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SUMMARY

We have recently shown in mice that four members of the To investigate the regulation of T-box gene expression
T-box family of transcription factors (Tbx2-Tbx5 are  during limb development, we employed several other
expressed in developing limb buds, and that expression of embryological manipulations. By surgically removing the
two of these genesTbx4 and Thx5, is primarily restricted apical ectodermal ridge (AER) from either wing or leg
to the developing hindlimbs and forelimbs, respectively. In  buds, we found that, in contrast to all other genes
this report, we investigate the role of these genes in limb implicated in the patterning of developing appendages,
specification and development, using the chick as a model maintenance of T-box gene expression is not dependent on
system. We induced the formation of ectopic limbs in the the continued provision of signals from the AER or the zone
flank of chick embryos to examine the relationship between of polarizing activity (ZPA). By generating an ectopic ZPA,
the identity of the limb-specific T-box genes being by grafting a sonic hedgehog (SHH)-expressing cell pellet
expressed and the identity of limb structures that underthe anterior AER, we found thatThx2expression can
subsequently develop. We found that, whereas bud regions lie downstream of SHH. Finally, by grafting a SHH-
expressing Tbx4 developed characteristic leg structures, expressing cell pellet to the anterior margin of a bud from
regions expressing Tbx5 developed characteristic wing which the AER had been removed, we found thaftbx2 may
features. In addition, heterotopic grafts of limb be a direct, short-range target of SHH. Our findings
mesenchyme (wing bud into leg bud, and vice versa), which suggest that these genes are intimately involved in limb
are known to retain the identity of the donor tissue after development and the specification of limb identity, and a
transplantation, retained autonomous expression of the new model for the evolution of vertebrate appendages is
appropriate, limb-specific T-box gene, with no evidence of proposed.

regulation by the host bud. Thus there is a direct

relationship between the identity of the structures that

develop in normal, ectopic and recombinant limbs, and the  Key words: T-box genélbx2 Thx3 Thx4 Tbx5 Limb development,
identity of the T-box gene(s) being expressed. Limb identity, Chick

INTRODUCTION in the adjacent mesoderm, forming a progress zone that drives
limb outgrowth along the proximodistal axis (Saunders, 1948;
One of the defining features of jawed vertebratesSummerbell et al., 1973). Signals emanating from the AER
(gnathostomes) is the development of two sets of paireitiduce the formation of an organizer, the zone of polarizing
appendages at specific levels along the primary body axis: tlaetivity (ZPA), at the posterior margin of the bud (Saunders
pectoral and pelvic fins of fishes, and their derived homologgnd Gasseling, 1968; Rowe and Fallon, 1981). The ZPA then
the forelimbs and hindlimbs of tetrapods (Carroll, 1988)takes over the role of providing positional information along
Classical embryological studies demonstrate that limb identitthe anteroposterior axis, and also provides signals required to
and early anteroposterior limb polarity are first established imaintain the AER (Saunders and Gasseling, 1968; Tickle et al.,
flank (lateral plate) mesoderm (Hamburger, 1938; Zwilling,1975). Dorsoventral axis specification is sequentially
1955). Signals emanating from the mesoderm induce theontrolled by signals from the somites, somatopleure and non-
formation of an apical ectodermal ridge (AER) in surfaceridge ectoderm (MacCabe et al., 1974; Pautou, 1977; Michaud
ectoderm at specific axial levels for limb formation. The AERet al., 1997).
in turn provides signals that maintain high proliferation rates A great deal is now known about the molecular genetic
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pathways involved in the outgrowth and patterning of22 generally induce ectopic wings, beads next to somite 25
developing appendages (reviewed by Tickle, 1995, 1996nduce ectopic legs, and those placed in between induce either
Niswander, 1997; Shubin et al., 1997). However, far less iwings, legs or mosaic limbs, at approximately equal frequency
known about the genes responsible for initiating theséCohn et al., 1995, 1997). We have cloned the chick orthologs
pathways, how positional information is provided, so thabf Tbhx4andThx5to take advantage of this novel experimental
appendages do not develop in inappropriate places, or haystem, and to investigate whether the identity of the ectopic
morphological differences between the forelimb and hindlimldimb that develops is related to the identity of the limb-specific
are specified-Hox genes are clearly key regulators involved inT-box gene, or genes, being expressed. Since it has been shown
determining the axial levels at which limbs and fins developreviously, using heterotopic grafts of limb mesenchyme, that
(Charité et al., 1994; Rancourt et al., 1995; Cohn et al., 199Tnb identity is a stable property of the mesenchyme (Cairns
and Fibroblast Growth Factor-8 (FGF8) is known to be amand Saunders, 1954; Saunders et al.,, 1957, 1959), we also
important effector mediating the early inductive interactionsexaminedThx4 and Thx5 expression after grafting blocks of
between surface ectoderm and lateral plate mesoderm requirigdlated leg mesenchyme beneath the AER of wing buds and
to initiate limb outgrowth (Mahmood et al., 1995; Crossley eblocks of wing mesenchyme beneath the AER of leg buds. In
al., 1996; Vogel et al., 1996). Howeverox genes are addition, we also obtained the chick orthologsTbik2 and
transcription factors expressed in lateral plate mesoderm, ambx3 to investigate the regulation of these genes during limb
FGF8 is a secreted protein expressed in surface ectoderm oakvelopment.
after the limb territories have been specified. It is therefore Three further experimental manipulations were employed in
apparent that a signal transduction mechanism must exist f@ese studies. The AER was surgically removed from either
interpret the relevantHox code and signal the adjacent wing or leg buds to investigate whether maintenance of T-box
ectoderm to express FGF8. FGF10 is a good candidate forgane expression is dependent on the continued provision of
mesoderm-secreted factor that could signal the ectoderm KER/ZPA-derived signals. Sonic hedgehog (SHH)-expressing
express FGF8 (Ohuchi et al., 1997), however transcriptiobells were grafted under the anterior AER, thereby generating
factors responsible for activatirfggf-10 expression have not an ectopic ZPA (Riddle et al., 1993; Chang et al., 1994), to
been identified. investigate whetheFbx2expression in the posterior part of the
We have recently identified a family of putative transcriptionwing autopod is dependent on, and therefore downstream of,
factors, the T-box genes, shown to regulate a variety a§HH expression. Finally, SHH-expressing cells were grafted to
inductive interactions during embryogenesis (reviewed byhe anterior margin of wing buds from which the AER had been
Papaioannou and Silver, 1998). Four of these gefi®e2  removed, to investigate whethéfbx2 expression in the
Tbx3 Thx4andTbx3 are represented in the mouse genome agutopod is directly dependent on SHH, or indirectly regulated

two cognate, linked gene pairs. These have evolved from tgrough a dialogue between the ZPA and the AER.
single ancestral locus by a two-step process in which an initial

tandem-duplication event was followed by duplication of the

derived gene pair (Agulnik et al., 1996; Ruvinsky and SilverpATERIALS AND METHODS

