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Tbx4-Fgf10 system controls lung bud formation during chicken embryonic

development
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SUMMARY

The respiratory primordium is positioned and its territory

is defined in the foregut. The visceral mesoderm of the
respiratory primordium acquires the inducing potential
that is necessary for endodermal budding morphogenesis
and respiratory endoderm formation. Tbx4, a member of
the T-box transcription factor gene family, was specifically
expressed in the visceral mesoderm of the lung
primordium. To analyze the function of Tbx4, we
ectopically expressed Tbx4 in the visceral mesoderm of the
foregut using in ovo electroporation. Ectopic Thx4 induced
ectopic bud formation in the esophagus by activating the

Fgf10 also induced ectopic expression dfkx2.1, a marker
gene specific for the respiratory endoderm, in the
underlying esophagus endoderm. When the border of the
Tbx4 expression domain, which demarcates the respiratory
tract and the esophagus, was disturbed by misexpression of
Tbx4, formation of the tracheo-esophageal septum failed.
These results suggested thafTbx4 governs multiple
processes during respiratory tract development; i.e. the
initial endodermal bud formation, respiratory endoderm
formation, and septation of the respiratory tract and the
esophagus.

expression of Fgf10. Conversely, interference of Tbx4
function resulted in repression ofFgf10 expression and in

Key words: Lung bud, Tracheo-esophageal fistliex4 Fgf10,
failure of lung bud formation. In addition, ectopic Thx4 or

Nkx2.1 In ovo electroporation, Chick

INTRODUCTION It is proposed that positional information in the gut tube is
reflected by the region-specific expression pattern of
Many visceral organs develop from a distinct position in theéranscription factors in the endoderm and visceral mesoderm
respiratory-digestive tube along the anteroposterior (AP) anals in the CNS and paraxial mesoderm. Several transcription
dorsoventral (DV) axis. Each visceral organ has a uniqufactors are expressed in the visceral mesoderm and/or the
morphology and the appropriate cell types to effectivelyendoderm of a specific region of the gut tube along the AP axis:
perform the assigned physiological function: food intakeHox genesNkx2.5andBapx] etc. in the visceral mesoderm;
digestion, water absorption, homeostasis maintenance asbx2 CdxA CdxCand Pdx], etc. in the endoderm (Grapin-
respiration. At an early stage in development, the primitive guBotton and Melton, 2000; Roberts, 2000). The boundaries of
tube, which consists of the endoderm and visceral mesoderthe expression domains of these transcription factors
is subdivided into distinct domains along the AP axis and eaatorrespond to the boundaries of the presumptive territories of
domain gives rise to an organ primordium (Grapin-Bottordifferent organ primordia. Actually, some of these genes
and Melton, 2000; Roberts, 2000). During this process, ARontrol the region-specific or, in some cases, the organ-specific
positional information of the gut tube is translated into thesignaling systems for the specification of the presumptive
organ-specific signaling systems within each subdomain amatgan territory and organ-specific morphogenesis (Grapin-
these signaling systems govern organ-specific morphogene@stton and Melton, 2000; Roberts, 2000). In addition,
and differentiation. In addition, organ-specific morphogenesisignaling crosstalk between the different tissues or organ
and cellular differentiation are controlled by the crosstalkingprimordia is mediated by secreted proteins such as Fgfs, Bmps
signaling system between the visceral mesoderm armahd Wnts, etc. In this way, signaling systems that are
endoderm, i.e. the epithelial-mesenchymal interaction, anspatiotemporally coordinated by transcription factors and
between the adjacent primodia (Smith et al., 2000; Yasugsecreted proteins are thought to control the region-specific
1993). These crosstalking signaling pathways control therganogenesis in the overall gut tube along the AP axis.
transfer of positional information (organ-specific information) The lung originates from the ventral wall of the foregut of
from one tissue to another and the establishment of the bordéh&e esophagus-respiratory region, which lies between the
between different organs. pharynx and stomach. Lung development begins with the
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establishment and swelling of the primordium in the ventrainductive signaling systems necessary for primary lung bud
wall of the foregut. Subsequently, the lung primordium forms dormation. From this evidence it is clear that the signaling
pair of primary lung buds and then the lung bud endoderraystems specific for the lung primordium mesoderm, especially
(bronchus) repetitively undergoes budding and branchinghe mechanisms of transcriptional regulation Bgf10
Because of the characteristic budding and branching involveskpression in the lung primordium mesoderm, is very important
in lung morphogenesis, this process has been studiddr understanding how the primary lung bud develops from a
extensively by experimental embryology in which dissected andistinct area of the gut tube.
recombined lung primordia were cultured in vitro (Alescio and T-box transcription factor family genes (Tbx) function as
Cassini, 1962; Spooner and Wessels, 1970). These classikal regulatory genes in many cases of vertebrate development
tissue recombination experiments revealed that: (1) théruneau et al., 2001; Chapman and Papaioannou, 1998;
presumptive field of the lung primordium is already establishe&®odriguez-Esteban et al., 1999; Takeuchi et al., 1999; Zhang
in the early gut tube; (2) the tissue interaction between thet al., 1998). Among the T-box gene familiax4is specifically
mesoderm and the endoderm plays an essential role in buddiexpressed in the hindlimb, and misexpressiofftof4in the
and branching morphogenesis; and (3) lung morphogenedisrelimb induces a leg-like limb, indicating that this gene plays
consists of two independent sequential processes — tlae crucial role in the specification of hindlimb patterning
establishment of the lung primordium and primary lung budRodriguez-Esteban et al., 1999; Takeuchi et al., 1999). In
formation in the early stage, and the stereotypic budding aratidition,Tbx4 was briefly reported to be expressed in the lung
branching morphogenesis at the following stage. mesoderm (Gibson-Brown et al., 1998), raising the possibility

