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SUMMARY

A tight loop between members of the fibroblast growth limbs were induced, respectively. This additional limb
factor and the Wnt families plays a key role in the initiation ~ formation was accompanied by the induction of both Wnt
of vertebrate limb development. We show for the first time and Fgf genes These results highlight the pivotal roles of
that Tbx5 and Tbx4 are directly involved in this process. Tbx5 and Tbx4 during limb initiation, specification of
When dominant-negative forms of these Thx genes were forelimb/hindlimb and evolution of tetrapod limbs, placing
misexpressed in the chick prospective limb fields, a limbless Thx genes at the center of a highly conserved genetic
phenotype arose with repression of both Wnt and Fgf genes program.

By contrast, whenTbx5and Thx4 were misexpressed in the

flank, an additional wing-like and an additional leg-like  Key words: Tbx5, Thx4, Limb initiation, Wnt, Fgf, Chick

INTRODUCTION Recent studies have shown that members of the fibroblast
growth factor (Fgf) family play key roles in the limb initiation
T-box (Tbx) genes play key roles during organogenesis an@artin, 1998; Martin, 2001). When applied locally in the
pattern formation in both vertebrate and invertebrate embryokateral plate mesoderm, several Fgfs induce an ectopic limb
They encode a group of transcription factors characterized {ohn et al., 1995; Ohuchi et al., 1995; Crossley et al., 1996;
a highly conserved DNA-binding motif (T-box) and its unusualMogel et al., 1996; Ohuchi et al., 1997). In a current model,
mode of DNA recognition (Kispert and Herrmann, 1993;signaling of two different Fgfs, Fgf8 and Fgf10, is a key for
Muller and Herrmann, 1997). From a combination ofthe limb outgrowth (Martin, 2001). Although data highlight the
embryological and genetic approaches, a picture is emergimgivotal roles of Fgfs, limb bud formation is initiatedFgf10
that Tbx genes belong to highly conserved genetic networkahockout mice, suggesting that another factor(s) may induce
(Papaioannou and Silver, 1998; Smith, 1999; Ruvinsky antimb initiation (Sekine et al., 1999; Min et al.,, 1998).
Gibson-Brown, 2000; Tada and Smith, 2001). Among Tbxnterestingly, limb buds of thEgf10-null mice exhibit robust
genes, the best characterized Biog5and Thx4 (Chapman et  expression offbx5and Tbhx4in the limb fields, although the
al., 1996; Gibson-Brown et al., 1996; Ohuchi et al., 1998limb buds cease to grow and remain flat (Sekine et al., 1999;
Gibson-Brown et al., 1998; Issac et al., 1998; Logan et alMin et al., 1998). This observation indicates thai5 and
1998). Thx4 is expressed in the developing hindlimb bud,Tbx4may be constituents of the a priori genetic program that
whereasTbx5is expressed in the forelimb, heart, and dorsahcts upstream of the Fgf signaling cascade.
side of the retina. Previous studies have shown Theab Recently, tight crosstalk between Fgf and Wnt proteins,
induces wing-like morphological changes in the chick leganother family of secreted factors, has been shown to control
when misexpressed in early developmental stages. By contrakib initiation in the chick embryo (Kawakami et al., 2001).
Tbx4induces leg-like alterations in the chick wing. These dat&/nt2band Wnt8c(which are expressed in the chick forelimb
indicate thafTbx5and Tbx4 are involved in the specification and hindlimb, respectively) are capable of inducing ectopic
of hindlimb/forelimb identity (Rodrigues-Esteban et al., 1999;limbs in the flank. This additional limb formation is mediated
Takeuchi et al., 1999). We have shown thbk5and Tbx4  through af-catenin-dependent process and subsedegiio
expression occurs even before the initiation of limb outgrowthinduction, placing Wnt proteins upstream of Fgf signaling.
This evidence suggests that these two Thx genes are direcHypwever, the intracellular events that control expression and
involved in both the processes of limb initiation at early stagesignaling of these extracellular factors have not been
and in the specification of limb identity at later stagesglucidated. To date, Hox9 genes are known to be expressed in
highlighting their multiple roles. the lateral plate mesoderm and to demarcate the normal limb
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fields and the Fgf-induced additional limbs. This indicates thakindly provided by Drs Jane Dodd, Sumihare Noji and Juan Carlos
the Hox code, along the anteroposterior axis of the embryo, igpisua Belmonte (Hume and Dodd, 1993; Vogel et al., 1996; Ohuchi
one of the key determinants for the limb bud fields, implyinggt al., 1997). Chickrea3was amplified by RT-PCR utilizing the
that Hox genes act upstream of these signaling molecul@siblished sequence, then subcloned into the pKRX vector (Schutte et

; l. 1997). The DNA fragment encoding tBev gene was isolated
|(_|Coc>)(hng grt]ei{" aln9d97t)ﬁ eNc\)/Uﬁ:?%?sﬁéttvr\]/g:E Isina v%ﬁ?cr? e;)vl\j,?;[ir\]/e rgm the RCASBP retrovirus vector (Mogan and Fekete, 1996), and

transcription factor(s) act as initiator(s) of limb budthensubcloned into pBluescript SKII(+) vector. Chittht2bwas also

h . mplified by RT-PCR, then subcloned into the pKRX vector.
development. To explore this, we performed a series o? P y P

experiments using both loss-of-function and gain-of-function
approaches. Our data highlight the pivotal roles play€etbb
and Thx4during initiation of limb bud outgrowth. RESULTS

Misexpression of the dominant-negative Tbx5 and
Thbx4 induces the limb-less phenotype

Data obtained frontgf10-null mice suggest thatbx5 and
Chick embryos Tbx4act upstream dfgfl0signaling (Sekine et al., 1999; Min

