Research article 5953
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Summary

Extensive misexpression studies were carried out to explore Similar results were obtained from the transient transgenic
the roles played by Tbx5, the expression of which is mice. In such hearts, expression patterns ofiHAND
excluded from the right ventricle (RV) during and eHAND were changed with definitive cardiac
cardiogenesis. When Tbx5 was misexpressed ubiquitously, abnormalities. Furthermore, we report that human ANF
ventricular septum was not formed, resulting in a single promoter is synergistically activated by Tbx5, Nkx2.5
ventricle. In such heart, left ventricle (LV)-specific ANF and GATA4. This activation was abrogated by Tbx20,
gene was induced. In search of the putative RV factor(s), implicating the pivotal roles of interactions among these
we have found that chickTbx20 is expressed in the RV, heart-specific factors. Taken together, our data indicate
showing a complementary fashion torbx5. In the Thx5-  that Thx5 specifies the identity of LV through tight
misexpressed heart, this gene was repressed. When interactions among several heart-specific factors, and
misexpression was spatially partial, leaving small Tbx5- highlight the essential roles of Tbx5 in cardiac
negative area in the right ventricle, ventricular septum was development.

shifted rightwards, resulting in a small RV with an

enlarged LV. Focal expression induced an ectopic boundary

of Thx5-positive and -negative regions in the right Key words: Heart development, Ventricular septiitnx5 Thx2Q
ventricle, at which an additional septum was formed. dHandeHand

Introduction projection along its dorsoventral axis (Koshiba-Takeuchi et al.,

T-box (Tbx) genes are involved in various aspects of patterd000)- The roles played bybx5 during heart development,
formation in both vertebrate and invertebrate embryos. Theljowever, remain unclear, although mutations of huifKS
encode transcription factors that are characterized by a highfigve been found in individuals with Holt-Oram syndrome
conserved DNA-binding domain (T-box) and an unusual mod€OMIM 142900) (Basson et al., 1997; Li et al., 1997; Basson
of DNA recognition (Kispert and Herrmann, 1993; Muller and®t al., 1_999). In such individuals, characteristic defects of the
Herrmann, 1997; Smith, 1999). The biological functions ofuPPer limb and heart are observed (Holt and Oram, 1960).
Thx genes have been investigated by misexpression by in ofecise analysis suggests the haploinsufficiency BXS in
electroporation in chick and gene targeting in mice (TakeucHflolt-Oram syndrome. Similar haploinsufficiency was reported
et al., 1999; Rodriguez-Esteban et al., 1999; Koshiba-Takeucfir other T-box genes, such as hurii@X3andTBX1(Jerome

et al., 2000; Wikinson et al., 1990; Chapman and@nd Papaioannou, 2001; Lindsay et al., 2001; Merscher et al.,
Papaioannou, 1998; Jerome and Papaioannou, 2001; Lindsa§01; Bamshad et al., 1997; Epstein, 2001), indicating that the
et al., 2001; Merscher et al., 2001; Bruneau et al., 2001; Rulgyels of T-box proteins are crucial for normal functioning
et al., 2000). (Bruneau et al., 2001; Hatcher and Basson, 2001).

One of most well-characterized Thx genesTbx5 This Recently, mouseThbx5 was knocked out to generate
gene is expressed in developing forelimb buds and on tHeeterozygous and homozygous mice (Bruneau et al., 2001).
dorsal side of the retina. We and another group have reportétbmozygousThx3'/del mice do not survive past embryonic
thatTbx5is a crucial determinant of wing (forelimb) (Takeuchi day 10.5 (E10.5) because of the arrest in heart development at
et al., 1999; Rodriguez-Esteban et al., 1999). In addifibor5  E9.5. By contrast, heterozygolibx3e* mice show several
regulates pattern formation of the eye and also the retinotectumorphological alterations in both the heart and the forelimb. In
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such deformed hearts, large atrial septum defects (ASDs) aedal., 2001; Fishman and Chien, 1997). Electric pulses were applied
ventricular septum defects (VSDs) are observed as a variety ¢f V, 40 mseconds, three times) during injection of the DNA solution
complex cardiac malformations. In addition, abnormalitiegnto the space between the endoderm and the mesoderm. After the
of the cardiac conduction system are found. These lines §g9shells were sealed, the embryos were allowed to develop in
evidence highlight the multiple roles ofbx5 in heart humidified |npubators. Expresspn plasm[ds were constructed in the
development and the haploinsufficiency x5 providing a RS%%? retroviral vector as described previously (Motgan and Fekete,
valuable model of congenital heart diseases (Bruneau et ajr., '
2001). Whole-mount in situ hybridization and isolation of probes
Expression patterns offbx5 were reported previously |n situ hybridization was performed as described previously
(Bruneau et al., 1999; Yamada et al., 2000). In both chick an@vilkinson, 1993). Probes foANF, BMP2, Tll1 and VEGF were
mouse,Thx5is expressed in the precardiac mesoderm. Thiamplified by RT-PCR using primers derived from the published
expression then becomes restricted to the posterior part of thequences (GenBank Accession Number X57702, X75914, U75331
looping heart tube. LateT,bx5expression is restricted to the and S79680, respectively). Zebrafish probes for Tbx5 and Thx20 were
atria and the left ventricle, and a ventricular septum is forme@lS0 amplified by RT-PCR based on the published sequences
at the boundary ofTbx5expressing and non-expressing (GenBank Accession Number AF152607 and AF253325,
domains. Hence, this gene would provide a novel and valuabi&SPectvely).
marker to explore the mechanism of ventricular specificationfransient transgenic assay

Recently, interesting heart phenotypes of transgenic mice hayeynsgenic mice were generated by pronuclear injection of plasmids

been reported. For example, fliex5gene was overexpressed into fertilized eggs as described previously (Saijoh et al., 1999). The

ubiquitously in the primitive heart tube under the control of @njected embryos were transferred into pseudopregnant recipients and
B-myosin heavy chain promoter. Persistent expression resultetlowed to develop in utero. Embryos were examined for the presence
in heart looping defects, abnormalities of early chambeef the transgene by PCR. Four primers were used for PCR analysis:
development and loss of ventricular-specific gene expressiof;GAGTTCCCCAAGTGAATGAAA-3 and 3-GCAGACATTCAG-

indicating an essential role fbx5in early heart development TGGACT:3 for the B-MHC construct (Liberatore et al., 2000), and
(Horb and Thomsen, 1999; Hatcher et al., 2001; Liberatore %LET GGTGAACCGCATCGAGCTGAAG-3and 3-CGTCCTCGAT-
al., 2000). Nonetheless, the premature death of such transgefit T ¢ TCCGCCGGATC-3for theMLC-2vconstruct (Ross et al., 1996).
mice prohibited precise analysis of cardiac development.  Transfection assay

Vertebrates exhibit different heart morphologies: fish haveeprafishrbx20full-length sequence was amplified by RT-PCR, then
one Vent!’lC|e/One atfllum, Wh.el’ec'fls birds and mammaﬂs ha‘é‘ébcloned in pCAGGS expression vector (Niwa et al., 1991). Human
two ventricles/two atria. Considering the left ventricle-specificANF promoter was amplified by PCR using primers from the

expression ofbx5 this gene could be useful for exploring the published sequence (1539 bp upstream fragment from the initiation
evolution of vertebrate hearts and could provide valuableodon ofANF). This region was been reported to contain three Thx5-
insights on the ventricle specification, onset of congenital heabinding sites (Bruneau et al., 2002). Transfection was performed
diseases and evolution of vertebrate heart morphology. For tH}gsed on the Polyethylenimine (PEI)-mediated gene delivery method
purpose, we modified our in ovo electroporation techniques tgroussif etal., 1995). Luciferase apdjal assays were carried out as
optimize efficient expression of transgenes in the developing€SCcriped previously (Ogura and Evans, 1995).
heart and analyzed the functional roles offthg5gene during
both chick and mouse cardiac development in detail. Irh |
addition, we report that chickbx20is expressed in the right esults
ventricle, showing a mutually exclusive patternTtaxS Our  In the chick, precardiac precursor cells are formed in two
data provide important insights on a combinatorial expressiocrescent areas at the rostral part of the embryo. These cells
patterns of Thx genes in the developing heart and their putatiferm the precardiac mesoderm, which enlarges and fuses to
interaction. form a heart tube. After a looping event, both atrial and
ventricular chambers develop, with two septa separating blood
. flow (Montgomery et al., 1994; Redkar et al., 2001). As
Materials and methods reported previously (Bruneau et al., 1999; Yamada et al., 2000),
In ovo electroporation Thx5 expression is evident from the very early stages. First,

