Research article Development and disease 5491

Thx1 regulates fibroblast growth factors in the anterior heart field
through a reinforcing autoregulatory loop involving forkhead
transcription factors

Tonghuan Hu 2* Hiroyuki Yamagishi 23* Jun Maeda ?*, John McAnally 2, Chihiro Yamagishi 22 and
Deepak Srivastava 12"

1Department of Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX 75390-9148, USA
’Department of Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX 75390-9148, USA
SDepartment of Pediatrics, Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan

*These authors contributed equally to this work
TAuthor for correspondence (e-mail: deepak.srivastava@utsouthwestern.edu)

Accepted 13 August 2004
Development 131, 5491-5502

Published by The Company of Biologists 2004
doi:10.1242/dev.01399

Summary

Birth defects, which occur in one out of 20 live births, often
affect multiple organs that have common developmental
origins. Human and mouse studies indicate that
haploinsufficiency of the transcription factor TBX1
disrupts pharyngeal arch development, resulting in the
cardiac and craniofacial features associated with
microdeletion of 22ql11 (del22gll), the most frequent
human deletion syndrome. Here, we have generated an
allelic series ofTbx1 deficiency that reveals a lower critical
threshold for Thx1 activity in the cardiac outflow tract
compared with other pharyngeal arch derivatives,
including the palatal bones. Mice hypomorphic for Thx1
failed to activate expression of the forkhead transcription
factor Foxa2 in the pharyngeal mesoderm, which contains

autoregulatory loop that may explain the increased cardiac
sensitivity to Thx1 dose. Downstream of Thx1, we found a
fibroblast growth factor 8 (Fgf8) enhancer that was
dependent on Tbx1 in vivo for regulating expression in the
cardiac outflow tract, but not in pharyngeal arches.
Consistent with its role in regulating cardiac outflow tract
cells Thx1 gain of function resulted in expansion of the
cardiac outflow tract segment derived from the anterior
heart field as marked by Fgfl0. These findings reveal a
Tbx1-dependent transcriptional and signaling network
in the cardiac outflow tract that renders mouse
cardiovascular development more susceptible than
craniofacial development to a reduction in Thx1l dose,
similar to humans with del22q11.

cardiac outflow precursors derived from the anterior heart
field. We identified a Fox-binding site upstream ofTbx1
that interacted with Foxa2 and was necessary for
pharyngeal mesoderm expression offbx1, revealing an

Key words: Thx1, 22q11.2 deletion syndrome, Anterior heart field,
Foxa2, Fgf8, Fgf10

Introduction The pharyngeal apparatus is a transient vertebrate-specific

Human chromosomal deletion syndromes are common causg&mPlex that arises from a series of bilaterally symmetric
of birth defects, but the complex and rare nature of sucRulges on the ventrolateral surface of the head and neck region,

deletions have made a mechanistic analysis of thBamely the pharyngeal arches. The arches develop in a cranial-
developmental anomalies elusive. 22q11.2 deletion syndronft@udal sequence under the control of clustered homeobox (Hox)
(22q11DS), the most common genetic deletion syndrom@enes and are composed of a number of different embryonic
in human, is typically characterized by heterozygou§e” types (G(aham, 2003; Graham and Smith, 2001). Distinct
microdeletion of a 1.5 to 3 Mb region of chromosome 22q11.4ineages within the pharyngeal arches serve as precursors to a
(Shaikh et al., 2001). 22q11DS, which includes DiGeorgé{VIde variety of cardiac and craniofacial structures, including
syndrome (DGS), velocardiofacial syndrome (VCFS) andhose derived from pharyngeal endoderm, ectoderm, mesoderm
conotruncal anomaly face syndrome, is characterized by &nd neural crest mesenchyme. Paracrine signaling between each
broad spectrum of phenotypic abnormalities, including cardiagroup of cells reciprocally regulates cell fate, proliferation and
defects, abnormal facies, thymic hypoplasia, cleft palate andeath decisions. Arterial vessels arising from the heart traverse
hypocalcemia (Lindsay, 2001; Scambler, 2000). Although theymmetrically through each pharyngeal arch and are ultimately
clinical features are highly variable and affect many organgatterned along the cranial-caudal axis in an intricate fashion to
structures primarily affected in 22q11DS are derivatives of théorm the mature aortic arch and pulmonary artery. Neural crest-
pharyngeal apparatus, suggesting that defects in pharyngekdrived cells are involved in the patterning of these vessels and
development cause most features of this disease (Epstein,septation of the single cardiac outflow tract into two distinct
2001; Yamagishi and Srivastava, 2003). vessels (Yutzey and Kirby, 2002).
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A more recently recognized lineage involving thesearch for Tbx1 targets in the heart identified a cardiac outflow
pharyngeal arches is the anterior or secondary heart fietthct enhancer sufficient for fibroblast growth factor 8 (Fgf8)
(Mjaatvedt et al., 2001; Waldo et al., 2001; Kelly et al., 2001)expression that was regulated by Tbx1 in vivo. Moreover,
In contrast to the atrial and ventricular chambers that arise fromisexpression of Thx1 in the developing heart resulted in
lateral cardiac mesoderm progenitors, the most anterior pole ekpansion of the outflow tract, as marked by the secondary
the heart comprising the outflow tract and part of the righbeart field marker, Fgf10. These findings demonstrate an
ventricle is added later by mesodermal cells in the pharyngeaksential role for Tbhx1 in regulating the pharyngeal mesoderm
region that lie anterior and dorsal to the heart tube. The anteritirough an amplification loop involving forkhead proteins and
heart field cells are thought to migrate into the outflow tractulminating in regulation of fibroblast growth factors in the
through the pharyngeal mesoderm, which also contributes tardiac outflow tract, consistent with the increased allelic dose
facial muscles (Lu et al.,, 2002), and differentiate intosensitivity to Tbx1l in the outflow tract compared to the
myocardium and endocardium. The regulatory processes thetaniofacial region.
govern its development remain largely unknown, although
fibroblast growth factor 10 (Fgf10) and the transcription factor
Isletl mark these cells and are involved in their developmen¥laterials and methods
(Kelly et al., 2001; Cai et al., 2004). , _ Generation of Thx1 deficient mice

