead

to expression ofrbx4 or Pitx1 in the forelimb field does not
DISCUSSION support this hypothesis. This is consistent with the

observations that limb type identity in chick embryos is
We have shown that in mice lackiigpx5there is a complete determined at stage 9-12, before the inductiolmf5 and
absence of formation of the forelimb bud, includingThx4 in their respective limb fields (Saito et al., 2002).
establishment of the FGF and Wnt signaling pathways that afox3€/del embryos do not form forelimb buds, so it may be
crucial for limb bud outgrowth. However, patterning of theargued that expression Bftx1 and Thx4may not be detected
limb field is intact in these embryos, indicating that TBX5 isin the absence of limb buds, but these genes are expressed in
responsible for the transition of the limb field to the limb budthe hindlimb LPM field far in advance of limb bud outgrowth
TBX5 appears not to be essential for limb type identity(our data) (Gibson-Brown et al., 1996; Gibson-Brown et al.,
determination, but instead directly initiates limb bud outgrowth1 998; Isaac et al., 1998; Logan et al., 1998; Ohuchi et al., 1998;

by activating the=gf10 gene. Saito et al., 2002), and expressionTaik5in the forelimb is
o ] intact in mice that lack limb buds due to ablationFgf10
Thx5 and forelimb identity (Sekine et al., 1999). Therefore one would anticipate that a

The absence dfbx5did not result in acquisition of hindlimb molecular conversion of forelimb to hindlimb identity in
Thx3el/del embryos would indeed be
detected. In addition, examination of
Thx4 expression in Thxglel/del
embryos at E9, prior to the initiation
of limb bud outgrowth, did not reveal
induction of Thx4 in the limb field.
Furthermore, conditional deletion of
Tbhx5 using Prx1-Cre mice, which
deletes theTbx5 gene in the limb at
E9.5, does not result in forelimb to
hindlimb conversion either (C. Rallis,
B. G. Bruneau, J. Brough, C. E.
Seidman, J. G. Seidman, C. J. Tabin
and M. P. Logan, unpublished). T-box
Tbx35, E8.5 (8 som) genes may be involved in later aspects
——— of limb identity, but based on our data
= y - and on explant experiments performed
in chicken embryos (Saito et al.,
2002), they do not seem to be sole
regulators of early forelimb versus
hindlimb identity.

Tbx5 and the transition from
limb field to limb bud

In  Thx3eldel  embryos, the
establishment of a patterned limb field
is intact, while all signs of limb bud

- , - / outgrowth are absent, including all
Fgr8, E8.S (8 som) e am) | Fgf8, E9.25 known regulators of limb bud

. . o ) i ) ) outgrowth. This is consistent with data
Fig. 4. Tbx5expression preced€gf8 expression in the limb field. ExpressionTdix5(A-C) is showing that limb bud outgrowth at

shown at E8.5 (five-somite stage, A), E8.5 (eight-somite stage, B) and E9.25 (C). Expressio - .
Fgf8 (D-F) is shown at E8.5 (eight-somite stage, D,E) and E9.25 (F). Yellow arrowheads ol proper I_Ocatlon _along the AP axis
indicateTbx5expression in the forelimb precursors, beginning at the eight-somite stage (B). of the LP_M is established at stages 13-
This expression was readily detectable in all embryos examined at this stage and beyond (B9, In chicken embryos, the stage at
Red arrowheads indicate welf8 expression in the intermediate mesoderm, beginning at theWhich Thx5begins to be expressed in
eight-somite stage. Note that this weak expression was observable in only a few embryos attiis LPM destined to become the
stage (compare D with E), but was reproducibly detected at E9.25 and beyond (F). forelimb (Kieny, 1969; Pinot, 1970;
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Saito et al., 2002; Stephens et
1989). It has been suggested L9f1, E9.5 B