1997), possibly during one of the complete genome

duplications thought to have occurred near the root of thgolation of chick Tbx2-Tbx5

vertebrate lineage (Holland et al., 1994). We have found tha{ stage 20-24 chick limb cDNA library (provided by Dr Juan Carlos
all of these genes are expressed in developing mouse limbgpista-Belmonte), a stage 17-18 chick leg library and a stage 18-24
either at the time of limb field specification, during budchick limb library (both provided by Dr Susan Mackem; Ranson et
outgrowth, or both (Chapman et al., 1996; Gibson-Brown edl., 1995), were screened withP-labeled probes from the T-box
al., 1996). Interestinglyfbx2andThx3are expressed in similar portion of the mousd@bx4 and Thx5 genes (Agulnik et al., 1996).
spatiotemporal patterns in both limbs, wheréas4andTbx5  Low-stringency filter hybridization was performed at 50°C (Church
expression is primarily restricted to the developing hindlimind Gilbert, 1984). Filters were washed either at 65°C or 55°® in 2
and forelimb buds, respectively. Sindéx4 and Tbx5 are SSC, 0.1% SDS, and positive clones recovered through secondary and
expressed in lateral plate mesoderm at the time of limb fielﬁmary screens. Following excision of the pBluescript phagemids

I - om theAZAP vectors, positively hybridizing clones were sequenced
specification, well before bud formation, we have proposed th% standard methods. These screens led to the identification of

the limb-specific expression of these genes may play a role i} isiple cDNA clones containing portions of the chithx3 Tbx4

the specification of limb identity (fore versus hind) and limbang Thxsgenes. A 197 bp PCR product from the T-box portion of
axis determination (Gibson-Brown et al., 1996). In thischick Thx2 was generously provided by Dr Juan Carlos Izpista-
investigation, we examine the role of all four of these T-boxBelmonte. Sequence comparisons were performed by FASTA and
genes in chick limb development, as the chick model syste®ILEUP routines in the Wisconsin GCG sequence analysis package
makes it possible to perform many different embryologicalGenetics Computer Group, 1989).

manipulations.

It has recently been reported that provision of an exogenOLth()le'mount In situ hybridization

hole-mount in situ hybridization was performed as described by

source of FGF to medial somatopleure can induce thg' * e e
. . c o ; : ilkinson (1992), except that both hybridization and post-hybridization
formation of additional, ectopic limb buds in the flank of chick ashes were carried out at 62°Th%3 or 70°C [Thx3-Thx in the

embryos (Cohn et al., 1995, 1997; Ohuchi et al,, 1995_' 199 ollowing solution: 50% formamide, 1X33SC, 5mM EDTA, 5qug/ml
Crossley et al., 1996; Vogel et al., 1996), and that the identityoast RNA, 0.002% Tween-20, 0.005% CHAPS, Lgfml heparin,

of the limb that develops (wing, leg, or mosaic limb) is20, Blocking Reagent (Boehringer Mannheim). Sense and antisense
dependent on the specific axial level at which the FGF sourgeNA probes including all or part of the T-box coding region were
is provided: FGF-soaked beads placed adjacent to somites 2fanscribed from linearized plasmids using T3 or T7 RNA polymerase
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(Promega Biotech) in the presence of digoxigenin-UTP (Boehringeblue and cleared as described by Tickle (1993). These preparations
Mannheim) according to the protocols suggested by the manufacturevgere photographed and then ectodermal structures were visualized by
The Thx2plasmid consisted of a 197 bp portion of the T-box inserteglacing the embryos in absolute alcohol overnight.

at theSma site of pCR-ScriptTbx3and Thx5 plasmids consisted of

1.4 kb and 1.3 kb of the respective cDNAs for the genes inserted at the

BsiXI site of pBluescript Il KS<); theTbx4plasmid consisted of 1.0 RESULTS

kb portion of the gene inserted at tedR| site of pBluescript Il KS

- Cloning and phylogenetic comparison of chick

Chick embryos and embryo culture Tbx2-Tbx5

Fertilized White Leghorn chicken eggs (SPAFAS, CT) were incubate€Comparison of the T-box regions of the chicken gembg2

at 38°C in a humidified atmosphere, with rocking. Embryos wereTbx3 Thx4 and Thx5 with their corresponding mouse
operated on between stages 13 and 21 (Hamburger and Hamilton, 198khologs reveals a considerable degree of sequence
1992), the eggs resealed with duct tape and returned to the i”CUbathonservation between the chicken and mouse genes.
FGF-2 bead implantation Orthologous genes are defined as direct decendants of a single

Induction of ectopic limbs was achieved by modifying the techniqué"‘r'(:(':'Stral gene that was Prese”t in the ge.nome of the .Comm.on
described by Cohn et al. (1995). Embryos were operated on betwegRcestor of the two species under analysis. At the amino acid
stages 13 and 16. The vitelline membrane was torn open with the #igvel the chicken and mousgbx2-Tbx5orthologs exhibit

of an 18-gauge hypodermic needle to expose the embryo. A sm&B.5%, 95.6%, 99.4% and 99.4% identity, respectively, within
transverse slit was made through the medial somatopleure withthe T-box domain (Fig. 1A). PILEUP comparison of these
sterile microscalpel at the level of somites 19-20. A single hePafinsequenceS against all other T-box genes for which putative
acrylic bead (H-5263, Sigma), 2Q0n in diameter, which had been qthologs have been identified in both mouse and chick clearly
soaked in 1 mg/ml FGF-2 (133-FB-025, R&D Systems) in PBS f0lyo 1 qnstrates the close degree of relatedness between the

at least 1 hour at room temperature, was inserted through the slit in oWI cloned chick genes and their corresponding mouse
the coelom and pushed caudally to the desired axial level using t y g p g

closed tips of a pair of fine forceps. Operated embryos wer@thologs (Fig. 1B).

reincubated for a further 2 days before fixing for whole-mount in situ . . .