Because the cardiac .OUtﬂOW tract is the predominant regiof,q targeting construct used to create a hypomorphic and conditional
affected in 22q11DS, this syndrome may afford an opportunityejetion allele of Thx1 was generated as follows. The Frt-flanked

to understand development of the anterior heart field and itfeomycin resistant gene (NEO) driven by the PGK promoter was
role in the outflow tract. Thx1l, a member of the T-box-inserted in an intron between exon 3 and exon Ftofl A 3.5 kb
containing family of transcription factors, is the most likely homologous region containing exon 4 to exon 8 was inserted between
candidate gene within the 22g11 locus responsible for thavo loxP sites in order to remove the entire T-box region after Cre-
pharyngeal arch-derived defects observed (Lindsay et afgcombinase expression. Embryonic stem (ES) cells were screened by
1999; Lindsay et al., 2001; Merscher et al., 2001; Schinke aneputhern blot anq the targgteq clones were injected into mouse
lzumo, 2001). Mice heterozygous for targeted deletiortml 220, B RICln ol EErrRle St ) e
have_ a lOW. penetrance (25%) of aortic arch patternlng defECt\gZQXC57BL6 mixed background F1 mice, and with 129SvEv mice
but little evidence of other features of 22q11DS (Lindsay et aII produce 129 inbred mice. F1 heterozygous niitey®°") were
2001; Merscher et al., 2001). By contrast, homozygous-nu Etercrossed to produce F2 offspring for analysis. Germline
mutants ofTbx1have most features of 22q11DS, including transmission of the targeted allele from two independent ES cell
absence of thymus, cleft palate, ear defects and characteristiénes was obtained and the phenotype of the animals from these two
cardiac outflow tract anomalies (Jerome and Papaioannolines was undistinguishable. Heterozygous miidex("*°") were also
2001). Correspondinglylbx1lis expressed in the pharyngeal mated with MORE (Mox2Cre) mice to ubiquitously delete exons 4-
arch endoderm, mesodermal core, anterior heart field and hedesulting in the heterozygolibx1null allele Tbx1"). Genotyping
mesenchyme, although it is conspicuously absent in the neut4S performed by Southern analysis or PCR of genomic DNA
crest-derived mesenchyme (Chapman et al., 1996; Garg et &)ﬁtracted from yolk sac for embryos or tail for neonatal pups.

2001; Yamagishi et al., 2003). We have previously shown thgit.pcr

Tbx.lls regmat?d by a sonic hedgehog 5'9”"’!"”9 F:ascade thﬂ;tal RNA was isolated from E10.0 embryos with Trizol reagent
is directly mediated by a conserved Fox-binding site upstreafginco BRL) according to the manufacturer's instruction. Total RNA
of Tbx1 that directs Tox1 expression in the pharyngeal (1g) was reverse-transcribed with M-MuLV reverse transcriptase by
endoderm and head mesenchyme (Yamagishi et al., 2003).random primer labeling method (Roche). RT produgalf2was
However, the cell types through which Thx1 functions, itsamplified with primers 5GCGCTGTGGGACGAGTTCAATCAG-3
downstream targets and its regulation in the pharyngedirom exon 3) and'SGCACAAAGTCCATGAGCAGCATGTAGTC-
mesoderm/anterior heart field remain unknown. 3’ (from exon 4) for 36 cycles to detebx1cDNA, or with primers

As Tbxlis a dose-dependent gene and the dose can probalfiyACCACAGTCCATGCCATCAC-3 and S-TCCACCACCCTG-
be affected by genetic and environmental modifiers, we havk! GCTGTA-3 for 30 cycles to detect GAPDH control cDNA.
generated an allelic series Difx1deficiency in an attempt to  cartilage and skeletal preparation
recapitulate more accurate_ly the human d.el22q11 phenmy%?andard methods were followed for Alcian Blue cartilage
and to determine the domainsTdfx1expression that regulate prenarations and Alizarin Red for skeletal preparations.
crucial developmental events. The data presented here suggest
that development of the cardiac outflow tract is more sensitivBadioactive section in situ hybridization
to Thx1allelic dose than the craniofacial region, and that thi$®sS-labeled antisense riboprobes were synthesized with T3, T7 or SP6
may be due to a reinforcing autoregulatory loop involving theRNA polymerse (MAXIscript in vitro transcription kit, Ambion,
transcription factor, Foxa2, in the pharyngeal mesodermiustin, TX) from capsulin, DIx2, Foxcl, Foxc2, Bmp7, Hand2, Etl,
precursors of the outflow tractTbxl transcripts were F0f10, Foxa2, Nkx2.6, Pax1, Pax9, Tbx1 or Fgf8 cDNAs. Radioactive
selectively downregulated in the pharyngeal mesoderm but ngction in situ hybridizations were performed on paraffin wax-

. bedded sections of E9.25 to E10.5 wild type, hypomorphic mutant
endoderm offbx1 hypomorphic mutants. We also found that & .
Foxa2 transcriptior%l pWas pdiminished specifically in the (Tbx*e", null mutant TbxI*) or compound mutanfTpxI*")

; mouse embryos as previously described (Thomas et al.,, 1998).
pharyngeal mesoderm of thidx1 hypomorphic mutant and goyrces of DNAs for making probes were as follows: Foxcl, Foxc,
that a Fox site was essential for regulationToklin the = Foxa2 and Thxl (Yamagishi et al., 2003); DIx2, Hand2 and Etl
pharyngeal mesoderm, suggesting that a Tbx1-Foxa2 pathwaghomas et al., 1998); Fgf8 (Meyers and Martin, 1999); Fgf10 (Kelly
amplifies Thx1 expression in the mesoderm. A genome-wideet al., 2001); capsulin (Lu et al., 2002); Bmp7, Nkx2.6, Pax1 and Pax9
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full-length cDNAs were cloned by RT-PCR amplification from mousepromoter and linearized plasmid was injected into pronuclei to
E9.5 RNA. In situ hybridization of probes shown were performed agenerate FO transgenic embryos with Tbx1 expression throughout the
least three times on different embryos. embryonic myocardium.

Generation of transgenic mice

A 5.4 kb DNA fragment (-5406/—18) upstream of the Fgf8 start codofiResults

was amplified from human genomic DNA by PCR using primersD S . . . .
5-CCTGTGCTGGGTGATGTTTCCCTAG3 and B-ACCGAGA- ose sensitivity of Tbx1 in a tissue-specific fashion
GCCCGGCGGGTCACGC!3This fragment and its derivatives were Mice heterozygous forTbx1 have a mild, incompletely
cloned into an hsp6&cZ reporter construct (Kothary et al., 1989). penetrant phenotype, while homozygous null animals suffer
Mothers were sacrificed at E9.5 and FO embryos were staingd for severe defects of the pharyngeal arch-derived craniofacial and
galactosidase(gal) activity. Stable transgenic lines were establisheccardiac regions. In order to study the mechanisms of Tbx1 dose

sites within this region included the following sequences: ; ;
GGTGGGA, —5208/-5202: TCAGCACT, —5149/-5143; TGTGAGG. hypomorphic allele of bx1that was used to generate an allelic