evolutionarily conserved Hc
functions are essential for the .
patterning of the LPM (Cohn et ¢
1997; Cohn and Tickle, 1999; Popy
et al., 2000; Rancourt et al., 1995)
particular, in the zebrafisHazarus
mutant, in which all Hox function !
abolished, the establishment of ; Lef1-/--Tcf1-/-
limb fields, including expression _ :
Thx5in the precursors of the pectc Fgf'] 0, E9
fin, is absent (Popperl et al., 2000) .
zebrafish, it has been suggested "&,
Thx5 controls mesodermal ¢ :
migration into the limb field (Ahn pr - = E
al., 2002). Our observation that ' 9 ) ﬁ: b
limb field is intact in mouse embry . ¢ 4 J
lacking Tbx5 shows that thi '
mechanism is not operative

mammals. ThereforeTbx5 is not ' Lef1-/-;Tef1-/-
essential for establishment of the i
field.

What, then, is the role ofbx5in
early limb formation? We propose tl
Tbx5is a primary and direct initiator
limb bud outgrowth followins
patterning of the limb field. Supporti
this possibility is the observation the
limb-specific deletion of Thx5 alsc
results in an absence of limb L :
outgrowth (C. Rallis, B. G. Bruneau Lef1-/- Tcf1-/-
Brough, C. E. Seidman, J. G. Seidir
C. J. Tabin and M. P. Loge
unpublished), and introduction of
dominant-negative TBX5 molecule
the limb field also abrogates lir
formation (C. Rallis, B. G. Bruneau,
Brough, C. E. Seidman, J. G. Seidir
C. J. Tabin and M. P. Loge
unpublished) (J. Takeuchi and
Ogura, personal communication). M
importantly, Tbx5 misexpression ce

cause the induction of an entire li Fig 5 Thx5is upstream of Wnt and FGF signalingf1andTcflexpression is undetectable in
from the LPM (J. Takeuchi and the forelimb field ofTbx3'el/delembryos (arrowheads in A,C,E), but is intact elsewhere in the
Ogura, personal communication), ol embryo, including the hindlimb field (yellow arrows in A). Expressioftm{5is intact in
additional limb-like structure from tt  LeflTcf1/-embryos (B)FgflOexpression is initiated, but expressed at lower levels than in
limb-forming mesoderm (Ng et ¢  wild type in the forelimb field ofefI/~Tcfl~embryos at E9 (D) and E9.5 (Abx5(G) and
2002). Furthermore, this role Lef1(H) expression is unaffected Fryfr24191l/ Aiglll embryos. Arrowheads in B,D-H indicate
evolutionarily ~ conserved in ¢ theforelimb field.

tetrapods, from zebrafish to hum

(Ahn et al., 2002; Basson et al., 1997; Garrity et al., 2002; Li In contemplating the potential role of TBX5 as initiator of
et al., 1997; Ng et al., 2002). Therefdiex5is necessary and limb bud induction, one must consider that evidence exists to
sufficient for limb bud outgrowthTbx5encodes a transcription indicate a role for signaling from the NM to the LPM to initiate
factor, and is likely to cause limb bud induction by directlimb bud outgrowth (Geduspan and Solursh, 1992; Stephens
activation of downstream targets suchgf10. IndeedFgf10  and McNulty, 1981; Strecker and Stephens, 1983). FGFs
expression is never initiated Tlox5deficient embryos, and we derived from the NM, particularly FGF8, have been proposed
have shown that TBX5 activates thgfl0gene directly via a to be the operative molecules in this model (Crossley et al.,
conserved TBX5-binding site within thegf10 promoter, thus  1996; Martin, 1998; Vogel et al., 1996). Data exist that dispute
providing a direct and simple mechanism for induction of limbthis model, and the pieces of the puzzle have not been
bud outgrowth. reconciled (Fernandez-Teran et al., 1997; Martin, 1998).
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Indeed, preventing posterior migration of the NM in chickengenes (Popperl et al., 2000) or to confer competence to the
embryos (Fernandez-Teran et al., 1997) or disruptingPM for induction of limb bud outgrowth by Tbx5. The role
differentiation of the NM in mouse (M. Bouchard and M. of FGF10 in maintenance but not initiationTdix5expression

Busslinger,

initiation exists for axial signaling, it might be to suppblox5

personal communication) does not lead tan the limb bud indicates that FGFs do play a role in supporting
abnormal limb formation. We propose that if a role in limb budTbx5 expression, although they may not be involved in its

initiation (Sekine et al., 1999). Supporting this possibility, we

expression in conjunction with patterning of the LPM by Hoxhave observed that mice lacking FGFR2b/FGFR2c also have
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decreasedrbx5 mRNA levels, but initiateThx5 expression
normally. A role for FGFs in conferring competence to the
LPM would also be consistent with their expression throughout
the LPM and IM.