In ovo electroporation was carried out as described previously PXS iS expressed in a gradient fashion, with the strongest
(Takeuchi et al., 1999; Momose et al., 1999). We modified our in ov&ignal at the caudal part of the heart tube. This expression then
electroporation techniques to obtain efficient expression of transgenggcomes restricted to the left ventricle and atria at stage 30
in the heart. Briefly, a CUY-21 electroporator (Gene System, OsakgFig. 1A). Tbx5is expressed in the left side of the ventricular
Japan) was used. Fertilized eggs were purchased from Takeuchi aselptum, leaving &bx5negative half in the right (Bruneau et
Yamagishi poultry farms (Nara, Japan). A small window was openegl|,, 1999). This expression pattern strongly suggests thei

for access. PBS(-) was poured over the embryo to obtain appropriaiecifies the identity of the left and right ventricles and that the
resistance (1.0®). Two platinum electrodes (Gene System, Osakaventricular septum is formed at the boundar§To&5positive

Japan) were fixed in parallel or in a cross to obtain ubiquitous o } : : PR
restricted expression of the transgene, respectively. An anode w; gd negatlve regions (blac_k arrowhead in Fig. 1A) to separate
aortic and pulmonary circulation.

inserted beneath the embryonic endoderm. A cathode was placed . .
the surface of ectoderm, and the DNA solution was injected by a sharp In Search of putativdbx gene(s) expressed in tféx5

glass pipette into the space between the embryonic ectoderm and tHagative right ventricle, we have found that chithx20
precardiac mesoderm. The positions of electroporation were selectshows a complementary pattern of expression in the heart
according to the cardiac fate map (Montgomery et al., 1994; Redkaentricle (Fig. 1B). Hence its expression is confined to the
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Fig. 1.(A,B) At stage 30, chicRbx5(A) is expressed in the
developing left ventricle an@ibx20(B) is expressed in the right
ventricle. The ventricular septum is formed at the boundary of the
two areas (arrowheads, A,B) that give rise to the left and right
ventricles. (C,D) Expression of chitkkx2.5(C) and GATA4 (D) is
observed throughout the developing heart ventricles. (E) A small
indentation can be observed on the surface of the normal heart
(arrowhead) at E5. This corresponds to the position of ventricular
septum formation. (F) Whefbx5was misexpressed, this indentation
was not formed. (G) In electroporated heaftsx5was misexpressed
ubiquitously, as confirmed by the GFP signals derived from the
electroporated’bx5-EGFPfusion gene. (H) At E8, the
electroporated heart exhibited a round, smooth shape, whereas an
indentation (arrowhead) was formed on the surface of the normal
heart. (I) In electroporated hearts, GFP fluorescence signals were
observed in the entire ventricle. No GFP signal was detected in the
normal heart. (J) Normally, the chick atrial natriuretic facfddF)

gene is expressed in the left ventricle. An indentation can be
observed at the right border ANF gene expression (arrowhead).
WhenTbx5was misexpressed, thNF gene was induced in the
entire ventricle at E6 and (K) expressionTak20gene disappeared
from the right side where normally this gene is expressed.

right ventricle and abuts that dbx5 at the position of the
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roles during cardiac development (Bruneau, 2002; Nemer and
Nemer, 2001). Thx5 associates directly with Nkx2.5 to
promote cardiomyocyte differentiation (Bruneau et al., 2001;
Hiroi et al., 2001). Nkx2.5 interacts with GATA4 to regulate
several cardiac genes (Durocher et al., 1997; Lee et al., 1998).
In addition, physical interactions among Tbx2, Tbhx5 and
Nkx2.5 are crucial for the cardiac development (Habets et al.,
2002). These lines of evidence indicate that the tight crosstalks
among heart-specific factors control the orchestrated cardiac
development. As expected, two key factdikx2.5andGATA4
genes, are expressed ubiquitously in the developing heart
ventricles (Fig. 1C,D).

To explore the roles played by Thx5, we exploited our in ovo
electroporation technique to misexpress this gene in the
developing chick heart. With our system, the configurations of
the electrodes and DNA injection enabled us to obtain rapid
and targeted expression of transgenes in the heart (Takeuchi et
al., 1999; Koshiba-Takeuchi et al., 2000; Ogura, 2002). Using
this approach, we misexpressedThx5-GFP fusion gene
inserted in the RCAS retroviral vector. As reported previously,
we did not detect any functional difference between this fusion
gene and the wild-typ&bx5 (Takeuchi et al., 1999; Koshiba-
Takeuchi et al., 2000). In addition, we repeated electroporation
of EGFP gene alone in chick heart, but we did not detect
any morphological alteration. When th€bx5-GFP was
electroporated into the precardiac mesoderm of embryos at
stage 5, we observed robust GFP signals in the entire heart at
E5 (Fig. 1G). At this stage, the position of ventricular septum
is already evident as a small indentation on the surface of the
normal heart (arrowhead in Fig. 1E). By contrast, whbr5
was misexpressed ubiquitously, as confirmed by the GFP
signals (Fig. 1G), such an indentation was not formed, making
the contour of the heart round and smooth (Fig. 1F,H). At
E8, we obtained robust GFP signals uniformly in the entire
ventricle, whereas the normal heart did not show any GFP
fluorescence (Fig. 1), indicating that tlidox5 gene was
misexpressed in the entire heart. As the indentation that is
formed on the surface of a normal heart (arrowhead in Fig. 1H)
corresponds to the position of the ventricular septum, this
morphological change indicates that septum formation was
disrupted in the transgene-electroporated heart (Fig. 1H).

To analyze further, we checked the expression of the chick
atrial ANF gene in both the normal and electroporated hearts
(Fig. 1J). In the normal heart, tA&F gene is expressed in the
left ventricle without any signal in the right as observed in
mouse (Zeller et al., 1987). The position of the arrowhead in
Fig. 1J indicates the boundary between the left and right
ventricles. Contrary to the normal hea#tNF was induced
strongly in the entire ventricle whditbx5was misexpressed in
the developing precardiac field. This strongly suggests that the
formation of the right ventricle was disturbed by the extensive
misexpression ofTbx5 (n=8/11). As reported previously
(Bruneau et al.,, 2001ANF gene is one of direct targets of
Thx5. As ANF is expressed in the entire ventricle, this also
suggests that Thx5 was successfully misexpressed in the

ventricular septum indicated by a black arrowhead in Fig. 1Bdeveloping heart ventricle. In mammafé\\F gene is induced
These observations strongly suggest that the right and Idfy cardiac stress as first reported by Burnett et al. (Burnett
ventricles are specified by the distinct Tbx genes expressedét al., 1986), ubiquitous induction &NF gene in Thx5-

an asymmetric fashion.

misexpressed heart might be due to cardiac stress. Nonetheless,

Recently, physical interactions between several heartwe did not observe cardiac overload in these chick hearts.
specific transcription factors have been reported to play pivot&ather, hemodynamic observation suggests that circulation is
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severely disturbed and slow, thereby cardiac overload is not aTo check the effects of Thx5 misexpression on the right
primary cause oANF induction, although we do not exclude ventricle-specific marker gene, we examined the expression of
that possibility that subsequent hypoxic stress might partiallfbx20in the Tbx5-misexpressed heart. As shown in Fig. 1B,
contribute to this induction. in the normal hearfTbx20is expressed in the right ventricle
with its left limit located at the small indentation (arrowhead
in Fig. 1K). By contrast, when Thx5 was misexpres3&ct20
expression disappeared from the whole ventricle, which shows
again the round and smooth contour (Fig. 1h4(11). These
results strongly suggest that misexpression of Thx5 in the
entire ventricle induces thANF expression, and represses
Thx20 in the right ventricle, thereby converting tHeNF

RCAS-Tbx5

Wild type

Fig. 2.(Top) Positions of sections A-O. (A-E) Serial sections of
normal heart. The pulmonary artery and aorta are connected to the
right and left ventricles, respectively. Both right and left ventricles
develop normally with the extensive
trabecular formation and a
ventricular septum. Right and left
atrio-ventricular canals are formed at
the correct position. (F-J) An
abnormal heart in whiclfibx5was
misexpressed ubiquitously (Type 1).
Ventricular septum formation was
severely disturbed, resulting in a
single ventricle. The ventricular wall
was thin, and the trabeculae were
coarse and rough. Both right and left
atria were dilated with an atrial
septum defect (ASD; arrowhead in
I). The aorta and pulmonary artery
were fused at their base and
connected to the single ventricle,
resulting in a double outlet left
ventricle (DOLV; arrowhead in F).
Arrowhead in J indicates the atrio-
ventricular canal. (K-O) Another
type of malformation was observed
(Type 2) in which the left ventricle
expanded and the right ventricle
shrank. The relative sizes of these
two ventricles indicate a shift of the
ventricular septum formation to the
right, although the trabecular
formation and the thickness of
ventricles were not affected. Conal
septation/rotation defects were also
observed (arrowhead in M and N).
The atrial septum formed, but it was
thin and membranous.