—4948/—4942: GGTGACA. —4925/-4919: GGTGGCC, —4902/—4896€T1€S of Thx1 dose. We inserted the neomycin resistance gene

Similar studies were performed with genomic DNA upstreafrbafl. in the intronic region between exons 3 and 4 of malsel

Site-directed mutagenesis was used to create point mutations of FB¥ nomologous recomblnatlonTthlnf_’dJ')_ and placed loxP

site upstream offbx1 as described previously (Yamagishi et al., Sites around exons 4 and 8. Ubiquitous cre-recombinase

2003). mediated excision resulted inTéx1heterozygous-null allele
Thx1 cDNA was cloned downstream of fBenyosin heavy chain  (Tbx1”") (Fig. 1). A series of matings was performed to
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Fig. 1. Generation offbx1hypomorphic and null alleles. (A) Targeting strategy. THxild-type allele; Thx¥, targeting vector; ThX°,
hypomorphic allele; ThXE°C) null allele with neo; Thx'C), null allele without neo. Exon numbers and restriction enzyme sit@&4CRI,

EcadRl; Xb, Xbal) are indicated. White triangles represent Cre-recombinase sites; black triangles are FLP-recombinase sites. (B) Southern
analysis of genomic DNA from ES cell clones after digestion Xitl andEcadR| and hybridizing with 5and 3 probes, respectively, which
demonstrate targeted event (neo/+) compared with wild-type allele (+/+). (C) PCR genotyping analysis oflvatialleles with forward

(f1,f2) and reverse (rl) primers. +/fx1wild type; neo/neoTbx1hypomorphic homozygous; —/FpxLnull; neo/+,Thx1lhypomorphic
heterozygous; +/-Thx1lheterozygous; neo/Fbxlcompound mutant mice. (D) Quantification of Tbx1 mRNA transcripts detected by RT-PCR
in heterozygous and hypomorphic E10.5 mouse embryos compared with wild type set at 100%.
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Fig. 2. Cardiovascular and thymic defectsTibx1lhypomorphic mutant neonates. Frontal views of heart and vesSdigihypomorphic
heterozygousTbx1"®°™*) neonates (B-D), and iflbx1hypomorphic homozygoudkx1'¢®"9 neonates (E-H). (A) Wild-type neonate with

thymus removed to illustrate normal septation of outflow tract into aorta (ao) and pulmonary trunk (pt), and patterniogtiofdhehavith

the right subclavian artery (rsa), right common carotid artery (rcc), left common carotid artery (Icc), left subclaviésa@greergt descending

aorta (dao). (BYbx1"°* neonate had normal development of thymus (thy) and normal anatomy of great vessels with the aorta located to the
right and dorsal to the pulmonary trunk. (C,D) Thymus was removed to visualize arch anatofyI{€J* mice displayed aberrant origin of

right subclavian artery (rsa) with it seen traversing behind the trachea (arrow) to connect to the dao. (D) Interruptiortiofaheh with no
connection between the ascending and descending aorta (*).(E-H) Majcrtix B "*°neonates had persistent truncus arteriosus (ta) that
resulted from failure of aorto-pulmonary septum formation. In addition, aplasia of the thymus occurred with complete pdfgicmure of

the aortic arch iTbx1"®®"°mice revealed a variety of aortic arch patterning defects in conjunction with persistent truncus arteriosus, including
aberrant origin of the dao from the carotid (G), and abnormal origins of the carotid arteries and Isa (H).

generateThx1¢°"€ Thx1"¢%~ and TbxI’~ mice in mixed anomalies (summarized in Table 1). By contrast, 100% of
(129sv/C57BL6) and pure genetic backgrounds (129sv). RRnimals homozygous for the hypomorphic alldiex1"¢°/ney
PCR from E10.0 embryos revealed tAax1"®©"°embryos died immediately after birth with a spectrum of birth defects
generated ~25%Tbx1 mRNA compared with wild-type that were overlapping but distinct froftbx1’~ newborns. The
(Tbx1*) littermates (Fig. 1D), suggesting that insertioNleb  majority had a persistent truncus arteriosus (PTA) and
in Tbx1 intron 3 resulted in significant reduction ®bx1  ventricular septal defect (VSD), reflecting failure of septation
mMRNA production, similar to that previously described forof the primitive conotruncal vessel into the ascending aorta
Fgf8 (Meyers et al., 1998). and main pulmonary artery. However, a few newborns had
Mice heterozygous for the hypomorphic allefox1°"") malalignment of the outflow tract, resulting in both vessels
had ~2% neonatal lethality caused by interruption of the aortiarising from the right ventricle [double-outlet right ventricle
arch and nearly 10% incidence of aberrant origin of the righDORV]). All Tbx1"®°"°mutants with PTA had an aberrant
subclavian artery, both of which are defects of the fourthight subclavian artery with a variety of aortic arch patterning
pharyngeal arch arteries (Fig. 2C,D)Jbx1 heterozygous defects, including right-sided and double aortic arches (Fig.
(TbxI*-) mutants had similar aortic arch defects compare@F-H). Further reduction offTbx1 in compound mutant
with Tbhx1"®°* mutants but had a higher penetrance, resultingThx1"®®") mice resulted in 100% penetrance of PTA and arch
in nearly 10% neonatal lethality and 20% incidence of arclanomalies in mixed or pure genetic backgrounds and the

Table 1. Summary of developmental defects in Thx1 neonatal mutant mice

Number of Cardiovascular defects Cranial facial defects Aplasia of
Genotype embryos PTA DAA ARSC IAA-B Absent ears Cleft palate thymus
neo/+ 81 0 (0%) 0 (0%) 6 (7%) 2 (2%) 0 (0%) 0 (0%) 0 (0%)
+/—- 37 0 (0%) 0 (0%) 5 (14%) 3 (8%) 0 (0%) 0 (0%) 0 (0%)
neo/neo 39 35 (90%) 2 (5%) 35 (90%) 2 (5%) 0 (0%) 0 (0%) 39 (100%)
neo/— 14 14 (100%) 0 (0%) 14 (100%0) 0 (0%) 14 (100%) 7 (50%) 14 (100%)
/- 19 18 (95%) 1 (5%) 18 (95%) 0 (0%) 19 (100%) 19 (100%) 19 (100%)

PTA, persistent truncus arteriosus; DAA, double aortic arch; ARSC, Aberrant right subclavian artery; IAA-B, interruptacchdytpe B.
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cardiovascular phenotype was indistinguishable frblox1
homozygous-null ToxtI™) mutants described here an
previously (Jerome and Papaioannou, 2001). Presence o
neo cassette did not influence gene expression of o
candidate genes in the region, includidégdl, Crkl or Gscl
(data not shown). Thus, progressive depletion Tdix1
transcripts resulted in increasing severity of cardiovasct
malformations with a 75% reduction being sufficient to cau
most of the cardiovascular features observed in compl
nulls.