hybridization, or for a further 7 to 9 days before dissection for wholeNOrmal expression of chick T-box genes in

mount skeletal preparation at stages 35-37. developing limbs

We examined the expression patterns of all four of the newly
cloned chick T-box genes during embryogenesis and limb
elopment to compare these with the previously reported

Heterotopic limb mesenchyme grafts

Donor and host embryos were operated on at stages 19-20. Wing

leg buds were dissected from donor embryos, rinsed in PBS, and plac : .
in 2% trypsin in PBS for 10 minutes at room temperature. Afterg ression patterns of their mouse orthologs (Chapman et al.,

washing once in PBS, the buds were placed in complete chick emb 96; (_3|bson-Brown et a.I., 1996). _Herg We report expression
fibroblast culture medium (Yang and Niswander, 1995) on ice, and tH8 the limbs throughout limb specification and development.
surface ectoderm teased away using fine forceps and discarded. Dofefpression in other parts of the embryo is reported elsewhere
mesenchyme from the distal tip was cut into small blocks (100-200Gibson-Brown et al., 1998).

pm in diameter, 1 to 3 blocks from each bud) and a single block

heterotopically grafted under the AER of a recipient limb bud (wingTbx2

mesenchyme from a donor being grafted to the leg bud of a hoghy2expression was detectable in flank mesoderm at stage 14

recipient, and vice versa) as described previously (Saunders et ; ; _ ; ; ;
1957, 1959). Recipient embryos were reincubated for a further 2 daaésdlacent to somites 6-20 (Fig. 2A), a region encompassing, and

before being dissected and fixed for whole-mount in situ hybridization.Xtendlng beyqnd, the prospective wing f'6|.d' Expression was
also observed in lateral plate mesoderm adjacent to the caudal

AER-removal surgeries end of the segmental plate, corresponding to the region fated
The AER of stage 20-21 wing or leg buds was teased away from tfie@ form the anterior part of the leg bud. By stage 15 the entire
underlying mesenchyme using fine tungsten needles and thdlank between somites 4-24 was positive, with strongest

removed with fine forceps. Operated embryos were reincubated fefxpression in the wing and leg fields. At stages 17 and 18
24 to 48 hours before dissection and fixation for whole-mount in Sit'éxpression was decreased in the medial part of the wing and
hybridization. leg buds, respectively (Fig. 2B). This pattern continued through

SHH-expressing cell implants later stages, such that only the anterior and posterior margins

Pellets of chick embryo fibroblasts expressing the SHH protein werd! the limbs expressetibx2 (Fig. 2B-D). Beginning at stage
prepared as described previously (Yang and Niswander, 1995). TR®-21, a marked asymmetry in expression became apparent in
pellets were cut into small pieces (100-208 diameter) and either the anterior and posterior expression domains at the wing
grafted under the anterior AER of stage 19-21 wing buds, or pinneghargins. In the posterior domain, expression extended from the
with fine platinum wire to the anterior margin of wing buds from point of limb articulation with the body wall to the distal tip
which the anterior AER had been surgically removed. Operategf the bud whereas, in the anterior domain, expression did not
embryos were reincubated for a further 24 to 42 hours beforgyiand so far distally (Fig. 2C,D). This asymmetry of
gissesct(ijon art;dffixat(ijqn for'wh(f)le-mr?ulnt in situ hlzlblridilzation, Or.forexpression was less apparent in ,the leg (Fig. 2D). Between

or 8 days before dissection for whole-mount skeletal preparation. ; ; '

stages 20 and 25, the AER of the wing, but not the leg, also

Whole-mount skeletal preparation expressedTbx2 (Fig. 2C). None of the other T-box genes
To visualize skeletal patterns and determine the identity of ectopiexamined were expressed in the AER of either limb at any
limbs, embryos were dissected at stages 35-37, stained with Alcigtage.
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ch-Tbx3 L HKRGT EMVI TKSGRR MFPPFKVR(Y] GLDKKAKYI L LM8J [lAADDC RYKFHNSRWM VAGKADPEMP KRJJY! HPDSP ATGEQMWSKV VTFHKLKLTN
m Tbx3 LVBQFHKRGT EMVI TKSGRR MFPPFKVRCGE GLDKKAKY! L LMJl MAADDC RYKFHNSRWM VAGKADPEMP KRaYl HPDSP ATGEQAWVBKY VTFHKLKLTN
ch-Tbx4 LWKKFHEAGT EM | TKAGRR MFPSYKVKVI GWNPKTKYI L LI Dl VPADDH RYKFCONKWM VAGKAEFEMP HPDSP ATGAHWWRQL VSFQKLKLTN
mTbx4 .......... .M | TKAGRR MFPSYKVKVT GWNPKTKYI L LI DI VPADDH RYKFCDNKWWM VAGKAEFMP GRLYVHPDSP ATGAHWWRQL VSFQKLKLTN
Ch-Tbx5 .. ... ciiiii. R MFPSYKVKVT GLNPKTKY! L LNMDI VPADDH RYKFADNKWS VTGKAEPAMP GRLYVHPDSP ATGAHWWRQL VSFQKLKLTN
m Tbx5 LW.KFRSGVT EM | TKAGGR MFPSYKVKVT GLNPKTKYI L LMDI VPADDH RYKFADNKWS VTGKAEPAMP GRLYVHPDSP ATGAHWWRQL VSFQKLKLTN
101 150 184
* * * * AKX KKK KKK KK *kk  x * * * Xk kk KKk *k Kkhkk Kkk Khkkkk Khkkk kkkkk
ch-Tbx2 NI SDKHGFTI LNSMHKYQPR FHI VRA- - ND | LKLPYSTFR TYVFPETIIF. .« .\t ovvit otetaiae e
m Tbx2 N SDKHGFTI LNSMHKYQPR FHI VRA-- ND | LKLPYSTFR TYVFPET[BFI AVTAYQNDKI TQLKI DNNPF AKGFRDTGNG RREK
ch-Tbx3 NS Tl LNSMHKYQPR FHI VRA- - ND | LKLPYSTFR TYJFPETEFI AVTAYQNDKI TQLKI DNNPF AKGFRDI Q€ RREK
m Tbx3 N SDKRGFTI LNSMHKYQPR FHI VRA-- ND | LKLPYSTFR TYlIFPETEFI AVTAYQNDKI TQLKI DNNPF AKGFRDI Gg€ RREK
ch-Tbx4 NHLDPFGHI | LNSMHKYQPR LHI VKADENN AFGSKNTAFC THVFPETSFI SVTSYQNHKI TQLKI ENNPF AKGFRGSDDS DLRV
m Tbx4 NHLDPFGHI | LNSMHKYQPR LHI VKADENN AFGSKNTAFC THVFPETSFI SVTSYQNHKI TQLKI ENNPF AKGFRGSDDS DLRV
ch-Tbx5 NHLDPFGHI | LNSMHKYQPR LHI VKADENN GFGSKNTAFC THVFPETAFI AVTSYQNHKI TQLKI ENNPF AKGFRGSDOY ELHR
m Tbx5 NHLDPFGHI | LNSMHKYQPR LH VKADENN GFGSKNTAFC THVFPETAFI AVTSYQNHKI TQLKI ENNPF AKGFRGSDOR ELHR
B
ch-Thx2 7]
I: m-Thx2
ch-Tbx3
{ m-Tbx3 Tbx2/3/4/5
I ch-Tbhx4 subfamily
I: mh'TbX4 Fig. 1. Comparison of T-box domains from various mouse (m) and
ch-Tbx5 chicken (ch) T-box polypeptides. (A) Thx2-Thx5 sequences from
m-Tbx5  _| both species aligned to maximize amino acid identity. Stars indicate
ch-Tbx6L 7] Thx6 conserved positions among all T-box domains where sequence is
_| m-Tbx6 available. Amino acid differences between orthologs are indicated by
ch-TbxT black boxes. (B) PILEUP comparison of mouse and chicken T-box
- domains reveals the degree of divergence between the T-box 2/3/4/5
I: m-T subfamily and other T-box subfamilies. The PILEUP program was
ch-T | used to produce a tree based on the percentage identity among amino
acid sequences.
Thx3 By stage 19 expression was detected throughout the leg bud