(P) lllustrations of the induced
malformations. Type 1: atrial and
ventricular septum defects (ASDs
and VSDs). Alterations in both the

Wild type TYPE1 TYPE2
P wP conal septation

& rotation
defects

DOLV

small RV

complete
VSD

aorta and pulmonary artery (DOLV
and conal septation/rotation
defects). Thin ventricular wall,
suggesting abnormal differentiation
of cardiac muscle cells. Dilatation
of atrium. Type 2: VSD with a

shift of the position of septum,
resulting in a small right ventricle
and expanded left ventricle, the
conal septation/rotation defects
with coarctation and thin atrial
septum.
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offl Tbx2B8on profile of the right ventricle to théNF  septum was formed, the conal septation and/or the conal
on/Tbx20off profile. rotation seemed to be abnormal (Fig. 2F). These morphological
To analyze further the morphological changes induced bghanges suggest that misexpressioif mf5induces aberrant
misexpression ofTbx5 we made a series of continuous differentiation of cardiac muscle cells (Hatcher et al., 2001;
sections of the normal and electroporated hearts at E8.0. In thiberatore et al., 2000), suppression of ventricular septum
normal heart, the ventricular septum formed at the boundarfprmation and malformation of the conotruncal septum, hence
of the left and right ventricles (Fig. 2A-E)X6). At this stage, resulting in a complex of cardiac defects, as illustrated in Fig.
extensive trabecular formation was also evident in both th2P (Type 1).
right and left ventricles that are connected to the pulmonary We observed another type of morphological alteration in
artery and aorta, respectively (Fig. 2A,B). Both left and rightelectroporated hearts, in which the Thx5-positive domain was
atrio-ventricular canals formed normally (Fig. 2B-D). expanded rightward by electroporation (Type 2 in Fig. 2K-O)
In contrast, several anomalous alterations were found in tH@=17/23). In this case, the left ventricle expanded, and the
electroporated hearts (Type 1 in Fig. 2FaR8/37). First, the right ventricle shrank (Fig. 2K-O), with a distinct VSD
formation of the ventricular septum was completely inhibited(arrowhead in Fig. 2N). The relative sizes of the two ventricles
resulting in a single ventricle (Fig. 2G-J). Second, a largsuggested that the ventricular septum was shifted to the right.
dilatation of the atria was also observed (Fig. 21,J). Third, th€onal septation and rotation defects were also observed (Fig.
ventricular wall was thinner than that of the normal heart, an@K-M). The atrial septum was formed, but it was membranous
the trabecular formation was coarse and rc~"
suggesting that differentiation of cardiac muscle
was also disturbed (Fig. 2G-J). Fourth, the aorta
pulmonary artery were fused at the base and conr
to the single anomalous ventricle, resulting in a dc
outlet left ventricle (DOLV). Although the trunc

Fig. 3.(A) To obtain restricted expression of the transgene,
two electrodes were placed in a cross configuration. With thi
arrangement, electric pulses hit only a limited region of the
precardiac mesoderm. (B) Morphology of a heart, in which
the Thx5-EGFPexpression construct was electroporated at
stage 5. Abnormal indentation is shown by a red arrowhead.
GFP fluorescence signals (C) are observed predominantly i
the restricted part of the right ventricle (red arrowhead).

(D) Morphology of the electroporated heart at E7 showing ai
abnormal broad indentation (red arrowhead) that shows GF
fluorescence (E, arrowhead). (F) Schematic representation
the experimental design. At stagelbx5-EGFPgene was
electroporated at a restricted region of the rostral precardiac|
field. At stage 10, ectopic misexpression was evident in a
rostral part of the prospective right ventricle, making an
ectopic boundary ofbx 5expression. (G) At E7, when in situ
hybridization using ANF probe was performed in
electroporated heart, ectopic induction of this gene was
evident in a restricted of the prospective right ventricle
between two red arrowheads. Normal boundaigAMF
expression is indicated by a yellow arrowhead. (H,l) At E5,
serial sections showed that misexpression of Thx5 resulted in
(H) abnormal growth of trabeculae (red arrowheads). At the
tip of each trabecula, ectogVIP2expression was induced,
albeit weakly (red arrowheads). ANFgene was _
ectopically induced in the right side of the abnormal trabecula §
growth (red arrowheads). NormaANF expression is =
indicated by black arrowheads. Note that abnormal trabecula
growth is evident between the ectop&NF expression and
the normakANFexpression. (J-N) At E6, serial sections
were made and examined both histologically (Hematoxylin
and Eosin staining) and by marker expression. In the Thx5-
misexpressed heart, an ectopic septum-like structure (IVS*) |
was observed (J) in addition to the normal septum (IVS).
Higher magnification of this section revealed that trabeculae
amalgamated to form both the ectopic and the normal
septums (K). Whem situ hybridization was carried out,
BMP2(L), Tll1 (M) andVEGF(N) genes were found to be
expressed in the ectopic septum (red arrowheads) as in the
normal septum (black arrowheads).
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and thin (Fig. 2N). Trabecular formation and the thickness ¢
the ventricular wall were not affected. Observed cardia A
defects are illustrated in Fig. 2P (Type 2).

We also misexpressed tiiéx5gene in a restricted domain
of developing hearts. In this case, we placed two electrodes -—|:| —
a cross configuration (Fig. 3A) to target electric pulses to
restricted part of the precardiac field. In addition, we use
RCAS virus-incompetent chick embryos to prevent expansio — =
of transgene expression. Even in such hosts, stable and lor
lasting expression of Tbx5-GFP was obtained. When an RCA¢
Tbx5-GFP construct was injected at stage 5, discrete GFlI MLC-2v promotor  chickTbxS/EGFP
fluorescence signals were observed in a limited part of th
prospective right ventricle at E4.0 (Fig. 3B,C). At E7.0, an
abnormal indentation (red arrowhead in Fig. 3D) was observe
on the right ventricle, corresponding to the domain of the
restricted GFP signals (red arrowhead in Fig. 3E). Experiment
design is illustrated in Fig. 3F. Wheiibx5-GFP was » Wild type
misexpressed in a restricted region, an ectopic boundary
Tbhx5positive and -negative regions was formed in the
developing right ventricle, as illustrated in Fig. 3F. In this case
endogenou3bx5expression was stronger in the caudal part o
the precardiac mesoderm at stage 5, whereas the electropore
Thx5was misexpressed in the restricted rostral area that givi
rise to the right ventricle. At stage 10, endogenous caud
expression is maintained in the developing heart tube, while tt D MLC2v-cTbx5/EGFP
expression of the introduc@dx5transgene became evident at
its rostral end. At stage 25, three domains were formed froi
the left side of heart to the right: (1) an endogendos>
positive domain (the prospective left ventricle), (2)lax5
negative area (the prospective right ventricle) and (3) an ectog
Tbhx5positive area (Fig. 3F). Hence, this restricted expressio
results in the extra-boundary formationTdfx5positive and -
negative regions in the prospective right ventricle.