A subset of pharyngeal arch derivatives is Thx1
dose-sensitive

Although the cardiac defects were severe Tibhx1'e°/ne°
mutants, most derivatives of the pharyngeal arches w
normal in mice with the hypomorphic allele. Exceptions to tt
included the complete aplasia of the endodermally deri
thymus, which occurred with 100% penetrance
hypomorphic mice. In addition, ear anomalies, which ¢
common in 22q11DS, were observed with varying severity
the different allelic dosages of Tbx1. The first and secc
pharyngeal arches contribute to the external and middle
structures, while the inner ear arises from the otic vesicle
Thx1e"°muytants the external ears, stapes (bone of mid
ear) and inner ear were smaller than wild type but not
severely affected as the null mutants, where the structures\
essentially absent (Fig. 3A-F). The tympanic ring was a
progressively smaller. Finally, non-pharyngeal arch deriv
bones of the basal skull (basioccipital and basisphenoid bor
were abnormally fused in boffbx1"®®"®°mutants andbx1’~
mutants (Fig. 3G-I). L S
In contrast to the sensitivity of the cardiovascular system ¢ neo/neo : &
certain pharyngeal arch derivatives, palatal development wus
relatively unaffected by incremental reductionsTox1dose.  Fig. 3.Ear and craniofacial defectsTibx1hypomorphic feo/ned
Bilateral palatine shelves, outgrowths from the maxillary2nd null (~/-) mutants. (A-C) Left lateral views revealed that
prominences of the first pharyngeal arch, normally migrate t bx1 mutants (B) had smaller but normal shaped ears (arrows)

Al I : mpared wittTbx1"®°"* (A), which was similar to wild type.
the ”l“d"”?. andl fuse,ﬂ_lrjesi_ull_tlng in Separ:atlonlof_ the ﬁr?l aNFhxT-mutants (C) showed absent external ears. (D-F) Left-sided
nasal cavities. In ouirbx mutants, the palatine Shelves e s of skeletal preparations of neonatal skulls focusing on ear

failed to fuse, resulting in a cleft pa'%\ﬁ/fig- 3G-1), fég?n'(lgr ©Oregion (blue or red indicates cartilage or bone, respectively). The
previous reports. However, allbxI and ThxI malleus (ma) and incus (inc) middle ear structures were

mutants had fusion of the palatine shelves, resulting in normatogressively hypoplastic in tHebx1"®°"%(E) andThx1’~ (F)

formation of the palate (Fig. 3K). Thus, unlike the cardiaomutants compared witfibx1"®°™* (D). The stapes (st), was

defects, a reduction ifibx1dose up to 25% of normal had no hypoplastic inTbxI'*°"®°mutants and was absentTibx1'-

effect on palate development. mutants. The cartilage primordium of petrous part of the temporal
Similar to the palate, most derivatives of the pharyngefﬂone () also exhibited a gradient of hypoplasticity with progressive

arches, other than those described above, were not as sensiff&:ctionin T de1 dose. (%")hvegtrg;‘ﬂg)‘f‘éeoof skull skeletal g

to the dose of Thx1 as was the cardiovascular system. Cartila%Ir parations demonstrated that botixL mutants (H) an

d skeletal ion f | imals sh d th xI'~mutants (1) had abnormal fusion of the basioccipital (bs) and
and skeletal preparation from neonatal animals showed t sisphenoid (bo) bones. However, cleft palate was present only in

first pharyngeal arch derivatives, including maxillary, Tox1'-mutants, caused by failure of fusion of the palatine shelves
zygomatic and temporal bones appeared grossly normal Butiined by broken lines. The otic capsule (oc), an inner ear
hypomorphic mutantsTox1"°"y when compared with wild-  structure, also exhibited severe hypoplasticity in Hdtk1"eone0

type or Thx1"®°"™* littermates (Fig. 3J-L). By contrast, these mutants andbx1’~mutants. (J-L) Left lateral views of skeletal
structures were condensed and abnormal in null mutangseparations of the face and neTkx1"**"*(K) and TbxI"" (L)

(TbxI7). The second, third, fourth and sixth pharyngeal arche®utants failed to form the body of the hyoid bone (hy) in the neck.
form various cartilage structures in the neck region, such ade rest of the neck cartilage struc}]léglenegarrowheads), such as thyroid
oid_bone, ihyioid cartiege and cricod carilage. InHaGe (0 sepeas et Emuans bl
ThxTeomee mUtantS' all n_eck cartilage structures develope_g,h, maxillary shelves; mx, maxilla; mb, mandible; tr, tympanic ring.
normally with the exception that a component of the hyoi

bone was missing. By comparison, the cartilages of the neck

were small and fragmentary structure3bxI’~ mutants (Fig. were not affected by reduction ®bx1dose, resulting from the
3J-L). Thus, most pharyngeal arch mesenchyme derivativég/pomorphic allele.
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Tissue-specific effects of Tbhx1 alleles on Thx1 and expression of additional endodermal markers, including Pax9
Foxa2 transcript levels and Nkx2.6 (Biben et al., 1998; Muller et al., 1996) (data not
To understand the mechanisms through whighxl shown). Markers of the neural crest-derived mesenchyme,
hypomorphic alleles affected some tissues more than othet§cluding DIx2 and Hand2 were also normal (Thomas et al.,
we examined th@bx1 transcript level in specific expression 1998) (Fig. 4G-I and data not shown).
domains, including the head mesenchyme, pharyngeal BecauseTbxl expression in the pharyngeal mesoderm
mesoderm and pharyngeal endoderm, as previously describé@s selectively extinguished in th&bx1'°°"®° mice, we
(Garg et al., 2001). Coronal sections of EJBxIeoneo investigated the effects on other genes expressed in this cell
embryos revealed th@ibx1expression was nearly abolished in type. Expression of the pharyngeal mesoderm marker, capsulin
the outflow precursors of the pharyngea| mesoderm and (LU et al., 2002), indicated that pharyngeal mesodermal_ cells
reduced in head mesenchyme, but was remarkably conserv&gre present in th&bx1hypomorph and null embryos (Fig.
in pharyngeal endoderm. These observations were consistéhtL). Upon examination of numerous other candidate genes,
with the tissue-specific allelic dose-sensitivity described abovée found thatFoxa2 which encodes a forkhead-containing
and may explain the more severe cardiovascular dos&anscription factor, was expressed at high levels in the
sensitivity of Thx1hypomorphs. As expectefibxlexpression Pharyngeal mesoderm in addition to its known endodermal
was undetectable ibx1’~ embryos (Fig. 4A-C). expression. However, in th‘Eb)_(l hypomorph and in thg null