Strong expression offbx3 was detected in lateral plate (Fig. 2J), persisting through stage 26 (Fig. 2K,L), with strong
mesoderm adjacent to somites 10-23 and the caudal end of gPression in the leg interdigits at stage 26.

segmental plate at stage 14. At stage 15 expression in the lateral

plate of the wing field had shifted caudally, now lying adjacen ) ]

to somites 11-24 (Fig. 2E), and expression in the tail region laip contrast toTbx4 Tbx5Swas expressed only in the forelimb
adjacent to the caudal half of the segmental plate. By stage {f6ig. 2M-P). It was detected in lateral plate mesoderm adjacent
limb expression was confined to mesenchyme in the posteri#® somites 10-23 in the prospective wing field at stage 14. By
part of all limb buds (Fig. 2F), but by stage 21 was als&tage 15, this expression had shifted caudally to lie adjacent to
detected in the anterior mesenchyme of all limb buds (Fig. 2G§omites 11-24 (Fig. 2M)Tbx5was expressed throughout the
Expression in the anterior and posterior limb margins persistaing bud from stage 17, after the bud has become
through stage 27, with the posterior domain extending furthéporphologically defined, to stage 23, when expression
distally than the anterior domain (Fig. 2H). At stage 25Pecomes regionalized (Fig. 2N,O). Beginning at stage 23
expression was also detected in the interdigital regions betweg}Pression was strongest at the anterior and posterior wing

wing digits 3 and4, and between leg digi®3 and3/4 (Fig.  margins (Fig. 20,P), and also transiently extended into the
2H). flank between the limb buds (Fig. 20).

Tbx4 The relationship of
Limb-associatedbx4expression was confined to the hindlimb €ctopic limb identity
at all stages (Fig. 2I-L). It was first observed at stage 14 ikctopic limb buds were induced in the flank of 69 chick
medial somatopleure adjacent to the caudal end of thembryos by implanting FGF2 beads at different axial levels
segmental plate (Fig. 21). By stage 15 the anterior boundary bletween somites 21 and 26. Half of these were probétbier
this expression lay adjacent to the border between somitexpression by whole-mount in situ hybridization, and half were
24/25. At stage 16 a posterior boundary appeared adjacentpmbed forThx5 In rostally positioned buds, developing close
the segmental plate at around the level from which somite 3® the normal wingTbx4was expressed only at the posterior
is destined to bud off; leg buds form between somites 26-3argin of the bud, whered$x5was expressed throughout all

Tbx4 and Tbx5 expression to
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or most of the bud (Table 1; Fig. 3A,B). Buds developing inembryos which developed an ectopic limb, all but one

the middle of the flank express&tix4mainly in the posterior

developed an overtly mosaic limb (Table 2). The direction of

half of the bud, and@’bx5in the anterior half (Table 1; Fig. limb mosaicism (wing-like versus leg-like) was directly related

3E,F). In caudally positioned

buds, developing close to 1
normal leg, Thx4 was
expressed throughout all
most of the bud, where
Tbhx5 was only expressed
the anterior part of the b
(Table 1; Fig. 31,J). In buc
developing at all axial level
there was a region
overlapping gene expressii
such that the posteri
boundary ofTbx5 expressiol
extended further cauda
than the anterior boundary
Thx4 expression. This wi
confirmed by two-prob
hybridization to an addition
set of embryos in whic
ectopic buds had be
induced at various axial leve
in the flank 6=7). In all of
these embryos, express
was detected throughout !
ectopic buds, with n
evidence of a gap between
expression domains of t
two genes (data not show
Thus, depending on
rostrocaudal  position
which the bud developed, t
region of overlappin
expression shifted along t
primary body axis: in rostr
buds, the region of overli
lay adjacent to somite 22,
mid-flank buds, adjacent
somites 23-24, and in cau
buds, adjacent to somite 2!
To determine how tt
patterns of gene expressior
ectopically induced limb but
are related to the identity
the limb that subsequen
develops (wing, leg or mos:
limb), ectopic limbs wer
examined at stage 35-37.
this stage, it is possible
distinguish  between ti
fingers and toes of dista
complete limbs; the numhb
of phalanges in a digit
characteristic of the identi
of that digit within a hand ¢
a foot, and wing digil
develop feather buds alo
their margins, whereas tc
develop scales. Out of

Thx2

Thx3 Thx4 Thbx5

=

E
-

mu/.
S B

Fig. 2. Comparison offbx2-Thx%expression in the limbs of developing chick embryos by whole-mount

in situ hybridization. (A-D)Tbx2 (E-H) Tbx3 (I-L) Tbx4 (M-P) Tbx5 (A,E,I,M) Stages 14-15.