As expected, thANFgene was induced in the right ventricle
(between two red arrowheads in Fig. 3G)=9/14). The
boundary of the endogenou8NF expression is indicated by
a yellow arrowhead in Fig. 3G. In serial sections of thes:
misexpressed hearts, extension of trabeculae was obsen
with weak expression dBMP?2 at their tips (Fig. 3H). This
accelerated growth of trabeculae suggests that an ectoy
septum was induced at the new boundary 5 expression,
asANF gene was expressed in a complementary manner to tl
extension of trabeculae (the ectopic and endogendd-
expression is indicated by red and black arrowheads in Fig. &
respectively).

To analyze the morphological changes in detail, we mad cTbx5
serial sections of electroporated hearts at E6 and carried out

situhybridization using several ventricular septum markerszig. 4.(A) The f-MHC promoter drives expression of motEex5in
Contrary to the normal heart, an ectopic septum-like structuri@e entire ventricle. By contrast, the.C-2vpromoter targets

(IVS* in Fig. 3J,K) was formed in the right ventricle (IVS in expression of the chickbx5-EGFPfusion gene to the right side of

Fig. 3J,K) 6=8/43). To confirm that this ectopic structure heart. (B) In the normal heart, the prospective right ventricle develops
is indeed the ventricular septum, we performed in sitias a bulge (black arrowhead). (C) WHeax5was misexpressed in the
hybridization using several septum markeBivIP2, TIl1  entire heart, this bulge was disrupted. The prospective left ventricle
(tolloid-like 1) andVEGF (vascular endothelial growth factor) Was connected to the conus cordis with a small junction indicated by a
(Lyons et al., 1990b; Lyons et al., 1995; Clark et al., 1999“‘3(‘:)%22‘2’3%‘;‘/%;DL'S)Z%V;r%rr‘nggfé'f:%';E‘i}if’snv\?;’;eo‘gggrve don
Tomanek et al., 1999; Miquerol et al., .2000)' AS expecte_d, e right side of the heart (D,F) and a swelling was formed (E,G) at
of these markers were expressed (Fig. 3L-N, respectivelyg 5 on the prospective right ventricle (red arrowheads). (H) When
These lines of evidence strongly suggest that restricteghick Thx5was used to detect its expression in the heart, this
expression offbx5in the prospective right ventricle induces transgene was found to be expressed along a gradient in the

an ectopic ventricular septum at the new borderTbk5  prospective right ventricle. (1) In some cases, a small protrusion was
expression in the developing right ventricle. formed on the surface of the right ventricle (blue arrowhead).

£ -MHC promotor mouse Tbx5

MLC2v-cTbx5/EGFP

MLC2v-cTbx5/EGFP

o

H

LY
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Misexpression experiments in chick hearts indicate thaib monitor expression. With these two constructs, we made
Tbhx5specifies the left ventricle, and that the ventricular septuraeveral transgenic mice in which tHEbx5 genes were
is formed at the boundary ofbx5positve and -negative misexpressed transiently. We did not establish a stable
domains. To confirm this hypothesis, we checked théransgenic line, as we speculated that misexpression of the
expression of several markers known to be expresse€tbx5 gene in the ventricle itself would induce severe
asymmetrically in the heart. As shown in Fig. 1J, ctA®l~  abnormalities of heart morphology, and hence cause premature
was induced in the developing right ventricle wiidix5was  death of the embryos.
misexpressed. By contradtbx2Q which is expressed in the ~ When Thx5was misexpressed uniformly with tfeMHC
right ventricle, was repressed (Fig. 1K). Nonetheless, in thpromoter, several morphological changes were observed (Fig.
chick heart, other markers such as thAND andeHAND  4C). In the normal heart, the developing right ventricle is
genes are expressed uniformly in both ventricles (data naiready formed and evident as a bulge in the right side of heart
shown). This prompted us to carry out misexpression studigabe at E10 (black arrowhead in Fig. 4B). By contrast, this
in mouse hearts. bulge was not formed in the hearts in whithx5 was
For this purpose, we used two expression constructs (Fignisexpressed by th8 MHC promoter (red arrowhead in Fig.
4A) to target transgene expression in developing mouse heardC). In such hearts, the prospective left ventricle seemed to
One is a mous&bx5expression construct in which tBeMHC ~ be connected to the conus cordis with a small junction. In
(myosin heavy chain) promoter was used to misexpress théldition, this abnormal junction was shifted rostrally compared
gene uniformly in the ventricle (Liberatore et al., 2000; Lyonswith the normal heart (red arrowhead in Fig. 4C). This
et al.,, 1990a). In another construct, we used NheC-2v  indicates that uniform expression Tix5perturbs the normal
(myosin light chain) promoter, which was reported to drivedevelopment of both the right ventricle and the atrio-
transgene expression in the right ventricle (Ross et al., 1996)entricular connection. We confirmed the uniform expression
In this construct, the chickbx5-EGFPfusion gene was used of the transgene by in situ hybridization (data not shown).
Next, we analyzed the morphological changes
: induced by the MLC-2vchick Tbx5-EGFP
Wild type MHC-Tbx5 MLC2v-Tbx5 construct. When we checked transgene expression
' by GFP fluorescence signals, GFP expression was
evident on the right side of the heart tube as
expected (yellow arrowheads in Fig. 4D,F),
indicating that the chick Tbx5 gene was
misexpressed in the prospective right ventricle.
Contrary to the electroporation experiments in the
chick, the Tbx5-EGFPgene was expressed in a
gradient fashion in this transgenic mouse, as
confirmed by both GFP signals (Fig. 4D,F) and
whole-mount in situ hybridization using chitkx5
as a probe (Fig. 4H). Althoughbx5-EGFPwas
strongly expressed at the right-most end of the
prospective right ventricle, this expression became

Fig. 5.(A,D,G) Expression of theHAND(A), dHAND

(D) and mousénf(G) genes in the normal heart. Both
eHANDand mousé\nfare expressed in the left
ventricle, whereadHANDIs expressed in the right.
(J,M,R) These patterns of expression were also
confirmed in tissue sections. (B,E,H) In telC-Thx5
transgenic mice, bottHANDand mousénfwere
induced in the entire ventricle, whered$ANDwas
repressed. (K,N,Q) This was also confirmed in tissue
sections. Histological examination of these sections
revealed that ventricular septum formation was disrupted
with a tiny bulge at the right-most end (black
arrowhead). (C,F,l) In theILC-2v-Thx5ransgenic mice,
the right ventricle expanded (red arrowhead). In this
region, both theHANDand mousénfgenes were
induced, and thdHAND gene was repressed.

(L,O,R) Histological analysis revealed the swelling of
the right ventricle (red arrowhead in L). In this swelling,
eHANDwas induced in a gradient manner (red
arrowhead in L) and was absent from a region near the
septum. (O) In this small regiodHANDis expressed
(red arrowhead), whereas it is repressed in the rest of
right ventricle. (R) Mous@&nfwas also induced in the
right ventricle of this transgenic mouse.
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faint at the middle of the ventricle. We did not detect GFP Taken together, these lines of evidence strongly suggest that
fluorescence at the position of the ventricular septum (Fighe forced expression of tid@x5gene in the prospective right
4D,H). Interestingly, such transgenic hearts exhibit a consistementricle converts expression patterns of several right and left
morphological alteration, namely, swelling of the prospectiveventricular markers with extensive morphological alterations.
right ventricle (red arrowheads in Fig. 4E,G). Later, a small Our embryological data indicate thEbx5 specifies the left
protrusion was formed on the surface of the induced swellingentricle and the ventricular septum is formed at the boundary
in the prospective right ventricle at E14.5 (blue arrowhead ibetweenTbx5positive andrbx5negative regions. Interestingly,
Fig. 4l). another T-box gene, chickTbx20 is expressed in a