To investigate the underlying basis for tissue-specifighutants, Foxa2 was selectively downregulated in the
regulation and function in th&bx1 hypomorphic allele, we Pharyngeal mesoderm and head mesenchyme, but not in the
examined the effects dfbx1transcript levels on a variety of endoderm (Fig. 4M-O). These results are consistent with the
pharyngeal mesoderm and endoderm markers. As expect8tpre prominent cardiac outflow tract phenotype inthel
from the relatively normal level of Tbx1 transcripts in thehypomorphic state as the pharyngeal mesoderm cells give rise
Thx1¢°"e® pharyngeal endoderm, the expressionPakl, a  to the most anterior pole of the heart comprising the outflow
paired-box-containing gene that is normally expressed in théact.
pharyngeal endoderm at E9.5 (Muller et al.,, 1996), was .
unaffected in the hypomorphic mutafax1 expression was Foxa2 regulates Thx1 in the pharyngeal mesoderm
also robust in the endoderm Bbx1’~ mutants in spite of the Our group has previously demonstrated that the forkhead-
pharyngeal arch segmentation defect (Fig. 4D-F), as wantaining transcription factors Foxcl and Foxc2 directly

+/+ neo/neo -/- ++ neo/neo -/-

Thx1 Caps

Pax1

Fig. 4. Pharyngeal mesoderm gene expression defedigxh

mutants. (A-C) Section in situ hybridization at E9.5 demonstrated
thatThx1expression was slightly reduced in the head mesenchyme
and was absent in pharyngeal arch mesodermal cditexdfe/"e°
mutants (B, compare with arrowheads in A), but the pharyngeal
endoderm (pe) expression was conservedltranscript was absent
in all cell types offbxI’~ mutants (C). Expression Bax1, a
pharyngeal endoderm marker (D-F), and DIx2, a pharyngeal arch
mesenchyme marker (G-1) remained unchanged in Buxti'e®/ne°
mutants (E,H) an@bxI’~ mutants (F,1). (J-L) Capsulin (Caps) was
expressed normally in the pharyngeal mesoderm (pm) core i briffo"*mutants (K) and’bxT'~ mutants (L) when compared with the
wild-type littermates. (M-O) In adjacent sections from the same emBoya2expression in pharyngeal endoderm was largely conserved, but
expression in the pharyngeal mesoderm core was completely missing in both mutants (N,O). Results shown are represéedastithrebat
separate experiments.

Dix2
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regulated Tbx1 in the head mesenchyme, and that FoxaZYamagishi et al., 2003). A point mutation of the Fox site in
regulated Tbx1l expression in the pharyngeal endodermthe context of the 200 bp and 1.5 kb fragments ablated the
(Yamagishi et al., 2003). However, we had not isolated angndodermal and head mesenchyme expression, and also
specific cis elements that consistently regulafedl in the  disrupted pharyngeal mesoderm and outflow tract expression
pharyngeal mesoderm or cardiac outflow tract. Becabgd (Fig. 5). These results suggest that the Fox site in the distal
expression was selectively downregulated in the pharyngeahhancer is necessary for directing pharyngeal mesoderm
mesoderm ofThx1 hypomorphic mice, and due to the expression, but requires a second enhancer for high-level
importance of this cell type in cardiac outflow tractexpression in this domain. By electromobility shift assay,
development, we sought to determine the mechanism throudgioxa2 and Foxc1/2 can bind and activate transcription through
which Tbx1 regulation might be selectively affected in thethis site (Yamagishi et al., 2003). Because we show here that
mesoderm. A 12.8 kb genomic fragment extending 14.3 kboxa2 is expressed in the pharyngeal mesoderm and is
upstream of the translational start siteTdix1is capable of downregulated in theTbxl hypomorphic mutant, it may
recapitulating all of the Thx1 expression domains including théunction in a reinforcing loop that amplifi@$x1 expression
mesoderm (Fig. 5A,B) (Yamagishi et al., 2003). We generateith the pharyngeal mesoderm but not endoderm, potentially
a series of genomic fragments within the 12.8 kb regiomxplaining the lower levels ofTbx1 transcripts in the
upstream of a basal promoter anlh@”Z reporter and injected pharyngeal mesoderm of the hypomorphic embryos and the
these fragments into pronuclei to search fdbalmesoderm more dose-sensitive phenotype in mesodermal derivatives.
enhancer (Fig. 5). Using VISTA software to compare genomi®hether Foxc1/2 can play such a role in the outflow tract or
regions conserved across species, we identified regions of highien in the pharyngeal mesoderm remains to be determined.
homology between human and mouse that contained conserved ) o )

cis elements. One of these regions, encompassing 1.5 kb, co@dtflow tract regulation of Fgf8 is disrupted in Tbx1

direct pharyngeal mesoderm and cardiac outflow tradghutant mice

expression (Fig. 5E-H), but only in conjunction with theTo determine how Tbxl may regulate pharyngeal arch
previously described 200 bp fragment containing a Fox sitdevelopment, we sought to identify Tbhx1 target genes by
essential for endoderm and head mesenchyme expressisgarching the mouse genome for consensus T-box binding sites
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Fig. 5.Fox cis element is necessary for pharyngeal mesoderm and cardiac outflow expreBsidn(tfpper panel) Genomic organization of

the B mouseTbx1llocus. Boxes indicate exons, and the translation start site (ATG) is designated as nucleotide number zero. Construct number
is indicated on the left, and the corresponding expression pattec?Zda$ summarized on the right. Mutation of Fox site is indicated by star.
(A,C,E,G\I), Right lateral view of representative embryos obtained with indicated constructs; (B,D,F,H,J) magnified righeilaseod above