Recent molecular biological studies revealed that spatiathat Tbhx4is involved in lung development.
and temporal-coordinated signaling systems, which are In this study, we analyzed the expression profil@mf4in
mediated by transcription factors and secreted proteins, contrchick embryos in detail and found thBlbx4 was specifically
the proper stereotypic morphological pattering andexpressed in the visceral mesoderm of the lung primordium,
differentiation in lung development (Hogan, 1999; Warburtorand its expression overlapped with mesoderFgitl0 and
et al., 2000). The elongation of the bronchial bud and bronchig&ndodermaNkx2.1expressionThere is a discrepancy between
branching, the later processes of lung morphogenesis, attee Thx4andFgfl0/Nkx2.lexpression domains along the DV
coordinated along the proximodistal (PD) axis. This later phasaxis. Misexpression of Thx4 induced ectopgf10andNkx2.1
of lung morphogenesis is controlled by the region-specifien the Tbx4-introduced mesoderm and only in the ventral
signaling system along the PD axis and signaling crosstaliegion of the underlying endoderm, respectively, followed by
between the endoderm and mesoderm, which are mediated &gtopic endodermal bud formation. Our results suggest that: (1)
several transcription factors, e.g. Foxfl and Gli proteins, an@ibx4 defines the anterior and posterior boundarie§gifL0
secreted proteins, e.g. Fgfs, Bmp4 and Shh (Bellusci et akxpression; and (2)bx4is involved in the demarcation of the
1997a; Bellusci et al., 1997b; Colvin et al., 2001; Lebeche giosterior border of thé\kx2.1 expression domain, but is
al., 1999; Litingtung et al., 1998; Mahlapuu et al., 2001jndependent from the system that determines the DV border of
Motoyama et al., 1998; Pepicelli et al., 1998; Weaver et alNkx2.1lexpression.
2000; Weaver et al.,, 1999). To date, the mechanisms of
bronchial branching and cytodifferentiation, the later processes
of lung development, have been well studied. However, th1IATERIALS AND METHODS
mechanism of the early processes of lung development, the
positioning/establishment of the lung primordium and primaryProbes
lung bud formation, are less well understood. RNA probes fofTbx4(T. Kimura and A. K., unpublishedFgf10(see

The positioning and establishment of the lung primordium areelow), Bmp4(Yokouchi et al., 1996) anblkx2.1(Qiu et al., 1998)
expected to reflect the positional information of the gut tubavere prepared from the chicken cDNA clorfoxa2 (HNF3p)
along the AP and DV axes. In midekx2.1,which encodes a (Nishizaki et al., 2001) was prepareq from _the chic.ken genomic clone.
homeobox transcription factor, is specifically expressed in th& fragment ofFgf10 cDNA (2.3 kb including coding and’ $10n-
ventral wall of the foregut endoderm: the presumptiveroding sequence) was amplified by PCR uskgfl0specific
respiratory endoderm (Lazzaro et al., 1991: Minoo et al_('correspondlng to nucleotides 228-252 of GenBank D8633) and

) Lo . Vector primersFgfl0 probes were prepared from the entire coding
1999). Nkx2.1 knockout mice exhibit immature bronchial sequence (0.6 kb) (Ohuchi et al., 1997) and the codingf8coding

cytodifferentiation, abnormal branching, and the DV patterningequemces (2.3 kb). The RNA probes were labeled with digoxigenin

defect of the foregut (tracheo-esophageal fistula) (Minoo et alr fluorescein according to the manufacturer's protocol (Roche).
1999). ThereforeNkx2.1plays a role in the regulation of the

lung morphogenesis specific pathway and the DV patterning §¥hole-mount in situ hybridization

the foregut, which reflects the AP and DV positional informatiorwhole-mount in situ hybridization was performed essentially
in the gut endoderm. However, the transcription factors thaccording to Dietrich et al. (Dietrich et al., 1997). Prior to pre-
show lung-specific expression in the mesoderm have not beBbridization treatment, the foreguts were dissected and isolated to
identified. Furthermore, aBgfl0 and Bmp4 are specifically allow penetration of the RNA probe. For two-color whole-mount in

: : : : situ hybridization, one probe was labeled with digoxigenin (DIG) and
expressed in the lung primordium mesoderm (Bellusci et al.the other was labeled with fluorescein (FITC). Alkaline phosphatase

1997b; Weaver et aI.,_ 1999), transcnp'qonal regulation SpeC'f'ng)-conjugated anti-DIG and anti-FITC antibodies (Roche) were
for the lung primordium mesoderm is assumed. Moreovegg|oreq with Fast Red/Naphthol (Sigma) in NTMT (pH 8.0) (red),
homozygous-gf10-null mice do not generate primary lung budsNBT (Roche, 3.51/ml)/BCIP (Roche, 3.5ul/ml) in NTMT (pH 9.5)
from the ventral foregut (Min et al., 1998; Sekine et al., 1999)purple) and NBT (3.5 nl/ml)/BCIP (3.6l/ml) in NTMT (pH 9.5)
indicating that Fgfl0 acts as an essential component of thelue).
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DNA constructs primordium appears between 50 and 60 hours after egg laying
ChickenTbx4cDNA was cloned into the internal ribosome entry site(Stage 15/16) as a swelling of the ventral wall and is
(IRES)-carrying vector and then the IREBx4fragment was isolated recognized by the expression Wkx2.1,the earliest marker

and cloned into pCMV-Script (Stratagene). RCA$«4and RCAS-  gene specific for the respiratory endoderm (Lazzaro et al.,
Thx4-EGFPwere kindly provided by Dr T. Ogura (Takeuchi et al., 1991; Minoo et al., 1999). At stage 15 (25 somitEbx4was
1999). RCASFgf10 was kindly provided by Dr S. NojiClal - expressed in the visceral mesoderm of the distinct area of the
fragments off bx4, Tbhx4-EGFRndFgflOwere isolated from RCAS- esophagus-respiratory region covering the ventral swelling

Thx4 RCASTbx4-EGFP and RCASFgf1l0, respectively, and : :
inserted into theClal site of a modified pCAGGS expression vector. (Fig. 1B). Tbx4was expressed in both the ventral and dorsal