To confirm the nature of these morphological alterationsgcomplementary fashion, hence expressed inTthé>negative
we checked the expression of several markers by in sittight ventricle. As misexpression of Tbx5 in the right ventricle
hybridization (Fig. 5). As reported previously, moe$¢AND  repressesTbx20 expression, these two Thx genes may be
is expressed in the prospective left (Fig. 5A,J). By contrastputually exclusive. To understand molecular interaction
dHAND genes is predominantly expressed in the prospectivieetween Thx5 and Tbhx20, we carried out a set of transfection
right, albeit expanding to the bulbus cordis, the part of thassays using humanANF promoter-luciferase reporter
prospective left ventricles and the ventricular septum (Figconstruct. As reported previously, Thbx5 and Nkx2.5
5D,M) (Srivastava et al., 1997; Firulli et al., 1998; Srivastavasynergistically activate this promoter (Bruneau, 2002; Nemer
et al., 1995). In addition, the mouB&IF gene is expressed in and Nemer, 2001; Bruneau et al., 2001; Hiroi et al., 2001). In
the left ventricle (Fig. 5G,R) (Zeller et al., 1987), as is foundaddition, another heart-specific transcription factor, GATA4
in the chick. Hence these three genes provide good markersagain synergistically activates cardiaeactin promoter with
confirm the identity of the left and right ventricles. When weNkx2.5 (Durocher et al., 1997; Lee et al., 1998). In addition,
analyzed transgenic hearts in whithx5was misexpressed recently, it has been reported that Tbx2 abrogates the synergistic
uniformly with the S-MHC promoter, we found that the activation of theANF promoter by Thx5 and Nkx2.5 (Habets
domains oeHANDand mousénfexpression were expanded et al., 2002). These lines of evidence suggest that the
(n=3/3, n=4/4, respectively), although the gross size of thdight interactions and the crosstalks among heart-specific
heart decreased (Fig. 5B,H). By contrast, expression dfanscription factors play essential roles for the chamber
dHAND was repressed, leaving the entire ventrth6AND-  formation of heart (Bruneau, 2002; Nemer and Nemer, 2001).
negative (Fig. 5E)n=5/5).

We carried out the same analysis on hearts in whichtikh&
gene was misexpressed with MeC2vpromoter in a gradient I R L P TR T TR
manner, with robust expression at the right-most end. In suc 30
hearts, theHANDand mousénfgenes were strongly induced
in the swelling formed by the expression of this transgene (re
arrowheads in Fig. 5C,In€4/4,n=4/4, respectively), whereas
the expression of thedHAND gene was suppressed (Fig. 5F)
(n=3/3).

The same results were obtained when analyzed in tissi
sections. This analysis also enabled us to examine the induc
morphological changes in detail. As observed with whole
mount in situ hybridization, theHAND, mouseAnf and 5 TI-
dHANDgenes are expressed in similar fashions (Fig. 5J,M,R
In addition, we found that the ventricular septum is developin: o I O D l—I—EL
at this stage (E10.5). In the deformed hearts dissected from t
B-MHC-Thx5transgenic mice, boteHAND and mouseAnf 15 * ek
genes were induced almost to the right end of the developir NKx25 ik c ok +
ventricle (black arrowhead in Fig. 5K,Q), whereas expressio  Gata4 b o
of the dHAND gene was found to be repressed completely ~ Tbx20 ® ¥ i il

(Fig. 5N). Furthermore, septum formation was completely;; g HymanANF promoter-luciferase construct was transfected to
suppressed in such hearts (Fig. 5K,N,Q). Instead, a tiny bulgeys7 cells along with various expression plasmids. Thx5 and
of ventricular wall was formed in a smaHANDmouse Anf-  Nkx2.5 activated this promoter weakly (4.7- and 3.7-fold,

negative region (black arrowheads in Fig. 5K,N,Q). respectively). As reported, co-expression of these factors
Conversely, the ventricular septum formed normally insynergistically activated this promoter (11.6-fold). Addition of
hearts of theMLC2v-Tbx5transgenic mice (Fig. 5L,0,R), zebrafisitbx20expression vector repressed Thx5-mediated
although the right ventricle appeared to be enlarged. In thigtivation (1.6-fold), although this did not affect Nkx2.5-mediated
enlarged right ventricle, the mousef gene was induced activation (5.2-.foIQ). Interestingly, Tbx20 abrogated efficiently the
strongly (Fig. 5R). Likewise, expression of ttHAND gene synergistic activation by Thx5 and Nkx2.5 (7.0-fold). When another
was induced (red arrowhead in Fig. 5L), albeit expressio eart-specific factor GATA4 was expressed,Ahd-promoter was

. L ctivated weakly (3.5-fold). When GATA4 and Thx5 were co-
disappeared near the septum (black arrowhead in Fig. S5L). i} essed, robust activation was observed (25.3-fold). Thx20

this eHAND-negative domain near the septum, expression Oprogated this strong synergistic activation efficiently (3.2-fold),
the dHAND gene was detected (red arrowhead in Fig. 50)whereas Thx20 did not affect tAdF activation by GATA4 alone
although this gene was completely suppressed in the remaini(@s fold). Tbx20 alone did not affect tA&F promoter activity (1.3
part of the right ventricle (Fig. 50). fold).
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When a humanANF promoter-luciferase construct was septum is formed at the boundary of these two domains,
transfected to COS7 cells along with several expressioseparating the aortic and pulmonary blood flows completely.
plasmids, Thx5, Nkx2.5 and GATA4 activated this promotelThese observations indicate that the domain$to&EThx20
about 4.7-, 3.7- and 3.5-fold, respectively (Fig. 6). As reportedxpression demarcate the left and right ventricles.
previously, when both Thx5 and Nkx2.5 were co-expressed, As shown in the chick and mouse experiments, whatb
synergistic activation was observed (about 11.6 fold)was misexpressed ubiquitously in the heart tube, ventricular
Interestingly, when both Thx5 and GATA4 were co-expressedseptum formation was disturbed, resulting in a single ventricle
robust synergistic activation was obtained (25.3-fold)and several malformations in the atria and the tissues derived
indicating that the synergism between Thx5 and GATA4 igrom the bulbus cordis/truncus arteriosus (Type 1 in Fig. 2P
more potent. By contrast, when full-length zebrafish Thx2@nd Fig. 7). These morphological changes were accompanied
was misexpressed, these synergistic actions betwedny the complete repression ®bx2Q0 When a smallTbx5
Thx5/Nkx2.5 and Thx5/GATA4 were abrogated (7.0- and 3.2negative region was left in the chick heart, the ventricular
fold, respectively). AsANF gene is expressed in the left septum was shifted to the right, with a small right ventricle and
ventricle, our data indicate that the left side expression of thisn enlarged left ventricle. In such hearts, VSDs and conal
gene is regulated in two ways: (1) activation by Tbx5 in theseptation/rotation defects were frequently observed (Type 2 in
left ventricle and (2) repression by Tbx20 in the right ventricleFig. 2P and Fig. 7). When misexpression occurred in a more
These lines of evidence suggest that the specification of chickstricted area in the chick heart, an ectopic septum was formed
left/right ventricles and the position of ventricular septum aret the new boundary in the right ventricle (Fig. 4J,K; Type 3
controlled by the distinct actions of two Thx genes expresseid Fig. 7). These lines of evidence strongly suggestThab
in the mutually exclusive fashion. When we used chick Tbx20specifies the identity of left ventricle through the tight
exactly same data were obtained (data not shown). interactions withifbx20and other heart-specific factors during
chick cardiac development. In both the chick and mouse
. . experiments, several malformations were observed outside of
Discussion the ventricle. First, septation defects were frequently found in
Results obtained from our experiments are summarized in Fithe conus cordis (Type 1 in Fig. 7, Fig. 2F-J). Second, ASDs
7. Normally, theTbx5positivelTbx20negative part develops to were evident with abnormal dilation of atria (Fig. 21,J). These
become the left ventricle, and thEbx5negativelTbx2G@  observations indicate thafbx5 has essential roles during
positive area gives rise to the right ventricle. The ventriculadevelopment of multiple heart tissues.
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In the chick and mouse hearts in whidbx5 was  different mechanism might operate in the mouse left ventricle
misexpressed ubiquitously, the ventricular wall was thinneto sustain the action of Thx5 or inhibit the function of Thx20.
than normal, and the trabecular formation was coarse amkks the levels of T-box proteins are crucial for normal
rough. These phenotypic changes indicate Thabregulates development, the levels of Tbx5 and Thx20 proteins might be
cardiac muscle differentiation. Recently, it was found that thémportant for the development of mouse left ventricle. In
Thx5 protein associates and interacts physically with theddition, we do not exclude the possibility that unknown
cardiac homeoprotein Nkx2.5, which is essential in cardiatactor(s) might be involved in this process.
muscle development (Bruneau et al., 2001; Hiroi et al., 2001). Interestingly, theANF and connexin 40c&40 genes were
In addition to this, we found that the interaction between Thx%ound to be direct targets of the Thx5/Nkx2.5 protein complex
and GATA4 synergistically activates tAé&lF promoter. These (Bruneau et al., 2001; Hiroi et al., 2001). Consistent with this,
lines of evidence strongly suggest that Tbx5 possesses multiplasexpression offbx5 in the right ventricle induces robust
interfaces necessary for the multiple protein-proteirexpression of theANF gene in both mice and chicks, as
interactions. Hence, changes of the level of Tbx5 protein idescribed above (Figs 1 and 5). Although we did not examine
differentiating cardiomyocytes might affect the transcriptionathe expression afx40in our system, we found that the beating
control of cardiac genes by disturbing the balance of multiplpattern of electroporated chick hearts was abnormal:
interactions. Both the loss and gainTdix5 function disturb  simultaneous contraction of atria and ventricles instead of
the transcriptional control of Thx5 targets, probably througmormal serial beating (data not shown). This could be related
the abnormal balance between the Thx5, Thx20, GATA4 antb the abnormal conduction systems found in both the
Nkx2.5 proteins. heterozygoud bx3!* mice and individuals with Holt-Oram

Contrary to chickTbx2Q it has been reported that mouse syndrome.