focused on pharyngeal arch and outflow tract region. Pharyngeal mesoderm (white arrowheads), pharyngeal endoderm (yedids) arrowhe
cardiac outflow tract (oft) and head mesenchyme (hm) expression is evident.
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located within 10 kb upstream of known genes. From this lis® (Fgf8), was activated by Tbx1 in vitro. Previous studies
we focused on ten genes that were reportedly expressed in gteowed that th€gf8 hypomorphic mutant phenocopied many
pharyngeal arches and we cloned the conserved T-bofeatures of 22q11DS, and suggested thgf8 might act
containing genomic regions upstream of luciferase reporterdownstream of Tbx1 in the pharyngeal endoderm (Abu-Issa et
All potential enhancer-luciferase plasmids were transfectedl., 2002; Frank et al., 2002; Vitelli et al., 2002; Brown et al.,
into COSL1 cells with or without Thx1 to determine if Thx1 was2004). In an attempt to determine whetRgf8 might act as a
directly capable of activating transcription in vitro. Of the tendirect downstream target of Thx1, we isolated a 5.4 kb DNA
candidates, only one, the enhancer of fibroblast growth factéragment (-5406/-18)" ®f the Fgf8 start codon (Fig. 6). This
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fragment and its derivatives were subcloned
upstream of dacZ reporter gene. Mouse embryos
harboring this transgene consistently sho@egl
staining in the pharyngeal endoderm and ectoderm
at E9.5, recapitulating endogendtgf8 expression
(Crossley and Martin, 1995). In addition, the
transgene directethcZ expression in the cardiac
outflow tract in all transgenic lines, highly similar
to Tbx1transgene expression (Fig. 6B). The cardiac
outflow tract expression has not previously been
reported, but we were able to detect Fgf8 transcripts
in this domain by RNA in situ hybridization
(Fig. 6C), similar to the cardiac outflow tract
expression ofacZ upon insertion of ¥acZ cassette
into the Fgf8 locus under control of endogenous
Fgf8 regulatory elements (E. Meyers, personal
communication). Interestingly, lacZ expression was
also seen in the pharyngeal mesoderm, which
contributes to the cardiac outflow tract (Fig. 6B).
To localize the regulatory elements responsible
for expression ofgf8, we generated a series of
deletions in the 5.4 kb genomic fragment and
analyzed their ability to driviacZ expression from
a heterologous promotehgp6§ in FO transgenic
mice at E9.5 (Fig. 6). Comparison of the sequences
that directed appropriateégf8 expression revealed
that a 0.9 kb distal fragment containing many
conserved core T-box binding sequences was

Fig. 6. Identification of regulatory regions f&igf8
expression in pharyngeal arches and the outflow tract.
(A) Genomic organization of thé BouseFgf8locus.
Construct number is indicated on the left, and the
corresponding expression patterdaafZ in the outflow
tract (OFT) or pharyngeal arch (PA) is summarized on
the right. (B,C) Transverse sections of E9.5 transgenic
mice (construct 6) stained ftacZ (B) or section in situ
hybridization for Fgf8 transcripts (C) showing cardiac
outflow tract (ot) and pharyngeal mesoderm (pm)
expression. nt, neural tube. (D) Coronal section of
transgenic mice made with construct 6 showing
pharyngeal endoderm (pe) and ectoderm (ect)
expression. (E) Right lateral view of representative E9.5
embryo obtained with stable transgenic line made with
construct 6 showing pharyngeal arch (*) and cardiac
outflow tract (black arrowheathcZ expression.

(F,G) Fgf8-lacZtransgenic line from (E) ifibx1"e°/ne°

or Thx1"®°-genetic background. Black arrowhead
indicates progressive decrease in outflow tract
expression. (H-J) Coronal section in situ hybridization
of E10.0 embryos with Fgf8 probe indicates preserved
ectodermal (white arrowheads) and pharyngeal
endoderm (pe) expressionfegf8in Thx1"e"e%r
Thx1"*°~embryos TbxI’~embryos were identical to
Thx1"*°~in phenotype and gene expression.
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sufficient to drive=gf8 expression in the pharyngeal endoderm,observed inTbx1~ mice (data not shown). To test in vivo
ectoderm and cardiac outflow tract (Fig. 6B). These T-boxvhether Tbx1 was sufficient to activate Fgf gene expression,
binding sites were defined by a core sequence as previousiie mis-expressed’bxl throughout the developing mouse
described (Conlon et al., 2001) (see Materials and methodsjhyocardium using theB-myosin heavy chain promoter,
To determine if thé=gf8 upstream region was Tbx1-sensitive disrupting its normal restriction to the cardiac outflow tract
in vivo, we generated stable mouse lines offigi8 enhancer myocardium.Thx1 mis-expressing mice were found to have
driving lacZ and intercrossed these mice witbxI®*mice  an elongated outflow tract at E10.5, suggesting Tatl
to ultimately generategfga°Z Thx1"e°Me%andFgfga? Thx1"®*~  misexpression resulted in an expansion of outflow tract
embryos. Mice lackingThx1l did not have anyFgf8  myocardium or reprogramming of ventricular cardiomyocytes
downregulation in the pharyngeal endoderm or ectoderm, bitito outflow tract cells. Analysis of the elongated outflow tract
the cardiac outflow tract expression was reducékbit™®"®®  ysing Fgf8 and Fgfl0, as a marker of the anterior heart field
embryos and undetectable in thex1"®®-embryos (Fig. 6E- revealed that this expanded domain was indeed characteristic
G). This was also true for thEbxI’~ mutants. The lack of of anterior heart field cells (Fig. 7C; data not shown).
pharyngeal arch downregulation was consistent with ouDisruption of cardiac development induced by Tbx1
results by RNA in situ hybridization (Fig. 6H-J) in which misexpression resulted in embryonic death precluding
endoderm and ectoderm expressiorFgf8 was preserved in  examination of the effects on outflow septation or alignment.
the absence of Thx1, suggesting that the cardiac outflow tract
was the major site of Thx1-Fgf8 regulation. . .
Discussion
Tbx1 regulation of the anterior heart field Here, we have shown that cardiogenesis is more sensitive than
BecauseTbx1 was expressed in splanchnic mesoderm thafacial development tdrbx1 allelic disruption and that this
gives rise to anterior heart field cells as early as the cardiaensitivity is probably explained by selectively redudctl
crescent stage (Yamagishi et al., 2003), and Tbx1l latenRNA in pharyngeal mesoderm ofbx1l hypomorphic
regulatedrFgf8 in the outflow tract derived from this domain, mutants. We provide evidence th&bxa2 is selectively
we tested whether Thxl was required fégf8 or Fgfl0  downregulated in pharyngeal mesoderrtiof1"*°"®%embryos
expression in the anterior heart field cells dorsal to the heart Bnd also show that a Fox site is necessary for pharyngeal
the pharyngeal region. By sagittal sectioning, we found thahesoderm and cardiac outflow tract expressidrbaflin vivo.
Thxlexpression was decreased in the anterior heart field in thighese observations suggest an autoregulatory loop involving
Thx1'®*"*°hackground (Fig. 7A)Fgf8 and Fgf10 expression  forkhead proteins that may normally amplify the Tbx1 signal
was detected in this domain but was selectively diminished im pharyngeal mesoderm. Within the outflow tract, we obtained
the Tbx1"®°"e%hackground (Fig. 7B,C, arrowheads) consistenin vivo evidence thaFgf8 requires Tbx1 for its expression in
with Thx1-mediated regulation of Fgf genes in the anteriothe cardiac outflow tract but that Thx1l was dispensable for
heart field and cardiac outflow tract. Similar results wergpharyngeal endoderm and ectoderm expressionFgfB.