The dominant-activator and dominant-repressor forms of Thx4 (Tbx4r-eg'0nS (Fig. 1B) and the mesode_rm'E\HJx4 expression
VP16, Thx4-EnR) were generated by fusion of a truncated @higk ~ domain overlapped thikx2.kexpressing endoderm except
fragment including the T-box (amino acid 1 to 273) with the activatofor the anterior end region of ti¢kx2.1domain (Fig. 1D,
domain of VP16 and with the repressor domain of the En2 proteigompare B with C). We could not detéldix4 expression at
(eh1 domain) (Matsunaga et al., 2000). The4-VP1GandTbx4-EnR  stage 14 (21 somites), wherddlsx2.1was already expressed
fragment were cloned into th€lal site of a modified pCAGGS in the ventral endoderm of the foregut in the esophagus-
expression vector. respiratory region (data not shown). On day 3 of incubation
(stage 18-20), when the lung buds were evid&hk4 was
%pressed in the mesoderm of the lung buds, but not in the

(Momose et al., 1999). Eggs of HH stage 7-12 embryos were opene 3pfc1jagus IN(I<FI%1 1E,F). _Thed antgrlor bo?nd"’t‘ry .Of _the
and the vitelline membranes were removed to expose the embryo. odermalNkx2.1 expression domain (purple staining in

platinum electrode (0.5 mm diameter) was used as a positie!9- 1E) was clearly more anterior to the anterior boundary
electrode. A sharpened tungsten needle or a platinum electrode (®6the mesodermalbx4expression domain (mesodermal red
mm diameter) was used as a negative electrode. A positive electrogtining in Fig. 1E). This expression profileTdfx4implies

was placed beneath the embryo at the prospective esophagtat theTbx4expression domain at stage 15 contribute to the
tracheobronchial region. A positive electrode was placed into thposterior structure of the respiratory tract: the lung bud. To
coelomic cavity (when using a sharpened tungsten needle) or on therify this possibility, we carried out cell lineage analysis
embryo (when using a platinum electrode 0.5 mm diameter). Plasmigk the foregut visceral mesoderm at stage 15 and confirmed
solutions (8-15ug/ul in T1/4E/0.1-1% Fast Green) were injected into that the ventralTbx4 expression domain contributes to
the coelomic cavity with a sharp glass pipette and an electric pulﬁﬁe lung bud (data not shown). On day 4 of incubation

was immediately applied [5-9 V (HH7-10), 9-14 V (HH10-12); pulse .
length 50-90 ms, once or twice times) with a CUY21 electroporatogstage 24/25), when the separation of the trachea and the

(Tokiwa). Eggs were sealed and incubated in a humidified incubat§SOPhagus was progressingbx4 was expressed in the
until analyzed further. Embryos were fixed with 4% paraformaldehydé&nesoderm of the respiratory tract, posterior to the bifurcation
at 4°C overnight. The foreguts were isolated and GFP fluoresceng®int of the main bronchus (Fig. 1G,H), but not in the
was photographed, and then the foreguts were processed for who&sophagus (Fig. 1H).
mount in situ hybridization. Electroporation performed on total 1297 We compared theTbx4 expression domain with the
embryos, and 663 survival embryos (51.1%) were recovered 1-3 dagkpression domain oFgf10 that is expressed in the lung
after electroporation. Among the recovered embryos, 348 embryGsimordium mesoderm (Bellusci et al., 1997b) and required for
(RZG'ST/") .eXh'lb'ted et‘:f'c'egt tra“sfecnonb Thefeﬂc'encﬁ '”d'catehqb'.“ imary lung bud formation in mice (Min et al., 1998; Sekine
esults Is always based on the number of the embryos exhibiteq o) "1999). At stage 15 (25 somitdjfl0was expressed in
efficient transfection. ! . . ! .
the visceral mesoderm of the chick lung primordium, as in the
mouse embryo (Fig. 11,J, purple staining). Both the anterior
RESULTS and posterior boundaries of thRgf10domain overlapped with
those ofThx4 as judged from the relationship to tN&x2.1
The first sign of respiratory tract morphogenesis is the swellingomain (blue staining in Fig. 1I) and by the morphology
of the ventral wall of the foregut in the esophagus-respiratorgcompare Fig. 11,J with 1B,D). However, tikgfl0 domain
region, which lies between the pharynx and stomach primordiaas restricted to the ventral region of ffiex4domain where
(pre-budding stage, Fig. 1A). Then, the endoderm at tha pair of endodermal buds would arise (Fig. 1K, compare Fig.
posterior edge of the respiratory primordium evaginates antl with 1B).
buds out bilaterally forming a pair of primary buds, the so- ) _
called lung buds (budding stage, Fig. 1A). At a subsequemdisexpression of Thx4 caused ectopic endodermal
stage, each lung bud elongates to form the primary bronchi afgid formation
subsequently the bronchi branch repetitively, forming théfo analyze the role offbx4 in lung development, we
bronchial tree (branching stage, Fig. 1A). At the same time, &tansiently misexpressed Thbx4 in the visceral mesoderm of
the bifurcation point of the bronchi, the primary gut tubethe presumptive esophagus-respiratory region using in ovo
separates anteriorly into the dorsal esophagus and the ventedctroporation (Momose et al., 1999). When the expression
trachea (budding stage and branching stage, Fig. 1A, blwenstruct for the Tbhx4-EGFP fusion protein (Takeuchi et al.,

In ovo electroporation
In ovo electroporation was performed according to Momose et a

arrow). 1999) or the Thx4 expression plasmids together with GFP
] ) . ) plasmids were electroporated into the prospective esophagus-

Expression of Thx4 in the developing respiratory respiratory region (Matsushita, 1995) at stage 7 to 12,

system evagination of the ectopic endodermal bud was observed

First, we carefully analyzed the expression profile§mi4  [31/141 (22.0%)] (Fig. 2A, yellow arrowhead). By
during chick lung development. In chick, the Iungmonitoring the expression of the foreign genes by GFP
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A