Tbx20is expressed uniformly in all four heart chambers (Kraus As observed in our gain-of-function approachd@®x5

et al., 2001). Similar differences in expression patterns ahisexpression disturbs the normal differentiation of cardiac
cardiac genes can be founddhlAND and eHAND Mouse muscle. By contrast, multiple anomalies found in both the
dHAND (Hand2 — Mouse Genome Informatics) atdAND  heterozygoud bx3e* mice and individuals with Holt-Oram
(Hand1l — Mouse Genome Informatics) genes are expresssgndrome indicate the haploinsufficiency Tx5in cardiac
differently in the ventricles, whereas chielAND genes are development. These lines of evidence strongly suggest that the
expressed uniformly in the developing heart. In search devel of Tbx5expression in the developing cardiac muscle cell
putative right ventricle-specific markers, we cloned chickis crucial. As reported, the Tbx5 protein interacts with Nkx2.5
desmin, dystrophin an8M22Zx genes, as mouse counterparts(Bruneau et al., 2001; Hiroi et al., 2001), and another T-box
of these genes are expressed in the right ventricle (Kuisk et gbrotein Thrl makes a complex with CASK, one of the
1996; Kimura et al., 1997; Moessler et al., 1996; Li et al.membrane-associated guanylate kinases (MAGUKSs), to
1996). However, these genes are expressed uniformly in chickgulate transcription of target genes (Hsueh et al., 2000).
heart (data not shown). These lines of evidence suggest that fiieese physical interactions suggest that the balances between
mechanism of ventricular specification might be different inTbx proteins and other interacting partners are important for
species. BecaugeNFgene is the direct target of Thx5, it might the orchestrated processes of pattern formation. As genetic
not be adequate to argue that chidkF is the left ventricle- analysis of Drosophila suggests the interaction between
specific marker. As described above, several genes aoptomotor blindomb, one of thebrosophilaT-box genes, and
expressed in different manners in mouse and chick hear®PP/WG signaling, the physical interactions between Tbx
Hence, it is important to isolate novel left or right ventricle-proteins and other factors including signal transduction factors
specific markers. For this purpose, we are performing cDNAould be a general characteristic (Srivastava and Olson, 2000;
subtraction and RDA (representational difference analysis) t@onlon et al., 2001). Solving these putative interactions would
isolate region-specific markers in developing vertebrate heartse an important key to understanding the roles played by Thx

Recently, functions of zebrafish T-box gern®x20 genes during development.

(previously known a&rT) gene have been reported (Szeto et As an opposite approach, we electroporated a dominant
al., 2002). Interestingly, loss dbx20 function resulted in negative form of Tbx5 (EnR-Tbx5 fusion of Engrailed
upregulation of Tbx5 Conversely, misexpression ¢bx20 suppressor domain and chitkx9, expecting a leftward shift
induced downregulation ofbx5 These data indicate that of the ventricular septum. Nonetheless, misexpression of EnR-
Thx20 regulatesbx5 expression in zebrafish. Our chick dataTbx5 led premature death of embryos from E1.5 to E3
also indicate that Thx5 repressEsx20when misexpressed (n=76/76), probably because this type of misexpression itself
(Fig. 1K). These lines of evidence suggest that the tighdisturbs cardiac development at very early stages, such as heart
regulatory interaction between Thx5 and Tbhx20 is crucial irtube looping and differentiation.

zebrafish and chick, but not in mouse right ventricle. As shown in Fig. 2F-O, ventricular myocardium was thin
Comparative and comprehensive approaches using varioudien Tbx5 was misexpressed. This would suggest that
molecular markers should be carried out to uncover thmisexpression of Thx5 might induce apoptosis or inhibition of
mechanism of development and evolution of differentcell growth. Nonetheless, when we performed the TUNEL
vertebrate hearts. assay to detect apoptotic cell death in differentiating cells, we

In addition, Thx20 represses the synergistic action of ThxBould not detect any difference between the normal and the
and GATA4 on humamNF promoter, indicating that Tbx20 Tbx5-misexpressed hearts (data not shown). Even between E4
represses\NF expression in the right ventricle. In mouse heartand E5, at which the ventricular septum starts to form,
ANF expression is also restricted to the left ventricle, althouglpoptotic cell death was not evident, indicating that the loss of
mouse Thx20 is expressed uniformly. This suggests thatventricular septum is not due to Thbx5-induced apoptosis.



Tbx5 and heart specification 5963

Rather, we speculate that retardation of myocardium growth ite Uehara Memorial Foundation (T.O.); the Inamori Foundation and

an indirect effect of abnormal heart development, as septurthe Toray Science Foundation (T.0.). This work was also funded in

less Sing|e ventricle hearts exhibited an abnormal beati rt by the Dan Charitable TI'USF Fund for Research |n the BiO|OgiC&|
iti ciences (J.K.T.) and The Mochida Memorial Foundation for Medical

pattern (data not shown). In addition, both ASD and VSD coul _ :

cause severe circulation defects, resulting in loss dnd Pharr]maclf““cﬁ' Riseamh (K'SK"T')' J.K.T. is supported by JSPS

- . i ; Fellowships for Young Scientists.

hemodynamic stimulation to the developing myocardium. Wi esearc

also do not exclude the possibility that overexpressed Thx5

Inrgblts prollferat;?n ofhmyocardlac k(;ells. 4 chick h References

. Ontrary. to tf $bpse_n0types ﬁ Servz.d n ¢ fIfC eart amshad, M., Lin, R. C., Law, D. J., Watkins, W. C., Krakowiak, P. A.,

m|sexpress!on 0 X2 In mous_e earts di r!0t attect QVOWt Moore, M. E., Franceschini, P., Lala, R., Holmes, L. B., Gebuhr, T. C.

of myOC_ardlum. As shown in Fig. 5_|-.O,R, misexpression of et al. (1997). Mutations in human TBX3 alter limb, apocrine and genital

Tbx5 driven by theMLC2v promoter induced swelling of the  development in ulnar-mammary syndrorivat. Genet16, 311-315.

right ventricle, leaving the size of the left ventricle normal. InB""JSS((’B”rra C-Jwgaﬁ%”smou c'?-’ 'é'”-T’fé_lfwT'—:V'~Lg6|5r']'g”sstrr;-c£s-i(_sgugtsv

L . . . yzel, D., u uzou, E., ill, T. A., - i, J.
addition, thl(.:kness of th? VenmC|e. was n_ormal’ even when al. (1997). Mutations in human TBX5 cause limb and cardiac malformation
Tbx5 was misexpressed in the entire ventricle byBh¢HC in Holt-Oram syndromeNat. Genet15, 30-35.
promoter. These lines of evidence suggest that the abnormeisson, C. T., Huang, T, Lin, R. C., Bachinsky, D. R., Weremowicz, S.,
phenotypes observed in both chick and mouse were not dué(/laggg)y g;,ﬁBruth?g;,s R-,t Quett_drelll_, F:]-, Lteror:jel,_ Mb.,dR;_)mzot,) GH. eltt SI.