Fgf8

C Fgf10

neo/neo neo/neo

Fig. 7. Tbx1 and fibroblast growth factors in anterior heart field. (A) Sagittal section in situ hybridization of E9.5 embryos with) TibgB

(B) or Fgf10 (C) riboprobes on wild-type (+/+, top row)Tdmx1"®®"%embryos (bottom row) focusing on pharyngeal arch region. Pharyngeal
mesoderm that is probably in the anterior heart field dorsal to the heart is indicated by yellow arrowheads. Black arrdightsads in
pharyngeal core mesoderm expression; white arrowheads indicate pharyngeal endoderm; white arrows indicate pharyngeagt&amdierm.
Fgfl0are downregulated in areas marked by yellow arrowheaBsxifi*®"*%mbryos. Bright-field images are shown. Right-most panels in C
represent transverse sections through the cardiac outflow tract of E9.5 wild-type (+/+) embryos or transgenic embryosimgiddxiriess

the heart under control of tfgeeMHC promoter B-MHC-Thx1). The domain ofgflOexpression was expanded in transgenic mice, as detected
by in situ hybridization. ov, otic vesicle; rv, right ventricle; lv, left ventricle; nt, neural tube.
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Finally, a positive role for Tbx1 in either activating anterioral., 2003). Nevertheless, given the current data, it is a
heart field gene expression or its domain is provided by gaimeasonable hypothesis that the more severe effeciBbrh
of-function experiments demonstrating expansion of FgflOmesoderm transcript level Fbx1*©"°embryos may be due
expressing cells in the heart. Together, this work provide® disruption of an amplifying loop involving forkhead
multiple avenues of evidence that Thx1 is essential for normalroteins.

cardiac outflow tract development via its pharyngeal We had previously reported a Fox site that was necessary

mesoderm/anterior heart field domain of expression. and sufficient to direcfTbx1 expression in the pharyngeal
. o endoderm and head mesenchyme (Yamagishi et al., 2003).
Cardiovascular dose-sensitivity to Thx1 Upon searching for a mesoderm enhancer, we were unable to

Based on the near complete penetrance of persistent trunddentify a separate genomic region that was sufficient el
arteriosus inThx1"®*"®%empryos but 0% incidence of cleft mesoderm expression. However, we had observed on rare
palate or absent ears, the cardiovascular system appeared tambeasion that the endoderm and head mesenchyme enhancer
more sensitive to the dose dbx1 than did parts of the could direct very low levels offTbx1l expression in the
craniofacial region. Aortic arch patterning was even morgharyngeal mesoderm (H.Y. and D.S., unpublished). The
sensitive, with defects observed Tbx1"®* mice. This is observation here that the previously reported Fox site was
consistent with clinical observations where ~75% of 22g11D®ecessary but not sufficient for pharyngeal mesoderm
have cardiac defects but only 30% have cleft palate. Howevesxpression suggests that it is a weak but essential enhancer for
our work could suggest that the embryonic regions may not kteis domain of expression. Because Fox proteins can be
differentially sensitive tarbx1 mRNA levels but rather more involved in chromatin relaxation events, it is possible that the
sensitive to some allelic alterations. The evidence for thigecessary Fox site affects access to other critical cis elements
comes from the observation that thiex] mRNA levels were (Cirillo et al., 2002). We were able to identify a 1.5 kb
not equal in the various expression domainBtfl™°™mice  conserved fragment of genomic DNA that was alone
but rather was more severely affected in the pharyngeabsufficient, but was necessary with the Fox site to confer
mesoderm. This would explain the more severe phenotype pharyngeal mesoderm expression. We do not yet know the
pharyngeal mesoderm-derived cells, such as the anterior heprecise cis element within this region or the trans-acting factor
field cells of the cardiac outflow tract. Based on these data, tihat is necessary to collaborate with the Fox site for this
is possible that in humans, heterozygosityT&X1 results  purpose, but it will be an important area of future study.
in differential levels of TBX1 mRNA levels in its diverse Nevertheless, it is striking that a single Fox site upstream of
expression domains, thereby resulting in varying incidence ofbx1lis necessary for all of the domains Tdfx1 expression
disease in specific organs with or without genetic modifiers adlirected by the 12.8 kb upstream genomic DNA.
stochastic events.

Tbx1 regulation of Fgfs in the anterior heart field
Pharyngeal mesoderm transcription of Thx1 is Our finding thafFgf8 was downstream of Thbx1 was consistent
affected by a Fox-mediated autoregulatory loop with previous reports of a connection between these two genes.
The selective mesoderm decrease Tioxl] mRNA levels In particular, Fgf8 hypomorphs partially phenocopybx1
described above was an unexpected but interesting result. Timeitants (Abu-Issa et al., 2002; Frank et al., 2002); mice trans-
expression ofoxa2in the pharyngeal mesoderm was also aheterozygous folbx1andFgf8 have more severe aortic arch
surprise as we and others have considdiexh2 a more defects than either alone (Vitelli et al., 200B%f8 has been
endoderm-specific gene, at least in the pharyngeal arches. Tieported to be downregulated in the pharyngeal endoderm of
observation thaFoxa2was downregulated in the pharyngeal Tbx1mutants; and tissue-specific deletiorFgf8in the Thx1
mesoderm but not endoderm ®bx1"¢®"e° mice provided expressing domain results in cardiac outflow tract defects
an opportunity to understand the mechanism that mighBrown et al., 2004). Th&gf8 enhancer we described is the
potentially explain the mesoderm-specific decreas@hixl first in vivo regulatory region reported f&gf8 and includes
mRNA in Tbx1"®°"®°mijce. Because we show that a Fox site isan enhancer that direcEgyf8 expression in cardiac outflow
necessary for pharyngeal mesoderm and cardiac outflow tracact cells derived from the anterior heart field. Agf8
expression of bx1in transgenic mice, it is possible that FoxaZ2intronic region regulated by engrailed and Pbx1 was previously
may be the trans-acting factor that regulafdsl in the reported to have activity in vitro and in embryoid bodies, but
pharyngeal mesoderm. Evidence to support this is that Foxd2 ability to regulate activity in vivo in specific domains had
can bind the essential Fox site and activate transcriptionot been studied (Gemel et al., 1999). In our hands, the intronic
through it (Yamagishi et al., 2003). In additioRpxa2 enhancer was not sufficient to direct expressioriao¥ in
expression in the mesoderm overldpx1 more closely than transgenic mice.
any other Fox protein to our knowledge. Unfortunatébxa? The observation of outflow tract expression directed by the
mutant mice die very early, prior to a time at which we could=gf8 enhancer was interesting but unexpected, and led to more
test whether Foxa2 is necessary Taux1 transcription in the careful detection of Fgf8 transcripts in the outflow tract by in
pharyngeal mesoderm (Ang and Rossant, 1994; Weinstein situ hybridization. Still, we considered whether this domain of
al., 1994). Therefore, we must still consider the possibility thag¢xpression for the enhancer may represent outflow tract-
other forkhead-containing proteins might be involvedlix1  specific expression of the neighboring g&mm3 However,
regulation in this domain. For exampkaxc2is expressed in this is unlikely because of the ubiquitous expression pattern of
the cardiac outflow tract (Winnier et al., 1999; Kume et al. Npm3(MacArthur and Schackleford, 1997). Consistent with
2001) and could also be regulatimgx1in this region as we our data is the observation tHatZ knocked into theFgf8
have previously shown in the head mesenchyme (Yamagishiletcus is also expressed in the cardiac outflow tract (E. Meyers,
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personal communication). In tigéx1mutant background, this  class homeobox gene Nkx2-6 in foregut endoderm and Héach. Dev.
enhancer was not fully activated, suggesting Figh8 requires 73, 125-127. _ _