Fertilized chick eggs were purchased from Takeuchi and Yamagis@t aI._, 1998). To_confirm this in chick embry@beandTbM
poultry farms (Nara, Japan). Eggs were incubated at 39°C in @ominant-negative forms were constructed by fusing the

humidified incubator, and embryos were staged as describdgngrailedsuppressor domain to their N termiin(Tbx5and
(Hamburger and Hamilton, 1951). Embryos were fixed in 4%EnTbx4 respectively) (Jaynes and O’Farrell, 1991). When
paraformaldehyde (PFA) at 4°C overnight, washed three timeshcreasing amounts of these fusion proteins were introduced
dehydrated with graded methanol, and then stored in 100% metharipto cultured limb mesenchyme cells along with Atmé (atrial

at —30°C. To stain the skeletal elements, embryos were fixed in S¥atriuretic facto) promoter-luciferase (Hiroi et al., 2001;
Plasmids construction reporter (a kind gift from Dr B. BrunealgnThx5andEnThx4

The coding regions of chickbx5 and Tbx4 were amplified by the repressedrbx5 and Thx4dependent transactivation of these

PCR, and ligated into a pSLAX 12 Nco vectors (pSLAbX5 and reporters, re_spectlvely, in a dose-dependen_t manner (data not
Thx4 respectively) (Mogan and Fekete, 1996). To construct théNown). This suggests that the repressive action of the
dominant-negative forms, a repressor domain of Bmesophila ~ Engrailed suppressor domain, which was reported to be
Engrailed gene (Jaynes and O'Farrell, 1991) was ligated into thénediated through interaction with Groucho (Jimenez et al.,
pSLAX plasmid (pSLAXEN). Entire sequences of chidx5and  1997; Tolkunova et al., 1998), functions in the mesenchyme
Tbx4were amplified by the PCR with primers, then ligated to pSLAX-cells of limb bud. We inserted these fusion constructs into an
Ento create fusion genes (pSLABATbx5and pSLAXEnTbx4. In  RCAS retroviral vector and prepared infectious virions from
both c_as?efr&gen(;a was lplacgd_ a theé\'ctirsrgg'- Tthes_e flusmr; CDNg%hick embryonic fibroblast cells (Mogan and Fekete, 1996).
were isolated and subcloned into a retroviral vector and a ; : ; ;
modified pCAGGS vector (Niwa et al., 1991; Koshiba-Takeuchi et aI.prc\)/ggggti\t/gevsi2;2;;%?{2{2;:;;1% ;-noffagtignl]rgtlgt (;Tyewrilr?glte ss
2000). phenotype arose at E12 (Fig. 1A). As expected, wing formation
Retrovirus preparation and injection was completely disturbed at the shoulder level (Fid):1the
RCASBPENTbx5and EnTbx4plasmids were transfected into chick fight scapula is missing, leaving hypomorphic ribs underneath
embryonic fibroblast cells isolated from SPF chick embryo (line c/ofred arrowheads in Fig. 1A In some cases, severe distal
trunks, then cultured for 1 week to allow the virus to spread. Cellfruncation was observed at E9 (Fig. 1B). Embryo skeletal
were replaced with low-serum media, and incubated further for viriopreparations showed truncated wings')(With hypoplastic
production. Then, media were collected and spun to concentrate virdgapular (§ and clavicular bones 'jo(Fig. 1B).
particles as previously described (Morgan and Fekete, 1996). WhenEnTbx4was misexpressed in the right prospective leg
The concentrated virus solution was mixed with an indicator dy?ield two phenotypes were obtained. Infection at the early
(Fast Green), and injected into the prospective wing and leg ﬁelds'stag'es (stage 7 to 10) resulted in a completely legless
In ovo electroporation phenotype (red arrowheads in Fig. 13,Qn this embryo,

In ovo electroporation was carried out as previously describe§YPOPlastic ilium and ischium were evident @hd is in Fig.
(Takeuchi et al., 1999; Momose et al., 1999). We modified our in ovdC, respectively). The pubis was absent, making the right side
electroporation techniques to obtain efficient expression of th@®f the pelvis hypoplastic and deformed (Fig.)1C
transgenes in the limb buds. Briefly, a CUY-21 electroporator (Gene When theEnTbx4 viral infection was performed at later
System, Osaka, Japan) was used. Two platinum electrodes (Gestages (stage 11 to 13), the legless phenotype was not obtained,
System, Osaka, Japan) were used. An anode was inserted beneathjfs¢ead leg structure truncation occurred (red arrowheads in Fig.
embryonic endoderm and a cathode was placed on the ectodeipyy n this case, the right leg was small and severely distorted,
surface. Then, a DNA solution was injected by a sharp glass pipetie; “ohserved by Alcian Blue staining (red arrowhead in Fig.
into the embryonic tissues. Electric pulses were applled_ 79V, 6 D'): a short and thin femur’ (in Fig. 10) and hypomorphic
MSeco ndsfpﬂlseD'oNrX 50Im§econds pulse-off, three to five times) du“agstél structures (red arrowheads iﬁ Fig/)1n addition, the
injection of the solution. D > U \ N

: right ilium and ischium were small and deformetigiid i$ in
Whole-mount in situ hybridization and probe isolation Fig. 1D, respectively), and the pubis was missing from the
In situ hybridization was performed as previously describedpelvis right side (Fig. 1D. These results indicate thettx5and
(Wilkinson, 1993). Probes for chicwnt8¢ Fgfl0 and Fgf8 were ~ Thx4are directly involved in limb formation processes.