1. pre-budding stage 2. budding stage 3. branching stage

.

frontal view

< A
Fig. 1. Schematic representation of the chick respiratory tract )
development and expressionTafx4 Fgf10andNkx2.1in the S 3
respiratory tract of the chick embryo. (A) The chick respiratorg S &
tract development. (B-H) ExpressionTdix4(B,D-H) and s = s
Nkx2.1(C-E) in the chick embryonic foregut at stage 15 (B-D)g t =§
18 (E), 19 (F) and 24 (G,H) visualized by whole-mount in situ® g ®
hybridization. (B,C,F), Views from the left side. (D,E,G), £ 1 2
Frontal views. (H) Cross-section as indicated in G. (D) Two- posterior
color whole-mount in situ hybridization with probes Tdix4 enirsl—donal
(blue) andNkx2.1(purple). (E) Two-color whole-mount in situ B ph C '.\ D o
hybridization with probes foFbx4(red), Foxa2(red) and -y -
Nkx2.1(purple). Endodermal red staining in E indicates the A
expression oFoxa2 a pan-endoderm marker gene. Note that - >

the respiratory endodermlkx2.1expressing endoderm,

purple stained endoderm) also expre$®es2.Arrowheads

and arrows in B,C indicate the position of the anterior and
posterior boundaries dbx4expression, respectively. Double
arrow in C indicates the position of the anterior boundaries oy
Nkx2.lexpression. Blue arrowhead in D and red arrowhead iﬁ
E indicate the position of the anterior boundary o4 ~
expression. Blue arrow fringed with purple in D indicates the
position of the posterior boundariesTdix4andNkx2.1

expression. Red arrow in E indicates the position of the
posterior boundary ofbx4expression. Purple double arrow in

D and black double arrow in E indicate the position of the
anterior boundaries dikx2.1lexpression. Broken lines in C
indicate the outline of the endodermal tube. The broken yellow
line in G represents the bifurcation pattern of the endodermal
layer of the respiratory tract. (I-K) ExpressionFaff10

(purple) and\kx2.1(blue) in the chick embryonic foregut at
stage 15. (1) View from the left side. (J) Frontal view. b I
(K) Cross-section as indicated in |. Top of the K is the dorsal (\l
side. Purple arrowheads in 1,J indicate the position of the ¢
anterior boundary dfgfl0expression. Blue arrows fringed -
with purple in I,J indicate the position of the posterior 2
boundaries oFgfl0andNkx2.1lexpression. Blue double =
arrows in 1,J indicate the position of the anterior boundaries CE
Nkx2.lexpression. en, endoderm; es, esophagus; eso-res, “= —
esophagus-respiratory region; res en, respiratory endoderm;, $&
stomach; It, laryngotracheal groove; ph, pharynx; tr, trachea;

vm, visceral mesoderm; LL, left lung bud; RL, right lung bud. st. 15

st. 15

fluorescence, we found that the ectopic buds always underligelevant genes, i.e. those encoding GFP or alkaline
the Tbx4-transfected mesoderm (Fig. 2B,C). The ectopiphosphatase, did not cause ectopic endodermal bud formation
buds were induced in both the ventral (Fig. 2A, yellowand tracheo-esophageal fistula [0/49 (0%)] (data not shown).
arrowhead) and dorsal (Fig. 2D, yellow arrowhead)Therefore, ectopic endodermal bud induction by
endoderm. In some cases, the ectopic endodermal bud wealectroporation was a specific effect of Thx4 misexpression.
induced between the primary bronchi, which resulted in ) . ) o
trifurcation of the bronchi (Fig. 2E,F). Misexpression of Thx4Ectopic Thx4 induced ectopic ~ Fgf10 expression in

caused endodermal budding, but this morphogenesis did née mesoderm

proceed to bud elongation and branching. In additionAs Thx4 is a transcription factor, downstream signaling
misexpression of Thx4 caused a failure of tracheo-esophageablecule(s) of Thx4 in the visceral mesoderm are likely to
septum formation, so-called tracheo-esophageal fistulmediate budding morphogenesis in the underlying endoderm.
[13/141 (9.2%)] (Fig. 2G). By contrast, misexpression ofThe best candidate signaling molecule is Fgfl0 because, in
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Tbx4 misexpression
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i Nkx2.1+Foxa2
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Fig. 3. Fgfl0andBmp4expression in the Thx4 misexpressing
foregut. (A-C) Induction of ectopiEgf10expression in the Thx4-
misexpressing mesoderm. (A) The Thx4-transfected mesoderm was

6 monitored by GFP fluorescence from the dorsal view 2 days after
shh cont; exp

electroporation. (Bfgfl0expression in the same specimen from

) ) ) ) ) the same viewpoint as in A. Blue arrowheads indicate the esophagus
and tracheo-esophageal fistula. Thx4 misexpression induced ectopifydicated in B. (D,E) Thx4 misexpression does not afsenp4
endodermal budding in the underlying endoderm. (A-F) The foregutgxpression. (D) The Thx4-transfected region was monitored by GFP
from a Thx4 misexpressed embryo 2 days after electroporation.  fiyorescence 2 days after electroporation.KEjp4expression in

(A,E,F) Frontal views. (B,C) Dorsal views. (D) View from the right.  the same specimen from the same view point as in D. Red