(B,F,J,N) Stages 18-19. (C,G,K,0O) Stages 20-23. (D,H,L,P) Stages 25-Ahx2&} expressed in the
prospective wing field (between arrows) and adjacent to the caudal part of the segmental plate
(arrowhead) at stage 14. (B) Expression decreases in the medial part of both limb buds at stage 18.

(C) Thx2expression in limbs is confined to the anterior and posterior limb margins, and the AER of the
wing (arrow), at stage 21. Anterior is to the left, posterior to the right. (D) At stafjlex2és expressed
symmetrically at the anterior and posterior leg margins (bottom), but expression in the wing extends
further distally in the posterior margin. (Ebx3is expressed in the prospective wing field and adjacent

to the caudal part of the segmental plate at stage 15biRBexpression is confined to the posterior

margin of both limb buds at stage 19. (G) At stage 21 expression is also present in the anterior margin of
both limbs. (H)Tbx3is asymmetrically expressed in the anterior and posterior margins of both limbs at
stage 26. Note also the interdigital expression observed in the leg at this stage (arrdivedigl)

expressed in lateral plate mesoderm adjacent to the caudal part of the segmental plate at stage 14. Dorsa
view of the region indicated by an arrowhead in AT{#4is expressed throughout the leg bud at stage

19. Note complete absence of expression in the wing bud (arrow). (K) Expressimof the leg bud

at stage 20. (L) At stage 27 expression is seen in the leg interdigits (arrowShx®# expressed in

medial somatopleure in the prospective wing field (between arrows) at stage TUxHi¢) expressed
throughout the wing bud at stage 19. Note complete absence of expression in the leg bud (arrow). (O) In
the limbs, expression is confined to the wing and rostral flank at stage Zbx@expression is

regionalized in the wing at stage 26, with strongest expression at the proximal limb margins and in the
distal autopod. Scale bar, 4af in (1,C), 1 mm in (A,E,M), 2 mm in (B,F,J,N), 2.5 mm in (G,K,0), 3

mm in (D,H,L,P).
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Table 1.Tbx4 and Thx5 expression in ectopically induced limb buds in relation to the axial level at which an FGF2 bead
was implanted

FGF2 bead Position of ectopic bud Tbx4expression Tbhx5expression

axial level No. of

(Somite No.)  embryos Near wing Mid flank Near leg Regiona Regionb Regionc Regiond Redrmymn b Region ¢ Region d
21 19 17 2 0 9 1 0 0 0 1 1 7
22 12 6 5 2 1 0 0 1 4 1
23 6 4 2 0 0 2 1 0 0 1 2 0
24 10 2 3 5 0 1 4 1 0 2 2 0
25 7 1 3 3 0 0 3 1 1 1 1 0
26 15 1 5 9 0 1 2 4 4 3 1 0
Totals 69 31 20 18 12 7 11 6 5 9 11 8

The diagrams below indicate the bud regions that were scored for expresBdafdTbx5 respectively. R, rostral; C, caudal.

R R reduced in these regions following wing=6) or leg (=7)

7 [ AER removal (Fig. 5C,D). Similarly, expression Tbx4 was
la' . maintained all the way to the distal tip of the truncated leg bud
B o (n=9, Fig. 5E), andTbx5 expression was maintained to the
d distal tip of the truncated wing bud=9, Fig. 5F) at least 48
c d hours after AER removal. Thus maintenance of T-box gene

b expression in the developing limbs is not dependent on the
Ia continued provision of AER/ZPA-derived signals.

Roles of SHH and the AER in regulating  Tbx2

expression in the posterior autopod

) ) ) ~ Tbx2 expression is not present in the anterior autopod but
to the axial level of bead implantation, as reported previouslgxtends to the distal tip of the posterior wing margin and may
(Cohn et al., 1995, 1997). Thus while anteriorly placed beadgerefore be regulated by signals emanating from the ZPA. We
m_duce_d mosaic limbs, most of_whose elements con5|stec_i gknerated an ectopic ZPA, by grafting a SHH-expressing cell
wing-like structures (Table 2; Fig. 3C,D), the more posteriopellet under the wing anterior AER, to examine wheff®2

the bead, the more leg-like the limb (Table 2; Fig. 3G,H,K,L)expression is regulated, directly or indirectly, by SHH. One
The single exception was an ectopic limb that wagn=12) or 2 =11) days after grafting a SHH-expressing cell
morphologically indistinguishable from a normal leg (4 toespellet, expression ofThx2 could be detected in the
each containing the appropriate number of phalanges, and Rfesenchyme of the anterior autopod close to the implant
feather buds). This leg developed in an embryo that haghmediately underlying the AER (data not shown). In control
received a bead adjacent to somite 26, at the caudal end of #@bryos, which had also received a SHH-expressing implant
region shown previously to be capable of forming ectopiginder the anterior AER but were allowed to develop to stages

C C

limbs (Cohn et al., 1995). 35-36, digit duplications ranged from partiai2-2-3-4) to full
oo e 4-3-2-3-4) in all cases 1=5; data not shown), indicatin
Tbx4 and Tbx5 expression in heterotopic limb (successtI iqeneration ofr(an ectopic ZPA. wn), indicating

mesenchyme grafts

2 days after blocks of leg mesenchyme were grafted beneath
the AERs of recipient wing buda<15), Tbx4expression was  Table 2. Identity of ectopic limbs induced in the flank by

clearly observed in a characteristic wedge-shaped inclusion in FGF2 beads

all of the host wings (Fig. 4A,B). Likewise, 2 days after blocks-;r5 pead Ectopic limb identity*

of wing mesenchyme were grafted beneath the AERS aial level No.of  Wing-ike <€—— 3 Leg-like
recipient leg buds nE12), Thx5 expression was clearly (Somite No.) embryos a b c d e
observed in a similar inclusion in all of the host legs (Figsq 1 0 10 1 0 0
4C,D). The stability of this limb-specific T-box gene 22 7 0 1 5 1 0
expression in the grafted tissue is in accordance with thed 15 0 0 13 2 0
stability of graft identity demonstrated previously (grafted24 120 8 8 ;‘ f 8
wing mesenchyme autonomously differentiates into fingers,g 6 0 0 1 2 1

grafted leg mesenchyme autonomously differentiates into toes;
Cairns and Saunders, 1954; Saunders et al., 1957, 1959).  *Scoring criteria for each category were as follows: a, three digits, all
possessing feather buds; b, three digits, feather buds on the first two only;