H : H . pirteren Interactions In heart ana lim efrne Yy HOIt-Oram
to t?e dprolrllferatlon/ %plqptoils defects. Nrc:_n?]thgless, W? g% MOt ndrome mutation®roc. Natl. Acad. Sci. US86, 2919-2924.
eX.C ude t at pOSSI ity that over or hig OSQS 0 . .XSBruneau, B. G., Logan, M., Davis, N., Levi, T., Tabin, C. J., Seidman, J.
misexpression might affect the growth _and/or dlfferentlatlpn G. and Seidman, C. E.(1999). Chamber-specific cardiac expression of
of cardiomyocytes, as the balances with other transcription Tox5 and heart defects in Holt-Oram syndroiev. Biol 211, 100-108.
factors, such as Thx20, GATA4 and Nkx2.5 are pivotal for th@fg;erg# 5- g‘c-)vm’:':rmg“ AG-rGSe‘:S‘IfZ'r“vMJ- Eém‘;?aaoné;-aﬁ::'tg"'g ;Hd
normal pattering of vertebrates hearts. . Seidman, J. G.(2001). A murine model of Holt-Oram syndrome defines

As mentloned. pre\ﬂOUSlyy vertebrates ex_h|b|t dmer?m roles of the T-box transcription factor Thx5 in cardiogenesis and disease.
heart morphologies: fish possess one ventricle/one atrium;cCell 106 709-721.
amphibians have one ventricle/two atria; reptiles have tw@runealrll, B. G. 5((:2_002%- Tg%ﬂ;%gpgtligal regulation of vertebrate cardiac
; ; i ; morphogenesi<Circ. Res.90, -519.
mcomlplete Vem_nfle/S/tWO atr.la’ EX}?} blrdﬁlmamhmals have tWgoussif, 0., Lezoualch, F., Zanta, M. A., Mergny, M. D., Scherman, D.,
complete ventricles/two atria. Although we have not Yet pemeneix, B. and Behr, J. P(1995). A versatile vector for gene and
expanded our analysis to other Vel'tﬁfbl’ateSTHXéandTbXZO oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine.
genes could be good markers with which to explore the Proc. Natl. Acad. Sci. US82, 7297-7301. _
evolution of heart morphology of various vertebrate animals*?“éf::tr:é eJr- (J: ;fv g";‘)‘é'er'?ér%v ?U'J D;a n%-- ;eeesc?‘er} Dé Wsklggg)b'eﬂ’rﬁ”
To eXplore furth.er’ we Che.Cked express_lon pattem_s of _Zebraflsmatriuretic peptide elevation in congestive heart failure in the human.
tbx20 and tbx5 in developing hearts (right panel in Fig. 7). science231, 1145-1147.
Interestingly, zZTbx20is expressed in the Bulbus arteriosusChapman, D. L. and Papaioannou, V. E(1998). Three neural tubes in mouse
(BA) and the ventricle near the BA, whereaBbx5in the CleTb;ycg vz:ith mutatsiogsigtht? IT-gongﬁnekabgﬁiAureVSQ;695()3-6%7- g
: H H g : ark, 1. G., Conway, o. J., oScCoftt, I. C., Labosky, P. A., Winnier, G., bunay,

2{;'\?V(3Enmcu'ar juantIOE (AV:]I')b and the yent;;lde nea.lrl th(.% J., Hogan, B. L. and Greenspan, D. §1999). The mammalian Tolloid-

- Expression of these X genes In the yentrlc e. 1S Jike 1 gene, TII1, is necessary for normal septation and positioning of the
compler_nenta_ry at both _48 and 120 hpf, yet showing gradlentheart.Developmenmza 2631-2642. '
expression without making a clear boundary observed in chickonlon, F. L., Fairclough, L., Price, B. M., Casey, E. S. and Smith, J. C.
heart. These observation are compatible with the mutually (2001). Determination of T box protein specificByevelopmen128 3749-
repressive a(.:tlons of these TbX. genes (Szeto.et al., 2002) ocher, D., Charron, F., Warren, R., Schwartz, R. J. and Nemer, M.
O_Ur_Observat|on$ that the ventricular septum is formed at the(1997). The cardiac transcription factors Nkx2-5 and GATA-4 are mutual
distinct expression boundary ©bx5 cofactors EMBO J.16, 5687-5696.

Our data provide important insights on cardiac developmengpstein, J. A. (2001). Developing models of DiGeorge syndroriieends
onset of human congenital heart diseases, and evolution '(_)fe”m'”' 13-17.

tebrate h ts. Alth h f f let ulli, A. B., McFadden, D. G., Lin, Q., Srivastava, D. and Olson, E. N.
veriebrate nearts. ough we are far from a complete (1998). Heart and extra-embryonic mesodermal defects in mouse embryos

understanding, precise molecular analysis of Th&5 gene lacking the bHLH transcription factor Handdat. Genet18, 266-270.
would provide valuable information for the comprehensiveFishman, M. C. and Chien, K. R.(1997). Fashioning the vertebrate heart:
understanding of vertebrate pattern formation. earliest embryonic decisionBevelopmeni24, 2099-2117.

Habets, P. E., Moorman, A. F,, Clout, D. E., van Roon, M. A,, Lingbeek,
. L M., van Lohuizen, M., Campione, M. and Christoffels, V. M.(2002).
We thank Dr Katherine E. Yutzey for providing tiMHC Cooperative action of Thx2 and Nkx2.5 inhibits ANF expression in the

promoter construct, Drs Malcolm P. Logan and Cliff Tabin for the atrioventricular canal: implications for cardiac chamber format@enes
chick and mousé&lAND genes and Dr K. Inoue for zebrafish cDNA.  Dev. 16, 1234-1246.
We also thank Drs Naoyuki Miura, Antonio Baldini and Benoit G.Hatcher, C. J. and Basson, C. T{2001). Getting the T-box dose rightat.
Bruneau for critical comments on the manuscript, and Drs Malcolm Med.7, 1185-1186. _
P. Logan and Cliff Tabin for sharing unpublished data befordiacher, C. J., Kim, M. S., Mah, C. S., Goldstein, M. M., Wong, B.,
publication. This work was supported by a Grant-in-Aid for Scientific Mikawa, T. and Basson, C. T(2001). TBX5 transcription factor regulates

S . ) cell proliferation during cardiogenesBev. Biol.230, 177-188.
Research on Priority Areas (C) from the Ministry of Educatlon,Hiroiy Y., Kudoh, S., Monzen, K., lkeda, Y., Yazaki, Y., Nagai, R. and

Science Sports a_nd Cu_lture of Japan (T.0.); Special Coc_)rd'nat'on Komuro, 1. (2001). Thx5 associates with Nkx2.5 and synergistically
Funds for Promoting Science and Technology from the Science andpmmotes cardiomyocyte differentiatioNat. Genet28, 276-280.
Technology Agency (T.0.); Creative Basic Research from theqolt, M. and Oram, S. (1960). Familial heart disease with skeletal
Ministry of Education, Science Sports and Culture of Japan (T.O.); malformationsBr. Heart J.22, 236-242.



5964 Development 130 (24) Research article

Horb, M. E. and Thomsen, G. H.(1999). Tbx5 is essential for heart Montgomery, M. O., Litvin, J., Gonzalez-Sanchez. A. and Bader, D.
developmentDevelopmeni26, 1739-1751. (1994). Staging of commitment and differentiation of avian cardiac
Hsueh, Y. P.,, Wang, T. F, Yang, F. C. and Sheng, M2000). Nuclear myocytes.Dev. Biol.164, 63-71.
translocation and transcription regulation by the membrane-associatddotgan, B. A. and Fekete, D. M(1996). Manipulating gene expression with

guanylate kinase CASK/LIN-Nature404, 298-302. replication-competent retrovirusédethods Cell. Biol51, 185-218.
Jerome, L. A. and Papaioannou, V. E.(2001). DiGeorge syndrome Muller, C. and Herrmann, B. G. (1997). Crystallographic structure of the T
phenotype in mice mutant for the T-box gene, Thxat. Gene27, 286- domain-DNA complex of the Brachyury transcription factdature 389,

291. 884-888.