(A) Ectopic endodermal bud (yellow arrowhead) formed in the arrowheads in D,E indicate the esophagus mesoderm misexpressing
ventral distal esophagus. The endoderm was visualized by whole- exogenous Tbx4. es, esophagus; ph, pharynx; st, stomach; tr,
mount in situ hybridization with Blkx2.1probe. (B,C) Ectopic trachea; LL, left lung; RL, right lung; Lbr, left main bronchus; Rbr,

endodermal bud (yellow arrowhead) formed in the distal esophagusright main bronchus.
as in A. (C) Tbhx4-transfected mesoderm monitored by GFP
fluorescence. (D) Ectopic endodermal bud (yellow arrowhead)

formed in the dorsal distal esophagus. The endoderm was visualize : : e : :
by whole mount in situ hybridization with probes fdkx2.1(purple) %mp4 which is specifically expressed in the respiratory

andFoxa2(red), a pan-endoderm marker gene. (E,F) Ectopic meSOde”.“ of .Ch'Cks (Sak|yama et al., 2000) and plays role in
endodermal bud formed between the primary bud, which results in the proximodistal patterning of mouse lung development
trifurcation of the bronchi. (F) Tbx4-transfected mesoderm (Weaver et al., 1999). Unlikégf10 Bmp4expression was not
monitored by GFP fluorescence. (G) Cross-section of the foregut ofaffected by Thx4 misexpression (Fig. 3D,E, red arrowheads).
the Tbx4 misexpressed embryo showing tracheo-esophageal fistulaThese results indicate that Tbx4 promofegl0 expression
The endoderm was visualized by whole-mount in situ hybridization but notBmp4expression.
with aShhprobe, followed by sectioning. The arrow indicates fusion
of the esophagus and tracheal endoderm. cont, control; exp, Ectopic Fgf10 induced ectopic endodermal buds
experimental. To examine whether Fgfl0 has endodermal bud inducing
activity, we introduced Fgfl0 expression plasmids together
normal developmentFgfl0 is expressed in the visceral with GFP plasmids into the visceral mesoderm of the
mesoderm of the lung primordium, overlapping withx4  prospective esophagus-respiratory region. As a result, ectopic
(Fig. 11,J compare with 1B,D). In additioRgf10is essential Fgfl0 induced ectopic budding morphogenesis in the
for budding morphogenesis of the primary bud and bronchiandoderm underlying the Fgfl0-transfected mesoderm [14/26
branching (Bellusci et al., 1997b; Mailleux et al., 2001; Min et(53.8%)] (Fig. 4A,B, yellow arrowheads). Fgf10 also induced
al., 1998; Sekine et al., 1999). To examine this possibility, wectopic endodermal buds in both the dorsal (Fig. 4A, yellow
analyzed-gfl0expression in the Tbhx4 misexpressed embryosarrowheads) and ventral (Fig. 4C, yellow arrowhead) region.
In the Thx4 misexpressed embryo, ectopgf10 expression These results indicate that Fgf10 has endodermal bud inducing
was observed in the visceral mesoderm at precisely the samaetivity. Fgfl0 misexpression also caused ectoplax4
locations as exogenous Thx4 expression (Fig. 3A,B, bluexpression in the esophagus mesoderm (Fig. 4E,F, red
arrowheads). Thx4 misexpression induced ectopgfl0  arrowheads). EctopicTbx4 expression in the esophagus,
expression in the mesoderm irrespective of the DV territorjnowever, was weaker than its endogenous expression in the
(Fig. 3C). We also examined another signaling moleculdung bud mesoderm (Fig. 4F). These observations indicate the
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Fgf10 misexpression as a constitutive active form and a dominant-negative form
of Thx4, respectively. Electroporation was carried out at
B y ' C stage 7-10 in order to express transgenes prior to
o endogeneousThbx4 and Fgfl0 expression. ThenfFgfl0
expression was examined 24-30 hours after electroporation
when development of the manipulated embryos reached
stage 17-19. Thx4 misexpression in the presumptive
esophagus-respiratory region (Fig. 5A, bracket) resulted in a
marked expansion of theFgfl0 expression domain
throughout the Tbx4-transfected mesoderm (100846)
(Fig. 5B). In the case of Thx4-VP16 misexpression, the
Fgf10 expression domain expanded throughout the Thx4-
VP16-transfected mesoderm as in the case of Thx4
misexpression (26%9)=19) (Fig. 5D, bracket), but the level
of Fgf10 expression was lower than normal in the lung bud
on the contralateral side (Fig. 5D, compare RL side with LL
side). Thx4-EnR misexpression resulted in significant
reduction or elimination ofgfl0 expression in the Thx4-
EnR-transfected mesoderm (628&21) (Fig. 5F, bracket).
In severely affected cases, budding morphogenesis of the

A

=
g {

RL
Nkx2.1+Foxa2 g

T
RL

y
8 Nkx2.1+Foxa2

E Thxd primary bud was blocked (11/30 [36.7%]) (Fig. 5F,H).
G Surprisingly, Tbx4-EnR misexpression caused ectbgid 0
Fig. 4. Misexpression of Fgf10 expression in the distal esophagus mesoderm posterior
es causes ectopic endodermal adjacent to the Thx4-EnR-transfected mesoderm (Fig. 5F,G,
budding, tracheo-esophageal red arrow). Corresponding to this ectopigf10induction, 2
fistula and ectopi@bx4 days after electroporation of Tbx4-EnR, an ectopic

expression. (A-C) Fgfl10

. N . endodermal bud was observed in the distal esophagus (Fig.
misexpression induced ectopic

tr | ina in th 5H, arrowheads) even though Tbx4-EnR was transfected into
Nkx2.1+Foxa2 52ggﬂ;ir&aeﬁggddgg{nlzoggut of the mesoderm of the lung field (Fig. 5H, green). In control

the Fgf10 misexpressing embryo 2 days after electroporation. The €Xperiments in which  GFP was electroporated, ectopic
endoderm was visualized by whole-mount in situ hybridization with €xpression ofFgf10 was never observed (0%=27), and
Nkx2.1(purple) androxa2(red) probes. (A,B) Views from the right. downregulation ofFgfl0 expression was rarely observed
(C) Frontal view. (A,B), Ectopic endodermal buds (yellow (22%,n=27) (Fig. 51,J).