MATERIALS AND METHODS
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To examine the specificity oEnTbx5 and EnTbx4 we
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Fig. 1. Misexpression of dominant-negative Tbx genes induces a
limbless phenotype. (A) When dominant-negalibe5(EnTbx5

was misexpressed by retroviral infection at stages 7 to 10, a wingless
phenotype (arrowhead) arose at E12) @keletal examination of A
revealed that wing formation was completely blocked. Legs (L) and
the left wing (W) were normal. Formation of the right scapula was
completely suppressed with hypoplastic ribs underneath (r
(arrowheads). On the uninfected left side, normal scapula (s) and ribs
(r) were evident. (B) In another case, severe distal truncation was
obtained at E9 (indicated by a red arrowhead), although this embryo
showed normal morphology in the legs (L) and left wing (W).

(B") Skeletal examination of B showed truncated wing) (With
hypoplastic scapula'sand clavicula (¢. In both cases, shoulders
were hypomorphic. (C) When dominant-negafiiex4(EnTbx4 was
similarly misexpressed, a legless phenotype was observed at E8 (red
arrowheads). (§ Skeletal preparation of C. Right leg was

specifically affected (red arrowheads). Right wing (W) and left leg
(L) were normal. This embryo showed the hypomorphic iliufp (il

and ischium (i9 without pubis formation, making the right side of

the pelvis deformed and hypoplastic (red arrowheads). In the left leg
(L), normal ilium (il), ischium (is), and pubis (p) were formed.

(D) WhenEnTbx4viral infection was performed at later stages (11 to
13), truncation of leg (I} structures arose (red arrowheads) with
normal wing formation (W). (D Skeletal preparation of (D) showed

a severely distorted leg (red arrowheads). Hypomorphic ilidjn (il
ischium (i), and femur () were evident with truncated distal
structures (red arrowheads). In this side, the pubis was missing,
although femur (f), ilium (il), ischium (is) and pubis (p) were
normally formed on the uninfected left side. (E) Misexpression of
EnTbx4in the wing did not induce morphological alteration at E8,
although whole-mount in situ hybridization usiBgvgene in the

RCAS vector indicate expression™ix4transgene. (F) Likewise,
misexpression of EnTbx5 resulted in normal morphology in the leg,
despite of thé&envexpression.

Stage-dependent action of the dominant-negative
Tbx5 and Tbx4

In a series of misexpression studies, the resultant phenotypes
are dependent on viral infection timing. To explore further, we
injected dominant-negative Tbhx viruses at various
developmental stages that included stages 7 to 13 (Table 1).
Interestingly, limbless phenotypes were obtained only when
the viruses were injected between stages 7 and 10. Viral
injection at later stages (10 to 13) failed to induce any limbless
alterations, setting up a short critical period. As there is a lag
between viral injection and full transgene expression in the
RCAS vector, viral injection between stages 7 and 10 results
in the full expression dEnTx5andEnTbx4in stages 11 to 14
(Mogan and Fekete, 1996). As previously reported, the
crosstalk between Wnts and Fgfs and the subsequent limb
induction process begin around stage 14 (Kawakami et al.,
2001). This implies that early viral injection and subsequent

misexpressed these genes in leg and wing buds, respectivadyxpression of dominant-negative Tbx genes may affect

Misexpression oEnTbx4in the wing bud and&EnTbx5in the

processes that precede the Wnts and Fgfs interaction,

leg did not induce any morphological abnormality at E8 (Fighighlighting the putative roles of Thx genes in limb initiation,
1E,F, respectively). Whole-mount in situ hybridization forrather than in limb outgrowth maintenance. By contrast, limb
the Env gene encoded in the vector revealed expression afuncation occurred even in the cases of later viral infection,
transgenes in limbs (Fig. 1E,F). Although signals werealthough the ratio decreases as the limb development proceeds.
observed only on the limb surface, expression of transgen@his suggests that the dominant-negative Thx expression at

and the resultant normal morphology suggestHEmdtx5and

later stages only weakly affect the maintenance phase, in which

EnTbx4specifically abrogate development of the wing and leghe Wnt and Fgf signaling cascades primarily operate.

buds, respectively.

Nonetheless, we cannot exclude the possibility that lower
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Table 1. Stage-dependent actions of the dominant-negative Misexpression of the dominant-negative ~ Tbx5 and

Tbx5and Thx4 Thbx4 represses the Wnt/Fgf signaling
. . Our data strongly suggest thEdix5and Tbhx4directly control

A Effect ofmlsexpreSS|orRCAS—EnTbx5 : limb initiation processes. To confirm this further, the
Stage of Nuwil;gle";';h Num\t,’v?r:g‘”th expression of several genes in tBaTbx5 and EnThx4
infection Total phenotype truncations m|se_xpressed I_|mb buds was examined. In'thls case, the
; T 7 (70%) 2 (20%) dominant-negative forms dtbx5andTbx4were misexpressed
8 15 12 (80%) 2 (13%) by in ovo electroporation, as the electroporation enables us
9 12 8 (67%) 3 (25%) to express two plasrr_lids simultaneously. Conse_quently, we
10 13 3(23%) 5 (38%) monitored the domains of transgene expression by co-
11 9 0(0‘?) 2(23%) electroporation of anEGFP (enhanced green fluorescent
13 13 8%8023 ig’é&) protein) expression plasmid (pCAGGSsFP) (Takeuchi et

al., 1999; Momose et al., 1999).

Totals 80 30 16

When the dominant-negatienTbx5was misexpressed in
the right prospective wing fieldYnt2bwas downregulated in

Stage of N“ngﬁ;;‘g‘h N“mbleerg""'th a region where GFP signals were evident (Fig. 2AMormal
infection Total phenotype truncations expression of this gene was observed in the lateral plate

mesoderm of the left wing field (Kawakami et al., 2001). By

8 6 0 (0%) 0 (0%) ; . .