T-box gene expression in the absence of AER/ZPA- c, two or three dig_it_s (fused or unfused),_ vyith feather buds on rost(al digit_s but
derived signals none on caud_al_dlglts; d, three or_four digits, feather buds on the first digit
. . only; e, four digits, none possessing feather buds.
1 or 2 days after wing or leg AER removahx2 expression fIn one case, no ectopic limb was induced, but the endogenous wing
was not reduced in either of the wing=6) or leg (=7) became mosaic (digits identified 28-tog based on the presence of an extra

margins (Fig. 5A,B). Likewise Tbx3 expression was not phalangeal bone and absence of feather buds in the third digit).
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Fig. 3. Relationship betweefbx4and
Tbx5expression in ectopically induced
limb buds and the identity of the limb
structures that subsequently develop in
rostrally developing ectopic buds (A-D)
mid-flank buds (E-H), and caudally
developing buds (I-L). (AYbx4is only
expressed at the posterior margin of a
rostrally developing ectopic bud (arrow
(B) In contrast,Tbx5is expressed
almost throughout. (C) Wing-like
mosaic limb is induced following
implantation of an FGF2 bead in the
rostral flank. Although the anterior two
digits are wing-like, the posterior digit i
toe-like, based on the number of
phalangeal bones (arrow). (D) Feather
buds (arrows) are present along the
anterior margin of the first digit in the
ectopic limb shown in (C). The second
and third digits do not possess feather
buds and are therefore toe-like. All thre
digits possess feather buds in a normal
wing at this stage. (Elbx4is expressed
in the posterior half of an ectopic bud
developing in the middle of the flank. (F) In contrd@$tx5is expressed in the anterior half of a mid-flank bud. (G) Highly mosaic limb (arrow)
induced following implantation of an FGF2 bead in the middle of the flank. Note that only three digits are present (a edgnfigikation).

(H) Ectopic limb shown in G has feather buds along the anterior margin of the first digit only (arrows). The posterice digiiactly toe-

like. (I) Tbx4is expressed almost throughout an ectopic bud developing in the caudal flank, close to the endogenous leg (bottom). (J) In
contrast,Thbx5is only expressed in the anterior half of a similarly positioned ectopic bud. (K) Leg-like limb (arrow), possessing fothatigits
formed in an embryo which had received an FGF2 bead in the caudal flank. (L) No evidence of feather buds was seen odigitsyinfttee
specimen shown in (K). Scale bar, 1 mm in (A-B,E-F,I-J), 2.5 mm in (D), 5 mm in (H,L), 1 cm in (C,G,K).

—

Since SHH-induced expression Dbx2 was detected only
in mesenchymal cells close to the implant, SHH-expressin
implants were grafted to the anterior margin of wing buds fron
which the anterior AER had been removed to determin
whether gene expression is directly induced by SHH, o
indirectly induced via interactions between the ZPA and AER
No Thx2 expression could be detected distal to the implan
either 1 or 2 days after grafting a SHH-expressing cell pelle
onto the anterior side of a wing bud from which the AER ha
been removed,nE14). However, in all cases where the cell
pellet could clearly be seen in the limb margin after incubatior
cells in direct contact with the pellet did exprass2 (Fig.
6A). Wing buds that received control pellets of chick embryc
fibroblasts that did not express the SHH prota#ig) did not
exhibit any signal (Fig. 6B). The results of these two
experiments suggest that expressiormbx2in the posterior
autopod lies downstream of SHH, and tiA#x2 may be a
direct, short-range target of SHH.

B]
‘

DISCUSSION Fig. 4. Maintenance oTbx4(A,B) andThx5(C,D) expression in
heterotopic grafts of limb mesenchyme 2 days after the operation.

Differences in T-box gene expression between chick (A) Tbx4expression in leg-derived mesenchyme cells which have

and mouse limbs been incorporated into the endogenous wing (arrow). (B) Higher

. . . magpnification view of another wing bud which received a le
Expression of the chicRbx2-Tbx5genes is generally very megenchyme graft. (G)bx5expresgion in wing-derived d

similar, both spatially and temporally, to the patternspesenchyme cells which have been incorporated into the
previously reported for their mouse orthologs (Gibson-Brownendogenous leg (arrow). (D) Higher magnification view of another

et al., 1996, this report). However, moUdex3is expressed in leg bud which received a wing mesenchyme graft. Scale bar, 1 mm in
the AER of both the forelimb and hindlimb buds, whereas, iffA,C), 500um in (B,D).
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Fig. 6. Tbx2expression in the anterior autopod 2 days after grafting a
SHH-expressing cell pellet to the anterior margin of a wing bud from
which the anterior AER had been removed. TAXx2is only

expressed by cells (arrowed) in direct contact with, or very close to,
the pellet (arrowhead). Contralateral control limb shows the normal
pattern ofTbx2expression in a wing bud with an intact AER. (B) No
Tbhx2expression is detected around a control pellet of chick embryo
fibroblasts which do not express the SHH protein (arrowhead). The
Thx5 position of the pellet can clearly be identified by the position and
orientation of the wire pin used to secure the graft in place (arrowed).
Scale bar, 1 mm in A, 8G@m in B.

F that form during later stages of development. The identity of
' limb elements developing in ectopic limbs was directly related

Fig. 5. Maintenance oTbx2(A,B), Tbx3(C,D), Tbx4(E), andTbx5 to the position and rostrocaudal range of the limb-specific T-
(F) expression in truncated limb buds 2 days after removal of the  box genes being expressed. Rostral buds expreEbed
AER. Arrows indicate expression in the truncated buds. minimally andThx5extensively, and developed into wing-like
ContralatetjaL unopel’ated-cont_r0| limbs are.ViSible in (B,D-F) Scale mosaic limbs. Mid-flank buds expressw(4 postenorly and
bar, 2 mm in (A,C-D), 1.5 mm in (B), 1 mm in (E-F). Tbx5 anteriorly, and developed into highly mosaic limbs.