arrowheads) formed in the dorsal distal esophagus viewed from the

right. The Fgf10-transfected mesoderm is visualized by merging Thx4 and Fgf10 induced ectopic  Nkx2.1 expression

with the picture of GFP fluorescence (green) in B. (C) Ectopic in the underlying endoderm

endodermal bud (yellow arrowhead) formed in the ventral distal During gut organogenesis, the visceral mesoderm influences

esophagus. (D-F) Fgf10 misexpression induced ecidpid -
expression. Foregut of the Fgf10 misexpressing embryo 2 days aft .?_fth e_nc_ioder\r(nal _mtl)gr)%gogelne_swl_k landh errlldocliermal
electroporation. (D) The Fgf10-transfected mesoderm monitored byfifférentiation (Yasugi, ). It is likely that the lung

GFP fluorescence. (H)bx4expression in the same specimen as D. Primordium mesoderm influences differentiation of the
Red arrowheads indicate ectofiiex4expression. Yellow respiratory endoderm. As described above, fhex4-
arrowhead indicates the Fgf10-transfected mesoderm. (F) Cross- expressing mesoderm overlies thilkx2.1expressing
section as indicated in E. (G) Cross-section of the foregut of the endoderm (Fig. 1D). To examine whethEix4 influences
Fgf10 misexpressed embryo showing tracheo-esophageal fistula. differentiation of the underlying endoderm, we analyzed the
The endoderm was visualized by whole-mount in situ hybridization expression ofNkx2.1in the Tbx4 misexpressed embryo_
with Nkx2.1(purple) andFoxa2(red) probes, followed by When Tbx4 was misexpressed throughout the esophagus-
et o S5 oPy o0 A0 15, espiratory regon, the expression domain o2 1
mesoderm; LL’, left lung bhd; ,RR, right Iun’g E)ud; cont', cor,nrol; exp,EXpar!ded pOSterlor.ly (Fig. 6A,B, compare .Wlth 6G). The
experimental. ectopicNkx2.1domain was observed in the distal esophagus
endoderm that underlies the Thx4-transfected mesoderm
(Fig. 6A), but ectopid\kx2.1expression was restricted to
presence of a feedback loop betw&édix4 and FgflOin the  the ventral wall of the distal esophageal endoderm of the
regulation of lung development. Furthermore, misexpression afbx4-transfected side (Fig. 6C). The ectopic bud in the
Fgfl0 also caused tracheo-esophageal fistula [15/26 (57.7%)ntral esophagus expressbitx2.1 at levels as high as
(Fig. 4G). in the normal lung bud (Fig. 2A, Fig. 6B, yellow
o _ arrowhead). By contrast, the ectopic bud in the dorsal
Activity of Thx4 was necessary for  Fgf10 expression esophagus did not expresikx2.1 (Fig. 2D, yellow
in ovo arrowhead)Fgfl0 misexpression also caused ectdfkg2.1
For further analysis on the regulatory role of Tox4Fgil0  expression in the ventral endoderm, but not in the dorsal
expression, we designed misexpression assays of a variartdoderm, as seen in Thx4 misexpression (Fig. 6E,F
form of Thx4. Thx4-VP16 and Thx4-EnR were constructedcompare with 6H).
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DISCUSSION misexpression of Thx4 in the esophagus mesoderm induced the
. ) expression ofNkx2.1,a specific marker for the respiratory

The role of Tbx4 during the respiratory tract endoderm, in the underlying esophagus endoderm (Fig. 6A;

development discussed below). Taken togeth&@hx4 plays a role in the

The territories of the presumptive organ primordia in the earlacquisition of the inductive capability that is specific for the
gut tube are considered to be marked by the region-specifieng primordium mesoderm.

expression of transcription factors (Grapin-Botton and Melton, At later stage,Tbx4 was still expressed in the lung bud
2000; Roberts, 2000). The lung primordium is placed andnesoderm and the expression boundary Tok4 clearly
established in the ventral region of the esophagus-respiratodgmarcated the respiratory tradibk4-expressing) and the
region located between the pharynx and the stomach. We fouedophagusTbx4non-expressing) (Fig. 1H). When the border
that Tbx4,a member of the T-box transcription factor family of theThx4expression domain was disturbed by misexpression
of genes, was specifically expressed in the mesoderm of tloé Thx4,separation of the trachea and esophagus failed (Fig.
presumptive area of the lung primordium

(Fig. 1B,D). R
The primordia of the visceral organs I—-rbX4 J l _TbX4 VPE |

established through a regionalizat B
process of the gut tube along the
axis. During region specific ¢

morphogenesis, a restriction of ¢ A ; i
intermingling within a single orge

primordium occurs by approximate AL oL T RL ,LL
stage 15-16 in chicks (Smith and Tal ' . ' oy i

primordia and the compartment-spec Tbx4/GFP Fgf10 Tbx4-VP16/GFP .  Fgfio

2000). Thus, it is likely that tt
compartment boundaries of the or

i.e. organ-specific, identities ¢

established by approximately stage 1¢ | Tbx_4-EnR
in the developing chick gut tub@bx4 |
expression initiates in the mesodern
the presumptive lung primordium al
around stage 14-15 (21-25 somites) (
1B,D). Thus, the expression dbx4 is
coincident with the establishment of
compartment of the lung primordit
field, indicating thafTbx4 is involved ir
the initial specification process of f
territory for the lung primordiut
mesoderm.