9 11 0 (0%) 0 (0%) contrast, when electroporation was performed in the right
11 12 0 (0%) 0 (0%) prospective leg fieldWnt8cexpression was normal in a GFP-
13 7 0 (0%) 0 (0%) positive area (Fig. 2B,B (Hume and Dodd, 1993), implying
Totals 36 0 0 that EnTbx5misexpression specifically affect®nt2bin the

wing field, but notVnt8cin the leg. Wherfrgf8 expression was
B Effect of misexpression oRCAS-EnThx4 analyzed, this gene was repressed in the right limb buds (red
Number with Number with arrowheads in Fig. 2C). Normal expressiofrgf8was evident
infection Total phenotype truncations fusion gene was inserted in the RCAS retrovirus vector, in situ

7 8 6 (75%) 2 (25%) hybridization utilizing anEnv probe visualizes the transgene
8 18 11 (61%) 5 (28%) expression domain. Nineteen hours after electroporation,
9 12 8 (672/0) 3 (33‘(’@) robust Env expression was detected at the prospective wing
o o S%%") gggo//;’)) field (arrowheads in Fig. 2D), indicating successulTbx5
12 14 0 (0%) 2 (14%) misexpression in this area. As shown in serial sectfegd,0
13 15 0 (0%) 2 (13%) expression was downregulated in the same region of the
Totals 92 27 27 embryo (arrowheads in Fig. 2E). Next, chiR&a3expression

was examined, &ea3encodes an Ets-type transcription factor
Number with Number with that acts downstream of Fgf signaling (Roehl and Nusslein-
Stage of wingless wing Volhard, 2001; Raible and Brand, 2001). As expecRsh3
infection Total phenotype truncations expression was repressed (red arrow in Fig. 2F), whereas

8 5 0 (0%) 0 (0%) normal expression was visible in the entire prospective left
9 16 0 (0%) 0 (0%) wing region. These observations are in accordance with the
11 10 0 (0%) 0 (0%) hypothesis thalbx5is involved in early processes before the
13 5 0(0%) 0(0%) onset of the Wnt and Fgf protein interaction.

Totals 36 0 0 Next, the expression patterns of the same set of markers were

Wi . . examined in th&nTbx4misexpressed embryo. In tRaTbx4
ingless and legless phenotypes were obtained only when the viruses of ~". . .
the dominant-negativebx5(EnThx5 andThx4(EnThx4 were infected misexpressed leg budg/nt8cexpression was repressed in a
between stages 7 and 10. Viral injection at later stages (stage 10to 13) ~ domain where GFP signals were observed (Fig. 2G,G
induced limb truncation at a lower rate, revealing a critical period between Contrary to this, wherEnTbx4 was misexpressed in the
stages 7 and 10. By contrast, misexpressidingbxSin the leg andEnTbx4 — prospective wingWnt2bwas normally expressed, although
g\atrrI};Svtv;r;%gld not induce morphological alteration even when infected at extensive GFP signals were evident (Fig. 2M,HThis
indicates thaEnTbx4represse®/nt8cin the leg, but notVnt2b
in the wing, implying thaEnTbx4specifically affectdVnt8c
infection rate in later stages prohibited wide spread of viruEgfl0 expression was repressed (Fig. 2l), whereas the
and suppressed appearance of the complete limbleasesoderm cells on the left side showed normal expression
phenotype, although we did not observe significant differencgsatterns. When thEnTbx4construct was electroporated in the
in the viral gene expression induced by the infection betweeleg field, clear repression &gf8 and Pea3was evident (red
stage 9 and 11. arrowheads in Fig. 2K,L) where robushv expression was

As observed in Fig. 1E,F, misexpressionBfTbx5and  observed (Fig. 2J), indicating thEhTbx4also abrogates the
EnTbx4in the leg and wing, respectively, did not induce theearly processes of limb initiation. In the limbs where the
limbless or the limb truncation phenotype (Table 1). This agaidominant-negative Thx genes were misexpressed, apoptotic
supports the specific actions BhTbx5and EnTbhx4in the  cell death was not detected by the TUNEL method (data not
developing limb buds. shown).
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Fig. 2. Expression of the

dominant-negativ@bx5(EnThbx5 RCAS-EnTbx5
andTbx4(EnTbx4 induces W - 18
repression of Wnt and Fgf gene:
andPea3 (A) WhenEnTbx5was
misexpressed in the prospective
wing field by in ovo
electroporationWWnt2bexpression
was repressed 24 hours after
electroporation (arrowheads),
whereas this gene was normally
expressed in the left side.

(A") Robust fluorescent signals
derived from the co-electroporat
EGFPgene were evident where
Whnt2bwas repressed. (B) By
contrast)Wnt8cexpression was
normal 14 hours after

electroporation oEnThx5in the Sl ' L : . o

prospective leg field. (B Robust

GFP fluorescent signals were RCAS-EnTbx4
observed in the leg field. 'nt8C /ni2bl [T GFP

(C) Expression oFgf8was
repressed in the hypoplastic rigt
wing buds (red arrowheads).
Normal expression d¥gf8 was
evident in the left wing buds.
(D) RobustEnvexpression
indicated successf@nTbx5
misexpression in the prospective
wing field 19 hours after
electroporation (arrowheads). In
such embryos, expression of
Fgfl0(E) andPea3(F) was
repressed, whereas the normal
expression was evident on the
opposite side of the embryo.
(G) WhenEnTbx4electroporatior
was performed in the prospectiv
leg field, Wnt8cexpression was
repressed (arrowheads) where
robust GFP signals were observ
(G'). (H) WhenEnTbx4was
misexpressed in the prospective
wing field, Wnt2bexpression was
unaffected, although this area
showed strong GFP signals'{H
() Expression of-gflOwas
repressed in the hypoplastic leg
buds (red arrowheads). Normal
expression of this gene was
evident in the left leg buds.