Caudal buds expresséthx4 extensively and’bx5minimally,

and developed into leg-like mosaic limbs (Tables 1,2; Fig. 8).
the chick, onlyTbx2is expressed in the AER and, in this case Similar findings have recently been reported by Ohuchi et al.
expression is transient and confined to the forelimb (wing§1998). Thus bud regions expressifigx4 develop toes and
only. The functional significance of this observation is not yescales, whereas regions expressiing5 develop wing digits
clear, but it might prove instructive to examine expression ofnd feather buds. Patterning of skeletal elements is controlled
these genes in the fin folds of fish (the ectodermal structurdsy Hox genes differentially expressed during different phases
homologous to the AER of tetrapods) to determine which obf limb outgrowth (Nelson et al., 1996), probably by the

these patterns is ancestral and which is derived. differential regulation of local cell proliferation rates and cell

_ o _ adhesion properties (Dollé et al., 1993; Yokouchi et al., 1995;
T-box gene expression and the specification of limb Goff and Tabin, 1997)Tbx4 and Thx5 could therefore be
identity interacting withHox genes during these later phases to regulate

Tbx4 and Tbx5 are first expressed in lateral plate mesodernthe precise position and pattern of the bones that develop.
within clearly defined territories at the time the prospectiveDetermination of ectodermal structures (feather buds versus
limb fields are being specified byox genes (Gibson-Brown scales) is also controlled by the underlying mesenchyme
et al.,, 1996, this study; Cohn et al., 199px genes may (Cairns and Saunders, 1954; Saunders et al., 1957, 1959;
therefore be responsible for regulating expression of these Faunders and Gasseling, 1968). As in the limb fidlos4and
box genes within the limb field$&gf-10 expression is also Tbhx5 may therefore regulate the expression of secreted
initiated in lateral plate mesoderm around this time, and FGF1@olecules needed to instruct the adjacent ectoderm to develop
is a good candidate for the mesodermal factor that initiates limihe appropriate structures.
outgrowth and signals the adjacent ectoderm to express FGF8These observations raise the question of functional
(Ohuchi et al., 1997; Xu et al., 1998). This mak&és4and equivalence between tAdx4andTbhx5gene products. Wings
Thx5prime candidates to encode transcription factors, directlgnd legs are serially homologous structures that use the same
or indirectly regulated biox genes, required for the initiation basic set of signalling molecules to control their outgrowth and
of bud outgrowth and makdsgf-10 a possible downstream patterning (Tickle, 1996; Shubin et al., 1997). It seems likely,
target in the mesoderm (Fig. 7). therefore, that initiation of wing and leg outgrowth is also
In addition to being implicated in determining the specificeffected by common signalling molecule(s). The mutually
axial levels at which limbs develop, the results of ourexclusive, limb-specific expression Bbx4and Thx5provides
experiments with ectopic limbs and limb mesenchyme graftan exception to this general paradigm, which could be
indicate thafTbx4andTbx5are also involved in the patterning explained if the two gene products are biochemically
of skeletal elements and determination of the surface structuregquivalent, regulating expression of the same downstream
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targets (Fig. 7). In contrast to limb bud initiation, however, theargets. Clearly these issues will require both gain- and loss-
nature of the skeletal and ectodermal structures that form af-function experiments before being resolved.

later stages of development appears to be directly related to the . . o

specific identity of the T-box gene being expressed, implyindRegulation of T-box gene expression during limb
non-equivalence of th&bx4 and Thx5gene products. When development

surface ectoderm from either the wing or the leg isTbx2andThx3are expressed in the posterior part of both limbs
heterotopically transplanted to a host bud from which therior to the onset oc8hhexpression at stage 17 (Riddle et al.,
ectoderm has been removed, the ectoderm assumes the identi®®3). In the forelimb, this corresponds to the region
of the host mesenchyme (Saunders and Gasseling, 1968). ThigressingHoxb-8 (Charité et al., 1994; Chan et al., 1995),
shows that the ectoderm is competent to respond appropriatelich has been shown to be important for development of the
to signals emanating from the mesenchyme, and that theZ®A (Charité et al., 1994 .bx2and/orTbx3may therefore be
signals must be different in each limb. If T-box genes arénvolved in establishment of the ZPA and the inductioBuf
involved in sending signals to the ectoderm that determine thifter formation of the ZPA, however, both of these genes
identity of ectodermal structures, their downstream targets icontinue to be expressed in the posterior limb margin and, at
the mesenchyme should be different in each limb, suggestidgast in the case dfbx2 we have shown that this expression
that Tbx4and Tbx5have acquired unique downstream targetscan lie downstream of SHH. This observation is consistent with
and lost biochemical equivalency. Alternatively, since genes dhe recent observation thatnh the Drosophila ortholog of
theHoxC cluster are also known to be differentially expressedibx2 may be a direct target dfedgehog the Drosophila

in the two limbs (reviewed by Nelson et al., 1996), the differenbrtholog of vertebrat&hh during patterning of the abdominal
context within which the two T-box genes are operating couldegments in the adult fly (Kopp and Duncan, 1997). It therefore
provide a basis for the differential regulation of downstreanappears that, depending on the phase of limb development,
expression of these two genes can lie either upstream or
downstream of SHH. This observation is similar to previous

[0] LPM | ecr ] findings thatHox gene expression is differentially regulated
@ . ; ; during different phases of limb development (Nelson et al.,
Wing : : 1996). _
@ | Fio 5 5 Wing _In contrast to the effect on all other genes previously
—+| TS | —> Fgil0 ——Fg8 i Bud implicated in limb outgrowth and patterning, removal of the
Hox U ; uarow AER does not lead to loss of expressionTbk2Thx5 The
Code . .
- ; : bx5
@
©) I Tox4 + Thx5 Wing
©)
—
@ |
Field f f Leg Winglike
—»| Thx4 | —p Fgflo —— Fgf8 ' —»  Bud mosaic
Hox Outgrowth limb
@ ‘\/ :
@ Code .
Fig. 7.A model for the roles ofbx4andTbx5in the initiation of Leg-like
normal limb bud outgrowth. Hox genes expressed within the lateral mosaic
plate mesoderm (LPM) specify the positions at which wings and legs limb
will develop. This positional (axial) information leads to limb-
specific T-box gene expression within the prospective limb fields.
Subsequently, Thx4 and Thx5 activate the same FGF10/FGF8
positive feedback loop shown previously to initiate the outgrowth of
both limbs (Ohuchi et al., 1997; Xu et al., 1998). In the experimental
situation, where ectopic limbs are induced in the flank by implanting Leg

FGF-soaked beads, we concur with the opinion of Cohn et al. (1997)
that ectopic FGF probably acts indirectly to reprogram the interlimb
flank, by shifting the position of Hox gene expression boundaries,
such that rostral flank assumes a wing field identity and expresses Fig. 8. Diagram summarizing the relationship betw@én4and