Once the lung primordium
established, the Ilung primordit
mesoderm  acquires an induci
capability for the initial buddin
morphogenesis of primary lung bt
(Spooner and Wessels, 1976G)gf10 is
specifically expressed in the Iu
primordium mesoderm (Bellusci et
1997b) and acts as an essential compc

of th,e inductive Slgn{:ll for t_he inti transfected mesoderm monitored by GFP
Bugd"}?\/l'mor?holgenlzsgg OfS pl?'marytlt fluorescence. (DFgf10expression of the
uas In et al., ; S€KIne €t a., same specimen as in C. (E-H) Tbx4-EnR
1999). In our study, misexpression oOfnisexpression. (E) The Tbx4-EnR-transfected mesoderm monitored by GFP fluorescence.
Tbx4 in the esophagus mesoderm induceRked arrows in E-G indicate the distal esophagus mesoderm, which expressed-gtiopic
ectopicFgf10expression in the mesodermBlue arrows in E-_G in_dicate the distal t_asophaggs mesoderm on t_he contralater_al side.
(Fig. 3A-C) and subsequent ectopid'lz) FgflOngres?lon |r: t;%?féne specimen atshmdl'it((lz) Schhematlc repredsentatll_(.)nh?fbllz. Dark-
i ici inBdlue area indicates ecto expression in the distal esophagus mesoderm. Lig ue
ggggknggLnsorggggggfnils(géhezli\rjgirlyllﬂ reas in_dicate endogendnglOexpressiqn. Green stippled area indicates Tbx4-EnR_/GFP-
results of the Thx4 misexpression studie xpressing mesoderm. (Nkx2.lexpression. The Thx4-EnR-transfected mesoderm is
. . isualized by merging with the picture of GFP fluorescence (green). Arrowhead indicates
suggest that Thx4 is able to trigger the iopic endodermal bud in the distal esophagus. (1,J) GFP misexpression. () The GFP-
specific signaling pathway for endodermajansfected mesoderm monitored by GFP fluorescendegf expression in the same
buddlngf mﬁrphogenﬁ&s in the heCtoplgpecimen as in I. des, distal esophagus; tl, tip of the lung; LL, left lung bud; RL, right lung
area of the esophagus. Furthermoréud.

Thx4-EnR/IGFP

. Nkx2.1

Fig. 5. Misexpression of variant forms of
Tbx4 in ovo. (A-F,1,J), Frontal views of

the foregut 1 day after electroporation.

(H) Dorsal view of the foregut 2 days after
electroporation. (A,B), Thx4
misexpression. (A) The Thx4-transfected
mesoderm monitored by GFP
fluorescence. (BirgflOexpression in the
same specimen as in A. (C,D), Tbx4-VP16
misexpression. (C) The Thx4-VP16-
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Fig. 6. Nkx2.1lexpression in the Thx4 or Fgfi(
misexpressing foregut. (A-Rkx2.1lexpression
in the foregut 2 days after Thx4 or Fgf10
electroporation. (A-C) Thx4 misexpression
induces ectopitlkx2.1lexpression in the distal
esophagus endoderm. (A,B) The same speci
viewed from the dorsal (A) and ventral (B)
sides. The Thx4-transfected mesoderm is
visualized by merging with the picture of GFF

Nkx2.1

A B
LL "\ RL RL L
es

C &
: cont_l exp

!

ventral |dorsal

()

LL

)
=

des

fluorescence (green) in A. Yellow arrowhead:
A,B indicate ectopic endodermal buds.

(C) Cross-section of the distal esophagus
showing that ectopiblkx2.1lexpression is
restricted to the ventral endoderm on the Th»
transfected side. (D-F) Fgf1l0 misexpression
induces ectopitlkx2.1expression in the distal
esophagus endoderm. (D) The Fgfl10-transfe
mesoderm monitored by GFP fluorescence fi
the right side. (ENkx2.1expression in the san
sample and from the same viewpoint as in D
Blue arrowhead indicates ectopix2.1
expression in the distal esophagus endodern
Orange arrowheads indicate the
overproliferation of the mesoderm. Broken lines indicate the outline of the endodermal tube. (F) Cross-section of tlwpldigtaseshowing
that ectopid\kx2.1expression is restricted to the ventral endoderm. (G,H) Nadike.1(purple) androxa2(red) expression at stage 20.
(G) Frontal view. (H) View from the right side. des, distal esophagus; es, esophagus; st, stomach; tr, trachea; LL, EfRungdht lung
bud; cont, control; exp, experimental.

Thx4 misxepression

st
Nkx2.1+Foxa2

H

F cont | exp

.

normal development

ventral |dorsa
®
»

desl__

Nkx2.1+Foxa2

st

Fgf10 misxepression

2G). Fgf10 misexpression also caused an identical phenotyplgat of full-length Thx4 (Fig. 5D), Thx4 acts as a transcription
(Fig. 4G). Therefore, the respiratory-specific expression cdctivator forFgf10 expression. Conversely, interference with
Tbhx4is crucial for tracheo-esophageal septum formation, théhe transcription activation function of endogenous Thx4 by
structural separation of the respiratory tract and the esophagusexpression of Tbhx4-EnR, a dominant-repressor form of
through Fgfl0 activation. However, Tbx4 or Fgfl0 Tbx4, resulted in repression of the endogendigfl0
misexpression did not cause bud elongation following buddingxpression in the lung primordium mesoderm (Fig. 5F).
morphogenesis (Fig. 2A,D, Fig. 4A,C). One interpretation ofTherefore, the transcription activation function of Thx4 in the
this result is that another cascade(s) independent of the Thxdng primordium mesoderm is necessaryfgfl0expression.
Fgf10 system (e.g. the Bmp4 cascade) may be necessary We could not discriminate, however, whether Tbx4 is
bud elongation and bronchial branching. For bud elongationecessary for initiation or maintenance Fgjf10 expression
process, dynamic and localiz€@f10 expression around the under the strict criteria. The results of our misexpression
tip of the endodermal bud is crucial (Bellusci et al., 1997bstudies do not exclude the possibility that exogenous Thx4
Weaver et al., 2000). In our Thx4 misexpression study, ectopactivates and Thx4-EnR blocks the maintenance circuit for
FgflOwas expressed throughout the transfected mesoderm.Rfjf10 expression. An answer to this issue will be provided by
restriction of the Fgf10 source around the tip of the endoderméte analysis of molecular mechanism Fgf10 transcription
bud is crucial for normal development, such a situation wasegulation.
difficult to reproduce by our gene transfer method. Although Tbx4-VP16 construct exhibited stronger