Tbx1 for regulation in the outflow tract. Together, the evidenc@rg‘r’]"é"Echs?éi'nwfng'”(%’o&;\"'b';:jm“ga:\;'{éf%‘:fg'sr}br?'og"F'g"fgy?nrst'h'j Pb'xl
supports an !nterpretatlon tha,t there are normally low levels of expression ’dor.'nai.n reveéls a critical role for Fgf8 in cardiovascular
Fgf8 transcripts in the cardiac outflow tract and that the development in the mousBev. Biol 267, 190-202.

enhancer described normally directs gene transcription in thi, C. L., Liang, X., Shi, Y., Chu, P. H., Pfaff, S. L., Chen, J. and Evans,
domain in a Tbxl-dependent fashion. S. (2003). Isl1 identifies a cardiac progenitor population that proliferates

Somewhat surprisingly, we did not observe any pcré(ﬂr;osti;l;f_ezgrggnatlon and contributes a majority of cells to the hBet.
dOWnregmat'C’n of Fgf8 n the pharyngegl endoderm, aS Chapman, D. L., Garvey, N., Hancock, S., Alexiou, M., Agulnik, S. 1.,
previously reported. This is consistent with the observation Gibson-Brown, J. J., Cebra-Thomas, J., Bollag, R. J., Silver, L. M. and
that deletion of Fgf8 only in the pharyngeal endoderm or Papaioannou, V. E.(1996). Expression of the T-box family genes, Tbx1-
ectoderm does not cause cardiac outflow tract defec@TbX& during early mouse developmelev. Dyn.206 379-390.

Macatee et al 2003) Thus. while Tbx1 and Faf8 do a earmllo, L. A, Lin, F. R._, Cuesta, I., Friedman, D., _Jarmk, M. and Zaret,

( . o : U . g pp K. S. (2002). Opening of compacted chromatin by early developmental
FO be in common pathways, their collaboration may be most yranscription factors HNF3 (FoxA) and GATAMlol. Cell 9, 279-289.
important in the cardiac outflow tract rather than endodernteonlon, F. L., Fairclough, L., Price, B. M., Casey, E. S. and Smith, J. C.
Unfortunately, we have been unable to definitively determine (2001). Determinants of T box protein specificibevelopmeni28 3749-

if Fgf8 is a direct targ‘?t Qf Tbx1 in vivo. There are at least fIVE'Crosslely, P. H. and Martin, G. R.(1995). The mouse Fgf8 gene encodes a
predicted core Tbx'bmdmg sequences in the 0.9 kb enhance€kamily of polypeptides and is expressed in regions that direct outgrowth and
of Fgf8 (see Materials and methods for sequences) and patterning in the developing embrydevelopment21, 439-451.

mutation of each individually did not affelztcZ expression Epstein, J. A.(2001). Developing models of DiGeorge syndromieends

in transgenic mice nor did tandem mutation of up to three OIIrSnekneI;.lS. Ségt-r?e];;gham L. K., Brewer, J. A., Muglia, L. J., Tristani-

_the sites (T'H_' and D.S., unpUb“Shed_)' Alth_OL@fS m?‘y Firouzi, M., Capecchi, M. R. and Moon, A. M.(2002). An Fgf8 mouse
mdee_d be a C_IlreCt target of Tbx1, convincing in vivo evidence muytant phenocopies human 22q11 deletion syndrdeeelopmentl29,
remains elusive. 4591-4603.

Finally, a role for Tbhx1 regulation of anterior heart field/Garg, V., Yamagishi, C., Hu, T., Kathiriya, I. S., Yamagishi, H. and

: ; rivastava, D. (2001). Thx1l, a DiGeorge syndrome candidate gene, is
cardiac outflow tract gene expression was demonstrated byrse gulated by sonic hedgehog during pharyngeal arch developbewt,

misexpressingrbx1in cardiomyocytes that do not normally  giq 235 62-73.

expressTbx1 By doing so, we found th&igfl0, a marker of  Gemel, J., Jacobsen, C. and MacArthur, C. A(1999). Fibroblast growth
the anterior heart field, was upregulated and the outflow tractfactor-8 expression is regulated by intronic engrailed and Pbx1-binding
appeared elongated. This could be due to Tbxl-mediategsites-J. Biol. Chem274, 6020-6026.

upregulation ofFgf10in the ventricular myocytes, or a result Grég?]rent‘ 1,’ig(§g;)_32).56Development of the pharyngeal archs.. J. Med.

of Conve.rSilon of ventricular myocytes into_ cells moregraham, A. and Smith, A. (2001). Patterning the pharyngeal arches.
characteristic of the outflow tract that are derived from the Bioessay®23, 54-61.
anterior heart field. Although it is difficult to discern betweenJerome, L. A. and Papaioannou, V. E2001). DiGeorge syndrome phenotype

hiliti i ; in mice mutant for the T-box gene, ThNat. Genet27, 286-291.
these possibilities, it is clear that Thx1 plays an essential r°|?e||y R G. Brown N. A and B?Jckingham M. E.(2001). The arterial pole

in the cardiac outflow tract and, togethe( with its role in of the mouse heart forms from Fgfl0-expressing cells in pharyngeal
the pharyngeal mesoderm, makes it a likely regulator of mesodermbDev. Cell1, 435-440.
cardiomyocytes derived from the anterior heart field. Kothary, R., Clapoff, S., Darling, S., Perry, M. D., Moran, L. A. and
Rossant, J.(1989). Inducible expression of an hsp68-lacZ hybrid gene in
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