Thx5 and caudal flank assumes a leg field identity and expresses Thx5expression and the identity of the limbs, either endogenous or
Tbhx4 For an alternative model, which proposes FGF10 as the directectopic, that develop. The area of overlapgibg4andThx5

proximal inducer of T-box gene expression in the limb fields, see  expression in ectopic limbs is indicated. Ectopic limb buds express
Ohuchi et al. (1998). Abbreviations: SO, somites; LPM, lateral plate both genes and develop into limbs that possess wing elements
mesoderm; ECT, ectoderm. rostrally and leg elements caudally.
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functional significance of this observation is not yet clearderived from a common ancestral locus (fihe2/3locus) that
however it does imply that, once established, some sort efas duplicated at a very early point along the vertebrate lineage
autoregulatory loop might be maintaining T-box gene(Agulnik et al., 1996; Ruvinsky and Silver, 199Thx2 and
expression in the absence of external inductive signals. Thgbx3are linked, respectively, tdbx4 and Tbx5 which were
autoregulatory loop demonstrated fo(Brachyury (Schulte- also derived from a common ancestral locus Tived/5locus)
Merker and Smith, 1995) provides a precedent for this type dfi the same duplication event (Agulnik et al., 1996; Ruvinsky

control in the T-box gene family. and Silver, 1997). This raises the possibility that the ancestral
o ) Tbx2/3 Tbx4/5gene pair was involved in development of the

T-box genes and specification of the anteroposterior paired pectoral fins of ancient agnathans, and that evolution of

limb axis paired pelvic fins may only have been possible following

Since Thx2-Thx5 are all expressed in lateral plate mesodernduplication of these genes and establishment of the two
before the appearence of a morphologically defined budiognate gene pair§lfx2Thx3and Tbhx4/Tbx%. According to
beginning at the time of anteroposterior axis specification, wthis model, Tbx4/5gene function was conserved Bipx5 for
have proposed that these genes could all be involved specification and development of the pectoral appendages,
establishment of the limb axes (Gibson-Brown et al., 1996)whereaslbx4was then available to be recruited (co-opted) into
Recently it has been found that mutations in the humaserving an analogous role in specifying novel structures, the
orthologs of two of these gene§BX3 and TBXH are paired pelvic fins, at a different level along the primary body
responsible for two dysmorphic developmental syndromesaxis. Elaboration of th&bx2Thx5 subfamily may therefore
TBX3 mutations are responsible for causing ulnar-mammarpave been an important element in the evolution of
syndrome, in which postaxial limb defects, including loss ofgnathostome appendages.

digit 5 and reduction or loss of the ulna, are found (Bamshad

et al., 1997)TBX5mutations are responsible for causing Holt-  This work was supported in part by NIH grants HD 20275 (L. M.

Oram syndrome, in which preaxial limb defects, including loss>-) and HD 33082 (V. E. P.), by the Raymond and Beverly Sackler
oundation (V. E. P., J. J. G. B.), by an MSKCC support grant, and

of the thumb, reduction of the radius and phocomelia, arEg .
Sl the Pew Scholars Program (L. N.). We would like to thank Dr Juan
found (Basson etal., 1997; Li etal., 1997). These heterozygo arlos Izpistua-Belmonte and Dr Susan Mackem for providing the

.phenOtyp?S suppo_rt our hypothesis that both of _thes_e genes gtk cDNA libraries, and Dr Ispista-Belmonte for generously
involved in establishment of the anteroposterior limb axispyoyiding the chickTbx2 plasmid. We would also like to thank the
Interestingly, both of these syndromes result frommembers of our laboratories for excellent technical support and
haploinsufficiency of the respective gene products, andonstructive criticism of the manuscript, and Dr Claudio Stern and the
because no nullizygous patients have been reported, it nsembers of his laboratory for stimulating discussions and advice.
possible that a more severe, possibly embryonic-lethaRarticular thanks are due to Drs Debbie Chapman and Jeff Yoder and
phenotype might result from complete loss-of-function. to Naiche Adler.

Holt-Oram syndrome patients exhibit forelimb defects only,
which is not surprising as limb-associafHux5 expression is
confined to the forelimb (Gibson-Brown et al., 1996; Li et aI.,REFERENCES
1997.)' Ulnar_mammary Syndrome patlems usua”y .exml.)lkgulnik, S. |, Garvey, N., Hancock, S., Ruvinsky, I, Chapman, D. L.,
forelimb defects only, although considerable variation in gk, 1. Bollag, R., Papaioannou, V. E. and Silver, L. M.(1996).
expressivity is found, with several cases reported in which Evolution of mouseT-box genes by tandem duplication and cluster
there are also subtle postaxial defects in the hindlimb (SchinzeldispersionGenetics144,249-254.
et al., 1987).Tbx3 is expressed in both forelimbs and Bamshad, M., et al.(1997). Mutations in humamBX3alter limb, apocrine

hindlimbs, and the general absence of a hindlimb phenotype ingﬁ %igita' development in ulnar-mammary syndrdagure Genetics,

ulnar-mammary syndrome suggests at least partial functionghsson, c. T,, et al(1997). Mutations in humafBX5cause limb and cardiac
redundancy for TBX3 in the hindlimb. Sinddx2 and Thx3 malformations in Holt-Oram syndromBature Genetic45, 30-35.

are expressed in very similar patterns in both limbs, it i€aims, J. M. and Saunders, J. W. Jr(1954). The influence of embryonic
possible that TBX2 can compensate for the loss of TBX3 Telzs)?geggoclagztgezrzelg_lgggl specification of epidermal derivatives in the chick.
fun_Ctlon in the hindlimb in most ulnar-mammary SyndromeCarroII, R. L. (198;3).Vertebrate Paleontology and Evolutiddew York: W.
patients. So far, no human developmental syndromes have beeRn. Freeman.

identified as candidates f@BX2or TBX4mutations. It will be  Chan, D. C., Laufer, E., Tabin, C. and Leder, }1995). Polydactylous limbs

interesting to see whether mutationsSTBX2 and TBX4 have in Strong’s Luxoidmice result from ectopic polarizing activievelopment
. . . . . : 121,1971-1978.
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in TBX3and TBX5exhibit in the forelimb. R., Seldin, M. F., Fallon, J. F. and Beachy, P. A1994). Products, genetic
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Evolutionary implications Development 20, 3339-3353.
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