Hierarchies of signaling in limb bud outgrowth

Tbx5is clearly upstream of FGF and Wnt signaling in the
developing limb bud, as shown by the decreased expression of
Fgf10 Fgf8, Snail Pea3 LeflandTcflin the prospective limb
field of Thx5knockout embryos, and the intact expression of
Tbx5 in Left’=Tcf1— and Fgfr2419V Aigll empryos. It has
additionally been demonstrated thabx5 expression is
normally initiated in mice that lack FGF10 (Sekine et al.,
1999). Furthermore, our genetic and transactivation data
indicates that Wnt signals act in concert with TBX5 to activate
Fgf10fully in the developing limb bud. We have shown in vivo
that Fgfl0 requires Thx5 for initiation of its expression,
whereas Wnt signaling via LEF1 and TCF1 is required to
sustain high levels dfgf10 expression. This is supported by
our in vitro transactivation data, which show powerful
activation of thé=gf10promoter by TBX5, and lower levels of
activation byp-catenin. This is similar to the interaction of
VegT and Wnt signaling inXenopusorganizer formation
(Xanthos et al., 2002). However, it is not clear whether
decreasedrgf10 expression and abnormal limb development
in LefI=TcflI~embryos is due to direct action of Wnts in the

Fig. 6. TBX5 activates th&gflOpromoter. (A) Schematic
representation of the upstream regulatory sequences of mouse and
humanFgfl0. Regions of homology are indicated in red, and are
numbered I, Il and IlI; percent nucleotide identity is indicated
between the two sequences. Potential TBX5-binding sites (TBES) are
shown as a, b or c, based on the different types of TBEs (see B). A
conserved putative TBE is shown by the asterisk. A conserved
putative Lefl/Tcfl-binding site is indicated by ‘L. (B) Delineation

of the three types of TBEs in tikgfl10promoter. (C) Transactivation
by TBX5 of theFgfl0-luciferasereporter construct in COS-7 cells.
The reporter construct was transfected with increasing concentrations
(0, 100, 500 or 1000 ng) ofTdx5expression construct. Mean fold
activation is indicated above each bar. (D) Transactivation of the
FgflOluciferasereporter construct by an activat@atatenin -cat)
construct alone (black bars) or witfTx5expression construct

(white bars) or both (hatched bars). The amount of each plasmid
transfected is indicated below the graph.kgj10promoter deletion
analysis. Deletion constructs were co-transfected witf tixé
expression construct (white bars) or the activ@tedtenin

expression construct (black bars). Deletion of region Il (del I1) or a
point mutation of TBEal (mutal) did not affect activation by
activated3-catenin, but greatly reduced (1.5 times less versus 18
times less) activation by TBX5. Deletion of region Il (del Ill) results
in decreased activation Iffycatenin, but did not significantly affect
activation by TBX5. Deletion of both regions (del II/111) eliminated
activation by either construct. All results are expressed as fold
increase in luciferase activity compared with the reporter construct
alone. Data are shown as meanzs.d. for one representative
experiment performed in triplicate.



LEF1/TCF1 «—— Wnt

N

TBX5 =y FGF10

!

FGF4,8

Limb bud outgrowth

Tbx5 and mouse limb development 631

dependency exists in the developing limb, where
establishment of the limb field is independen@Tbk5 while
initiation of proximodistal limb bud outgrowth requires intact
Thx5expressionThx5appears to initiate limb bud formation
at least in part by direct transcriptional activation ofFigélL0
gene.