Kimura, S., Abe, K., Suzuki, M., Ogawa, M., Yoshioka, K., Kaname, T., Nemer, G. and Nemer, M.(2001). Regulation of heart development and
Miike, T. and Yamamura, K. (1997). A 900 bp genomic region from the  function through combinatorial interactions of transcription factars.
mouse dystrophin promoter directs lacZ reporter expression only to the right Med. 33, 604-610.

heart of transgenic mic®ev. Growth Differ39, 257-265. Niwa, H., Yamamura, K. and Miyazaki, J. (1991). Efficient selection for

Kispert, A. and Herrmann, B. G. (1993). The Brachyury gene encodes a high-expression transfectants with a novel eukaryotic veg&arel08 193-
novel DNA binding proteinEMBO J.12, 3211-3220. 199.

Koshiba-Takeuchi, K., Takeuchi, J. K., Matsumoto, K., Momose, T., Uno,  Ogura, T. (2002).In vivoelectroporation: a new frontier for gene delivery and
K., Hoepker, V., Ogura, K., Takahashi, N., Nakamura, H., Yasuda, K. embryology.Differentiation70, 163-171.
and Ogura, T. (2000). Tbx5 and the retinotectum projecti®eience287, Ogura, T. and Evans, R. M.(1995). A retionic acid-triggered cascade of
134-137. HOXB1gene activationProc. Natl. Acad. Sci. US®2, 387-391.

Kraus, F., Haenig, B. and Kispert, A.(2001). Cloning and expression Redkar, A., Montgomery, M. and Litvin, J. (2001). Fate map of early avian
analysis of the mouse T-box gene ThxRiech. Dev100 87-91. cardiac progenitor cell®evelopmeni28 2269-2279.

Kuisk, I. R., Li, H., Tran, D. and Capetanaki, Y.(1996) A single MEF2 site  Rodriguez-Esteban, C., Tsukui, T., Yonei, S., Magallon, J., Tamura, K.
governs desmin transcription in both heart and skeletal muscle during mouseand Izpisua Belmonte, J. C.(1999). The T-box genes Tbx4 and Tbhx5
embryogenesidev. Biol.174, 1-13. regulate limb outgrowth and identitfature 398 814-818.

Lee, Y., Shioi, T., Kasahara, H., Jobe, S. M., Wiese, R. J., Markham, B. Ross, R. S., Navankasattusas, S., Harvey, R. P. and Chien, K.(R996).

E. and Izumo, S.(1998). The cardiac tissue-restricted homeobox protein An HF-1a/HF-1b/MEF-2 combinatorial element confers cardiac ventricular
Csx/Nkx2.5 physically associates with the zinc finger protein GATA4 and specificity and establishes an anterior-posterior gradient of expression.
cooperatively activates atrial natriuretic factor gene expreskioh.Cell. Developmeni22 1799-1809.

Biol. 18, 3120-3129. Russ, A. P., Wattler, S., Colledge, W. H., Aparicio, S. A., Carlton, M. B.,

Li, L., Miano, J. M., Mercer, B. and Olson, E. N.(1996) Expression of the Pearce, J. J., Barton, S. C., Surani, M. A., Ryan, K., Nehls, M. C.,
SM22alpha promoter in transgenic mice provides evidence for distinct Wilson, V. and Evans, M. J.(2000). Eomesodermin is required for
transcriptional regulatory programs in vascular and visceral smooth muscle mouse trophoblast development and mesoderm formaNimtore404, 95-

cells.J. Cell Biol.132 849-859. 99.
Li, Q. Y., Newbury-Ecob, R. A., Terrett, J. A., Wilson, D. I., Curtis, A. R., Saijoh, Y., Adachi, H., Mochida, K., Ohishi, S., Hirao, A. and Hamada,
Yi, C. H., Gebuhr, T., Bullen, P. J., Robson, S. C., Strachan, T. et al. H. (1999). Distinct transcriptional regulatory mechanisms underlie left-
(1997). Holt-Oram syndrome is caused by mutations in TBX5, a member right asymmetric expression of lefty-1 and lefty@enes Dev13, 259-
of the Brachyury (T) gene familjat. Genetl5, 21-29. 269.

Liberatore, C. M., Searcy-Schrick, R. D., and Yutzey, K. E.(2000). Smith, J. (1999). T-box genes: what they do and how they digénds Genet.
Ventricular expression of tbx5 inhibits normal heart chamber development. 15, 154-158.
Dev. Biol.223 169-180. Srivastava, D., Cserjesi, P. and Olson, E. N1995). A subclass of bHLH
Lindsay, E. A., Vitelli, F., Su, H., Morishima, M., Huynh, T., Pramparo, proteins required for cardiogenessience270, 1995-1999.
T., Jurecic, V., Ogunrinu, G., Sutherland, H. F., Scambler, P. J., Bradley,  Srivastava, D., Thomas, T., Lin, Q., Kirby, M. L., Brown, D. and Olson,
A. and Baldini, A. (2001). Tbx1 haploinsufficieny in the DiGeorge E. N. (1997). Regulation of cardiac mesodermal and neural crest
syndrome region causes aortic arch defects in Miatire410, 97-101. development by the bHLH transcription factor, dHANBat. Genet.16,
Lyons, G. E., Schiaffino, S., Sassoon, D., Barton, P. and Buckingham, M. 154-160.
(1990a). Developmental regulation of myosin gene expression in moussrivastava, D. and Olson, E. N(2000). A genetic blueprint for cardiac
cardiac musclel. Cell Biol 111, 2427-2436. developmentNature407, 221-226.
Lyons, K. M., Pelton, R. W. and Hogan, B. L(1990b). Organogenesis and Szeto, D. P., Griffin, K. J. P. and Kimelman, D(2002).HrT is required for
pattern formation in the mouse: RNA distribution patterns suggest a role cardiovascular development in zebrafiBlevelopmeni29 5093-5101.
for bone morphogenetic protein-2A (BMP-2A)evelopmentl09, 833- Takeuchi, J. K., Koshiba-Takeuchi, K., Matsumoto, K., Vogel-Hopker, A.,
844. Naitoh-Matsuo, M., Ogura, K., Takahashi, N., Yasuda, K. and Ogura,
Lyons, K. M., Hogan, B. L. and Robertson, E. J(1995). Colocalization of T. (1999). Thx5 and Thx4 genes determine the wing/leg identity of limb
BMP 7 and BMP 2 RNAs suggests that these factors cooperatively mediate buds.Nature398 810-814.

tissue interactions during murine developméfech. Dev50, 71-83. Tomanek, R. J., Ratajska, A., Kitten, G. T., Yue, X. and Sandra, A1999).
Merscher, S., Funke, B., Epstein, J. A., Heyer, J., Puech, A, Lu, M. M., Vascular endothelial growth factor expression coincides with coronary

Xavier, R. J., Demay, M. B., Russell, R. G., Factor, S. et §2001). TBX1 vasculogenesis and angiogeneBisv. Dyn.215, 54-61.

is responsible for cardiovascular defects in velo-cardio-facial/DiGeorgéramada, M., Revelli, J. P., Eichele, G., Barron, M. and Schwartz, R. J.

syndrome Cell 104, 619-629. (2000). Expression of chick Thx-2, Tbx-3, and Tbx-5 genes during early

Miquerol, L., Langille, B. L. and Nagy, A. (2000). Embryonic development heart development: evidence for BMP2 induction of Tiix@v. Biol.228
is disrupted by modest increases in vascular endothelial growth factor gene95-105.
expressionDevelopmeni27, 3941-3946. Wilkinson, D. G., Bhatt, S. and Herrmann, B. G(1990). Expression pattern
Moessler, H., Mericskay, M., Li, Z., Nagl, S., Paulin, D. and Small, J. V. of the mouse T gene and its role in mesoderm formatlature343 657-
(1996). The SM 22 promoter directs tissue-specific expression in arterial but 659.
not in venous or visceral smooth muscle cells in transgenic miceWilkinson, D. G. (1993). Whole Mountn situ Hybridization of Vertebrate
Developmenii22 2415-2425. Embryos.In Situ Hybridization Oxford: Oxford University Press.
Momose, T., Tonegawa, A., Takeuchi, J., Ogawa, H., Umesono, K. and Zeller, R., Bloch, K. D., Williams, B. S., Arceci, R. J. and Seidman, C. E.
Yasuda, K. (1999). Efficient targeting of gene expression in chick embryos (1987). Localized expression of the atrial natriuretic factor gene during
by electroporationDev. Growth Differ41, 335-344. cardiac embryogenesi&enes Devl, 693-698.