(J) Thirty hours after
electroporation, robugnv
expression was evident in the le
field (red arrowheads). In its ser
sections, expression BHf8 (K)
andPea3(L) was repressed (red
arrowheads). (M-O) Top row
shows wings and bottom row
shows legs. Arrowheads indicatt
repression. (M) When a dominal
negative form of.efl (dnLefl) was misexpressed, expressiorirgfl0was weakly repressed in bathLeftmisexpressed wing and leg fields
24 hours after electroporartion. At this stage, expressidixBandTbx4was normal. (N) Repression Bfifl0became evident 30 hours after
electroporation. At this stage, expressiobk5andTbx4was also weakly repressed. (O) RepressiofbabandThx4became evident 36
hours after electroporation.
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Dominant-negative Lefl does not affect  Tbx5 and 3C,C). By contrast, wing-specifiHoxd9 was expressed
Thx4 expression mainly in the anterior part, although this gene did not show a
As previously reported, Wnt signaling reguldfeglOexpression  clear boundary of expression (Fig."3CConsequently, these

in both the presumptive wing and leg buds, placing Wnt@bservzs}tions are clolnsiste.nt with.the mosaic nature of the
signaling upstream d¥gf10 (Kawakami et al., 2001). Although Wnt2b-induced additional limbs (Fig. 3D).

our data suggest that both Tbx5 and Thx4 control expression of FOr the misexpression experimentix5-EGFPand Tbx4-
Wnt2b/Wnt8a-gf8andFgf10, misexpression data obtained from EGFPfusion genes were inserted into the pCAGGS expression
the EnTbx5and EnThx4constructs do not clarify whether Thx vector (CAGGSFbx5-EGFPand CAGGSYbx4-EGFR. As
genes lie upstream of Wnt protein signaling, or vice versa. TBreviously reportedlbx5-EGFPandTbx4-EGFPfusion genes
elucidate this, an expression construct (CAG[BSef:D for a exhibit the Same_biological fl._]lj]CtiOﬂS as the unmodﬂdeS.
dominant-negative form dfef1 (Kengaku et al., 1998), the direct andTbx4 respectively. In addition, the pCAGGS vector drives
nuclear target of Wnt signaling, was constructed. In thi$apid transgene expression, making this system ideal for
experiment, a pPCAGGS vector that has been shown to drive ragiialyzing early developmental stages (Niwa et al., 1991;
and robust expression of transgenes in tissues was used (Niwaeghiba-Takeuchi et al., 2000). When the CAGGS5-EGFP

al., 1991; Koshiba-Takeuchi et al., 2000). This construct wagxpression construct was electroporated into the flank, a wing-
electroporated into both the prospective wing and leg fields #ke limb was formed (red arrowhead in Fig. 3E). Although this
stages 9to 11, aﬁ'd)xSandTbx4expressi0n was then examined. addlth!']a' limb is smaller than the normal wing, .ItS dlgItS were
Twenty-four hours after electroporation, bofbx5 and Tox4 ~ extensively covered by feather buds. When this embryo was
were norma”y expressed in the prospective ng and |eg f|e|d§Ealned Wlth' AlCIan Blue, skeletal' patterns of this additional
respectively (Fig. 2M). At this stag&gfl0 expression was Wing were similar to the normal wing (data not shown).
evident in both the wing and leg fields, although weak repression When Wnt2b expression was examined, induction of this
was observed (Fig. 2M). RepressionFgff10, Tox5and Tox4 ~ gene was _clearly observed in the flank, wher(_a the GFP was
became evident 30 hours after electroporation (Fig. 2N). Thiryevident (Fig. 3F,G)Fgfl0 gene was induced in the small
six hours after electroporation, repressioft{5in the wing and ~additional limb bud (red arrowhead in Fig. 3H). Sixty hours
Tbx4in the leg became obvious (Fig. 20). As the Wnt signalingifter electroporation, an additional limb was clearly observed
controlsFgf10andFgf8 expression, we speculate thatdmbefl  at the posterior side of the normal wing (red arrowhead in Fig.
repressed=gf10 and Fgf8, thereby indirectly downregulating 3I)- In this additional limb, distinct expression B§f8 was
Tbx5andTbx4expression. Taken together, our data again suggedgetected in the AER (red arrowhead in Fig. 31).

that Thx5 and Thx4 lie upstream of both the Wnt and Fgf To confirm the wing identity of this additional limb, we
signaling in limb induction. In these experiments, pCAGGSchecked expression of Hox9 genes. In the additional limb,
EGFP was co-electroporated to visualize the domain ofxpression of leg-specifitloxb9 was observed only in the
misexpression and GFP signals in the electroporated areas (dg@sterior margin (Fig. 3J). Expression of another leg-specific

not shown). Hoxc9became very faint (Fig. 3K). By contrast, wing-specific

) o . Hoxd9was expressed (Fig. 3L). These results indicate that the
Thbx5 misexpression in the flank induces an Tbx5-induced additional limb predominantly possesses the
additional wing-like limb wing identity, with the wing-like expression fox9 genes,

If Tbx5andThx4are involved in the early processes of limbalbeit partially.

initiation, forced misexpression of these genes in the flank ) o )

would be expected to induce the formation of additional limbl'bx4 misexpression in the flank induces an

buds, as observed in implantation of Fgf- or Wnt-expressingdditional leg-like limb

cells. AsThx5and Thx4 specify the wing and leg identity of When the expression plasmid CAGGBx4-EGFP was

limb buds, respectively, Thx5 and Thx4 misexpression shouldlectroporated into the flank at stage 10, an additional limb was

induce an additional wing and leg, respectively. Chick wing isnduced at E10 (red arrowheads in Fig. 3M). Contrary to the

covered by feathers, whereas leg has scaled digits with claw®x5 misexpression, this limb showed leg-like morphology in

and feathers in the proximal part. Based upon thesis distal half: separated digits were covered by scales, and claw

morphological differences, we can identify which type of limbformation on the digit tips and suppression of feather formation

is formed by misexpression. Implantation of Wnt-expressingvere evident in the distal part (Fig. 3M). Unlike the Wnt2b-

cells, for example, Wnt2b in the restricted flank region, inducemduced additional limb (Fig. 3A,A this additional limb has

a mosaic additional limb (Fig. 3AA with wing-like  a leg-like appearance on both the anterior and posterior sides,

morphology on the anterior side (nd leg-like structure on despite its proximal region showing wing-like morphology.