In Holt-Oram syndrome, which is caused BBX5
haploinsufficiency (Basson et al., 1997; Li et al., 1997), limb
defects range in severity: more common manifestations are
defects of the thumbs or carpal bones, but occasionally

B phocomelia (severe reduction or absence of zeugopod and
stylopod) is observed (Basson et al., 1994; Newbury-Ecob et
gg gg gg faY al., 1996). In these severe cases, it is likely that limb outgrowth
o o £ o signals such as FGF10 and FGF8 are affected because of
i S eV = decreasedBX5 levels. In fact, mice with an AER-specific
e e 3 deletion of Fgf8 develop limb ab lit iniscent of
o o > >r o gf8 develop limb abnormalities reminiscent o
8: 8: "(1) S+S 8: those found in severe cases of Holt-Oram syndrome
SH o- o (Lewandoski et al., 2000; Moon and Capecchi, 2000). Similar
8f 8f gf pathways may also be operative in other disorders caused by
oM v S oM v o on m o T-box gene mutations, such as Ulnar-mammary syndrome

(OMIM 181450), which is caused by dominant mutations in
Fig. 7.A model for early stages of limb bud growth. (A) Schematic TBX3 (Bamshad et al., 1997), or 22q11 deletion syndrome
representation of genetic interactions in early limb bud initiation. ThOMIM), which is caused byBXZ1haploinsufficiency (Jerome
thicker the arrow, the more crucial the interaction. See text for and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al.,
details. (B) Major steps in early limb bud formation. TBX5 in the 2001). Our results placEbx5 as the earliest determinant of

lateral plate mesoderm (LPM) activates Fgf10, which in turn signalsy; : - .
to the surface ectoderm (SE) to activate WNTs and FGFs, which the!lnmb bud outgrowth, establish a firm molecular basis for the

signal back to maintaiRgfl0levels, and subsequenflypx5 implied parallels between limb and heart d_ev_elopment, and

expression. Lefl and Tcfl cooperate with TBX5 to sugtgii0 suggest a common pathway for the differentiation and growth

levels. SO, somites: IM, intermediate mesoderm. of embryonic structures downstream of T-box transcription
factors.

mesenchyme, as previously suggested (Kawakami et al.,We are grateful to A. Tulips for electron microscopy, and to C. Yu
2001), or whether it reflects an absence of Wnt signalin nd B. Aiman for initial help with co-transfections. We thank G.
from the AER (Kengaku et al., 1998), which is defective in emer and M. Nemer for thiebx5expression and pXP1 luciferase

the absence of LEE1 and T’CFl (éalceran et al.. 1999 eporter plasmids; A. Nagafuchi for the activat§d-catenin

. . xpression construct; and J. Drouin, B. Hogan, G. Martin, T. Ogura,
Alternatively, FGF signals downstream dhx5 may be ; Rossant, D. Srivastava, C. Tabin and R. Zeller for cDNA probes.

essential for mesenchymal activation of Wnt pathways, a@/e also thank M. Logan, T. Ogura and J.-C. Belmonte for insightful
shown in the primitive streak of the mouse (Ciruna andiiscussions; M. Bouchard, M. Busslinger, J.-C. Izpisua-Belmonte,
Rossant, 2001). T. Ogura and J. Takeuchi for communicating unpublished data;
Together, these results suggest Tatsis upstream of Wnts  and Jonathan and Christine Seidman for continued support and
andFgf10to initiate limb bud outgrowth and initiates the FGF encouragement. This work was supported by the Canadian Institutes
feedback loop required for early limb development byOf Health Research (B. G. B.), the Heart and Stroke Foundation of
activating expression d¥gf10. Although Wnt signaling is not Ontarlq (B. G. B.), the National Science and'Englneerlng Research
required for initiation ofFgfL0, Wnt signals act additively in Council of Canada (P. A) and the German Science Foundation, DFG

t with TBX5 t intai iate level 10 (J. G. and R. G.). B. G. B. is a Heart and Stroke Foundation of
concert with 0 maintain appropriate leve Sr.qj ._Canada/Canadian Institutes of Health Research New Investigator.
expression in the developing limb. The potential hierarchies

regulating limb bud outgrowth are summarized in Fig. 7.
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