] ) . ) transcriptional stimulation than native Tbx4 in reporter
Thx4 defines the Fgf10 expression domain during transcription assay (data not shown), Thx4-VP16 construct
early lung development induced ectopid=gf10 expression but to a lesser extent than
During normal development, the anterior and posterionative Tbx4 in the embryo (Fig. 5D). For constructing Thx4-
boundaries of Tbx4 and Fgfl0 expression in the lung VP16, we have eliminated the region downstream of the T-box
primordium mesoderm were overlapping (compare Fig. 1and replaced with VP-16 transcriptional activation domain.
with 1J). When the Thx4 expression domain was expandethese results imply that Tbhx4 may be not a simple
beyond the lung primordium field by Thx4 misexpression, théranscriptional activator and behave as a repressor depend on
Fgfl0 expression domain expanded throughout the Tbx4the context of regulatory element of the target genes. It is
misexpressing mesoderm, including the outside of the lungossible that both activities are required for effectigflO
primordium field (Fig. 3A,B, Fig. 5A,B). These observationstranscription through complex transcriptional network.
suggest that the lung primordium-specific transcription factor Interestingly, we found that misexpression of Tbx4-EnR
Thx4 defines theFgfl0 expression domain, especially at induced ectopicFgfl0 expression in the distal esophagus
both the anterior and posterior boundaries, by activatinghesoderm in the posterior region adjacent to the Thx4-EnR-
Fgfl0 expression in a cell-autonomous manner. Becauskansfected mesoderm (Fig. 5F,G, red arrow). This result
misexpression of Thx4-VP16, a dominant-activator form ofindicates thaFgf10is capable of being expressed in the distal
Tbx4, caused ectopic activation IBfif10 expression equal to esophagus mesoderm if the transcription activation function of
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Tbx4 in the lung primordium mesoderm is disrupted. Theexpression olNkx2.1in the ventral endoderm precedibs4
simplest interpretation of this result is that Tbx4 normallyandFgfl0expression (data not showtfe Thx4-Fgf10 system
activates the target genes that repiegl0 expression in a does not appear to be involved in the initiation Nkx2.1
non-cell-autonomous manner as a form of lateral inhibition. Iexpression or the initiation of respiratory endoderm
this lateral inhibition system malfunctions, the distaldifferentiation. Once the expression ®bx4 and Fgfl0 is
esophagus, the posterior neighbor to the lung field, maiitiated, the posterior boundaries of th&x4 Fgfl0 and
develop an additionaNkx2.1lexpressing endodermal bud as Nkx2.lexpression domains are localized to the same position
observed during Thx4-EnR misexpression (Fig. 5H). Takein the respiratory-esophagus region of the foregut (Fig. 1B-
together, Thx4 regulatégyfl0expression by binary pathways: D,l,J). When the posterior boundaries of @4 or Fgfl0
a cell-autonomous activation pathway and a non-cellexpression domains were shifted posteriorly by Thx4 or Fgf10
autonomous repression pathway, and these dual regulatiomsexpression, theNkx2.1 expression domain expanded
pathways of Thx4 precisely define thHegfl0 expression posteriorly to the distal esophagus endoderm underlying the
domain within the lung primordium mesoderm. Tbx4- or Fgfl0-miexpressing mesoderm (Fig. 6A,E). This
During normal development, thH&gfl0 expression domain coincidence of the posterior boundaries Tafx4/Fgfl0and
was restricted to the ventral half of thiex4expression domain Nkx2.1in the normal and Thx4 or Fgf10 misexpressed embryos
where the primary bud would arise (compare Fig. 11 with 1B)suggests that the Thx4-Fgfl0 system defines the posterior
This discrepancy betwedibx4andFgfl0expression domains boundary of theNkx2.1lexpression domain, i.e. the posterior
suggests two mechanisms feagf10activation. First possibility boundary of the respiratory endoderm, in the maintenance
is that the dosage of Thx proteins is crucial fegfl0  pathway. However, misexpression of Thx4 or Fgfl0 induced
activation.Tbx2 Thx3and Tbx5have been briefly reported to ectopic Nkx2.1 expression only in the ventral endoderm
be expressed in the lung bud mesoderm of chick and mougéig. 6C,F). These results suggest that another system(s)
(Chapman et al., 1996; Gibson-Brown et al., 1998). In chickemdependent of Thx4-Fgfl10 regulates the ventral restricted
foregut mesodermTbx2 Thx4and Tbx5showed overlapping Nkx2.1expression.
and slightly different expression pattern. Among them, only
Thx4exhibited common anterior and posterior boundaries with We thank Dr T. Ogura for RCA$bx4 RCAS-Tbx4-EGFPand the
the Fgf10expression domain (J. S. and A. K., unpublished). IPCAGGS-Clal site modified vector; Dr S. Noji for RCAgf10 Dr

is possible that thEgf10 expression domains may be definedH'r Haléil”;:ﬁfg%ogig;emﬁ rl;:ﬁ:; [I)Dl\rl :_- Srhgmﬁmﬁéﬁeﬁzﬁﬁfr')h!ﬁ; l
by redundant/cooperative action of Tbx4 and other Tb;Fiscussions and technical advice on’in ovo electroporation; T. Kimura

protein(s), which is exclusiv_ely_ expressed in the ventr or cloning the chickTbx4 and M. Ushida for technical assistance
mesoderm. The second possibility is the presence of the c@jih the in situ hybridization. This study was supported by Monbu

factor(s) that activat&gf10 transcription synergistically with  kagakusho ‘Priority Areas Research (A) Developmental System’ to
Thx4 on the ventral side and/or the presence of the antagonjstk. and by a JSPS Research Fellowship to J. S.
of Thx4 that represségyfl0expression on the dorsal side. Our
results showed that Thx4 misexpression alone induced the
expression oFgfl10. In this case, it is likely that the high dose
of the foreign Thx4 exceeds the thresholdFgfl0activation REFERENCES
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