the posterior () (Fig. 3A). This additional limb formation is When the expression of several markers was examikietBc

accompanied by the expressionTdix5 (red arrow) and’bx4  induction was evident (Fig. 3N) in an area where EGFP was

(blue arrow) on the anterior and posterior sides, respectivelybserved (Fig. 30)Fgfl0 and Fgf8 were induced in the

(Fig. 3B). electroporated parts (Fig. 3P,Q, respectively). Collectively,
To confirm the identity of Wnt2b-induced additional limb these data indicate thibx5and Thx4 act at the early stages

buds, we checked expression of Hox9 genes. As reportext limb initiation, controlling the downstream Wnt and Fgf

previously,Hoxb9andHoxc9are expressed in the leg, whereassignaling cascades.

Hoxd9is expressed in the wing (Nelson et al., 1996; Cohn et When expression of Hox9 genes was examined, leg-specific

al., 1997; Takeuchi et al., 1999). As expected, leg-specifitcloxb9andHoxc9genes were induced in this additional limb

Hoxb9and Hoxc9genes were expressed in the posterior sidéFig. 3R,S, respectively). By contrast, expression of wing-

of the additional limbs, leaving the anterior side negative (FigspecificHoxd9was suppressed, especially in the posterior half.
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Fig. 3. Additional limb formation B |
induced bywnt2h Tbx5andTbx4in the I CAGGS-Wnt2b

flank. (A) Whenwnt2bexpressing cells -

were implanted in the flank, a mosaic

limb was formed (red arrowheads).

(A") Careful examination of this
additional limb revealed its mosaic
structures with wing-like morphology ¢
the anterior side (Wand leg-like
structure on the posterior side)L

(B) At earlier stages, the Wnt2b-induc
additional limb (green arrow) expresse
Tbhx5(red arrow) and bx4(blue arrow)
in its anterior and posterior sides,
respectively. A white circle indicates tt
position of cell implantation.

(Cto C') In the Wnt2b-induced limb
buds, leg-specifieloxb9(C) andHoxc9
(C') were expressed in the posterior
region, whereas wing-specititoxd9
(C") in the anterior. Arrows correspon
to the positions indicated in B.

(D) Schematic representation of the
Wnt- or Fgf-induced additional limb ar
its mosaic structures. (E) When CAG(
Tbhx5-EGFPplasmid was electroporate
in the flank, wing-like limb was formec
(red arrowhead), covered extensively
feather buds. (F) About 16 hours after
electroporationWWnt2bexpression was
induced (arrowhead) in the
electroporated area visualized by the
GFP (G). Expression ¢fgf10(H) was
observed in the induced limb bud (red
arrowhead). L, normal leg bud. (1) Abc
60 hours after electroporation, an
additional limb (red arrowhead) was
formed at the caudal side of the norm
wing (W). This additional limb bud
expressedrgf8in the AER (red
arrowhead). (J) In the Thx5-induced
limb, expression of leg-specifitoxb9was observed weakly only in the posterior margin, excluded form the anterior part of limb.

(K) Expression of another leg-specifiloxc9was very faint. (L) By contrast, wing-speciffoxd9was expressed. Red brackets indicate
additional limbs. (M) When the CAGGHx4-EGFPplasmid was electroporated in the flank, a leg-like limb was formed (red arrowheads).
Black arrowheads indicate a boundary between feather and scale domains. When expression of several marker genes wast8e(hjned,
red arrowheads) was induced. Electroporation was monitored by the GFP as shown in O. (P) Likewise, exgrgfhiomasfinduced in the
additional limb bud (red arrowhead). (Q) In fiex4induced limb bud, expression B§f8 (red arrowhead) was observed in the AER. In the
additional limb buds, leg-specifitoxb9(R) andHoxc9(S) were expressed. (T) By contrast, expression of wing-spelcikid9was

suppressed, although faint expression was observed at the anterior margin. Red brackets indicate additional limbs.

(Fig. 3T). These results suggest that the Thbx4-inducetbrmation was obtained only when these expression plasmids
additional limb mainly possesses the leg identity, with partialvere electroporated between stages 8 and 12. From stage 13

wing-like appearance. onwards, complete induction of additional limb formation was
. never observed, although we observed robust fluorescent signal
Stage-dependent action of  Thx5 and Tbx4 derived co-electroporated pCAG@&&FP (data not shown).

As observed in Table 1, the actions of dominant-negative TbXhis is in clear contrast to the Fgf-induced additional limb buds
genes and the resultant phenotypes are dependent on thehe flank, which can be induced when Fgf is applied during

developmental stages, where stages 7 to 10 are hightyages 13 to 15 (Crossley et al., 1996; Vogel et al., 1996). Local
susceptible phases. To complement these loss-of-functi@pplication of Fgf at earlier or later stages never induces
approaches, stage-dependent actioiabandTbx4in gain-  additional limb buds, setting up a brief sensitive window. This

of-function experiments were examined. For this purpose, walso suggests that competence to the Fgf signaling is strictly
electroporated pCAGGSbx5-EGFP and pCAGGSFbx4  controlled in a stage-dependent way. Contrary to this, our
EGFP plasmids at various stages (summarized in Table 2)nisexpression experiments have shown that the formation of
Interestingly, in both cases, induction of additional limbadditional limb buds is observed only when Tbx genes are
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misexpressed in the flank between stages 8 and 12, before thable 2. Stage-dependent actions dfx5and Tbx4in limb
mesoderm cells become competent to respond to Fgf signaling. initiation

Thus, the Tbx-sensitive period begins and ends before t

stages at which Wnt-expressing cells can induce addition Effect of CAGGS-Tbx5
limb buds. These lines of evidence again indicateftheband Number of

Thx4act upstream of Wnt/Fgf signaling (Fig. 4). ;tjigﬁo?]f Total eVXVt'{‘;’,'i','T'jgs
8 8 0 (15%)
9 15 2 (13%)
DISCUSSION 10 14 7 (50%)
11 15 7 (47%)
In vertebrates, a correct pattern of organ formation is crucially 12 15 1 (7(‘;@)
dependent on interactions between different embryonic tissues. ii 18 8 Egcﬁ;
For initiation of limb outgrowth, two different inductive 15 8 0 (0%)
signals, Fgf and Wnt, establish tight regulatory loops to ensure Totals 103 19

the correct transduction of signals and morphogenesis
(Kawakami et al., 2001). Prior to limb initiatioNynt2bis g Effect of CAGGS-Tbx4
expressed in the intermediate and the lateral plate mesoderm

. . - . . Number of
of the prospective wing field. In the prospective leg region, Stage of leg-like
Wnt8cis expressed in the caudal region of the lateral plate injection Total extra limbs
mesoderm. Through &-catenin-dependent pathway, these 8 8 0 (0%)
Wnt molecules induc&gfl0in the prospective wing and leg 9 15 4 (27%)
fields. Consequently, Fgfl0 inducd¥gyf8 in the surface 10 12 5 (42%)
ectoderm through the WntBatatenin-dependent pathway. 11 18 6 (33%)
. o 12 16 2 (13%)
Hence, orchestrated influx and efflux of morphogenetic signals 13 12 0 (0%)
between different embryonic tissues are pivotal for the correct 14 10 0 (0%)
pattern formation of vertebrate limb buds. As reported 15 10 0 (0%)
previously, Tbx5and Thx4 genes are activated in Fgf-induced Totals 92 17

ectopic limbs in the flank (Ohuchi et al., 1998; Gibson-Brown
et al., 1998; Issac et al., 1998; Logan et al., 1998). Our study(A) Tox5was misexpressed by in ovo electroporation at various
has shown that Thx genes induce Fgf genes in the ﬂan%velopmental stages. Wing-like additional limbs were induced only when

. . . . lectroporation was performed at stages 8 to 12.
suggesting that the influx and efflux of signals operate in the (B) Likewise, formation of leg-like additional limbs was observed only

Thx/Fgf Cascade-_ ) whenTbx4was misexpressed at stages 9 to 12, setting up a short critical
When the dominant-negative formsTix5andTbx4were  period from stages 8 to 12.

misexpressed in the prospective limb fields, complete limbless
phenotypes arose with disruption of shoulder and pelvis

formation (Fig. 1). Scapula was not formed, and ribs werenorphological changes observed in chick and mouse are alike.
hypomorphic. In the leg region, ilium and ischium wereNonetheless, induced alterations were severer in chick
hypoplastic without pubis formation, implying that scapula isembryos, probably because the dominant-negative Thx genes
part of the limb. These results indicate that suppression eafffect both the Wnt and Fgf cascades.

functions of Tbhx genes affect not only the limb development, To construct the dominant-negative forms of Thx genes, we
but also the formation of shoulder and pelvis. Similarused théengrailedsuppressor domain. It has been reported that
morphological alterations were observed in tRgfl0-  the repressor activity of this domain is mediated through the
knockout mouse (Sekine et al., 1999; Min et al., 1998). In sucinteraction with Groucho (Jimenez et al., 1997; Tolkunova et
mutant limbless mouse, posterior scapula was missing and iliat., 1998). Although vertebrat&roucherelated genes are
bone was rudimentary. As miexpression of the dominantwidely expressed in developing embryos (Fisher and Caudy,
negative Thx genes represses the expressiegfb0andFgfs, 1998; Chen and Courey, 2000), their activities in the limb are
unclear. Nonetheless, when analyzed in primary cultures of
chick limb mesenchyme cells, boEnTbx5and EnTbhx4

e st.13~17 abrogate efficiently the transcriptional activation of Aré
Tbx5 andFgflOpromoters by Tbx5 and Thx4, respectively (data
Wnt2b
initiation maintenance
. .}

Fig. 4. Schematic representation of the signal cascade. In early
stages of limb development (stages 10 to TBx5andThx4

activate the Wnt2B/Fgf and Wnt8C/Fgf signals, respectively.
Once activated, the Wnt/Fgf cascades feedback dhxband
Tbx4genes to establish a tight positive regulatory loop. At later
developmental stages, the Wnt and Fgf signaling cascades
interact to make a positive feedback loop and maintain outgrowth
of limb buds. During later stageEhx5andThx4exert distinct
actions to make different limb structures: wing and leg,
respectively.

FGF8/10

wing/leg identity specification

l initiation Wntsc maintenarnce
e

i

Pitx1 Tbx4 FGF8/M10
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not shown). This suggests that the Engrailed acts as an efficigiaves and Schubiger, 1998). These observations strongly
suppressor in the chick limb buds. Recently, it has beesuggest that Tbx genes are central in the highly conserved
reported that functional knockdown of zebrafiskS resulted  signaling cascades of these inductive signals in both vertebrates
in a failure of fin bud initiation and the complete loss ofand invertebrates.
pectoral fins (Ahn et al., 2002), indicating that the antisense Although our data indicate th@bx5andThx4control Wnt
oligonucleotide-mediated knockdown and misexpression odind Fgf genes, how these signals are transduced to the nucleus
EnTbx5resulted in similar morphological alterations. Hence,to control expression of target genes remains to be elucidated.
exploiting different techniques in different species is importantn this sense, we do not exclude the possibility that Thx
to understand the common mechanism of limb initiation. proteins act cooperatively with the Wnt and Fgf signaling
Although the extracellular events have been analyzedystems, i.e. in parallel or cooperatively with these cascades.
extensively, intracellular mechanisms that regulate gen@€his is compatible with the data published previously (Ng et
expression and limb initiation have remained unsolved. Tal., 2002). Because another T-box protein, Tbrl, interacts with
date, Hox9 genes are known to be expressed in the lateral pl@ASK, a member of the membrane-associated guanylate
mesoderm. Expression of these genes demarcates the fieldkiofases (MAGUKS) (Hsueh et al., 2000), Thx proteins may be
both the normal limb and the additional limbs induced in theéargets of extracellular signaling that could change their
flank. This indicates that Hox genes act upstream of thegeanscriptional properties depending on the signaling context.
signaling molecules (Cohn et al., 1997). However, a gap existhis could be related to the stage-dependent action of Thx
between the Hox genes and the Wnt/Fgf network. Our daigenes during limb initiation. As described above, induction of
strongly indicate thaTbx5and Thx4 operate in this gap. We additional limb formation was obtained only when Thx genes
also have shown that Hox9 genes are controllediiypand  were electroporated between stages 8 and 12. This is in clear
Tbx4 during wing/leg specification (Takeuchi et al., 1999).contrast to the Fgf-induced additional limb buds in the flank,
These lines of evidence suggest that a regulatory loop betwewthich can be induced when Fgf is applied during stages 13 to
Hox9 and Thx genes is essential for both limb initiation and5 (Crossley et al., 1996; Vogel et al., 1996; Ohuchi et al.,
the wing/leg identity specification, highlighting the feedback1997; Kawakami et al., 2001). This also strongly suggests that
and feed-forward mechanisms in both extracellular andompetence to the Thx misexpression and to the Fgf signaling
intracellular signaling cascades. is strictly controlled in a stage-dependent way. Although we do
As shown in Fig. 3, misexpression of Thx5 and Tbx4 in thenot know how these differences in the competence are
flank induces wing-like and leg-like limbs, respectively.controlled in vivo, the signaling context could modulate Thx
Nonetheless, these additional limbs did not show the complefgoteins and regulate this critical factor during limb
wing or leg appearance. Rather, Tbhx5- and Thx4-induced limkdevelopment.
seem to be mosaic with one type predominating over another. RecentlyAnfwas shown to be a direct targefTddfx5(Hiroi
This is consistent with the mixed expression patterns of Hoxét al., 2001; Bruneau et al., 2001). Thx5 alone activatesrthe
genes (Fig. 3). To obtain rapid and robust expression of Thxromoter efficiently. However, in the presence of another
genes, we used pCAGGS expression vector. As pCAGGSanscription factoriNkx2.5 Tbx5is a stronger activator. In the
induces transient expression of transgene, expression of Tlarly stages of limb initiation, Tbhx5 alone could induce Wnt
genes in the flank might have faded out after triggeringienes, whereas in the later stages, activated Wnt signaling
expression of WiEgf genes. This would suggest that inducedmight modulateTbx5 activity or induce another transcription
Wnt/Fgf proteins might initiate limb formation even in factor to act synergistically, forming a positive feedback loop
mesenchyme cells that were not electroporated. In such cased upregulatingFgfl0 to maintain limb outgrowth. To
additional limb buds can be composed of mixed celkexamine this hypothesis, precise biochemical analyses needs to
populations; electroporated Thx-positive cells and nonbe performed.
electroporated Thx-negative cells thereby have a mosaic Our data reveal thatbx5 and Thx4 specifically regulate
appearance. Wnt2band Wnt8¢ respectively, to initiate limb outgrowth in
Tbx genes regulate pattern formation in both vertebrate arttie early stages of development. In the later stagesand
invertebrate embryos. From a combination of embryological'bx4 exert different actions to form distinct forelimb and
and genetic approaches, a picture is emerging that Tbx genasdlimb structures, respectively. These indicate that these
belong to a highly conserved genetic network involvinggenes play distinct roles with distinct specificity. Nonetheless,
inductive signals (Papaioannou and Silver, 1998; Smith, 1999;bx5 and Thx4 are derived from the same ancestral gene
Ruvinsky and Gibson-Brown, 2000; Tada and Smith, 2001). I§Agulnik et al., 1996; Ruvinsky and Silver, 1997). During
Xenopusanother T-box transcription factor, Brachyury (Xbra),evolution, these genes have diversified their biological
directly regulatesembryonic fibroblast growth factqieFgf)  functions to regulate different Wnt genes and make different
and creates a tight feedback loop. Hence, eFgf expressitimb structures. This is related to our observation Bratbx5
maintains Xbra expression, and Xbra maintaineFgf andEnThbx4failed to represdVnt8cin the leg andN/nt2bin
expression in vivo. Converself-gfinhibition represseXbra  the wing. As expected, misexpressiorEofTbx5in the leg and
expression andXbra inhibition repressesFgf expression EnTbx4in the wing did not affect limb development (Fig.
(Isaacs et al., 1994). In additioXbra has been found to 1E,F). This suggests that Tbx5 and Tbhx4 have acquired
regulate theXenopus Wntllgene directly, making another different target specificities during evolution. Although we are
connection to Wnt signaling (Tada and Smith, 2000). Irstill far from a complete understanding of these processes, our
Drosophila functions of T-box transcription factoptomotor data shed further light on vertebrate limb evolution of
blind (omb are closely related to Dpp (Decapentaplegic) andertebrate limbs, the functions and evolution of the Thx gene
Wg (Wingless) signaling cascades. (Pflugfelder et al., 199Zamily.
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