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SUMMARY

The neural crest plays a crucial part in cardiac cardiac neural crest development in theSplotchmutant is
development. Cells of the cardiac subpopulation of cranial caused by upregulation ofMsx2, a homeobox gene with a
neural crest migrate from the hindbrain into the outflow  well-documented role as a regulator of BMP signaling. We
tract of the heart where they contribute to the septum that provide evidence, moreover, that Pax3 repressellsx2
divides the pulmonary and aortic channels. InSplotch  expression via a direct effect on a conserved Pax3 binding
mutant mice, which lack a functionalPax3gene, migration  site in the Msx2 promoter. These results establistMsx2 as
of cardiac neural crest is deficient and aorticopulmonary an effector of Pax3in cardiac neural crest development.
septation does not occur. Downstream genes through which

Pax3 regulates cardiac neural crest development are

unknown. Here, using a combination of genetic and Key words: Cardiac neural crest, Knockout, Moidsx1, Msx2
molecular approaches, we show that the deficiency of Pax3 Splotch

INTRODUCTION Conway et al., 1997b; Conway et al., 1997c; Epstein et al.,
2000; Franz, 1989). Defects of neural tube closure and limb
The neural crest, a migratory cell population originating in thenusculature development also occur. Several allel8&plotch
dorsal neural tube, is required for the development of thare known; these cause a spectrum of defects generally similar
mammalian heart. The cardiac subpopulation of the neur& those seen in the origin&plotchmutant, but of varying
crest emerges from rhombomeres 6, 7 and 8 of the postoseverity (Dicke, 1964). The outflow tract anomalySgiotch
neural tube and migrates into branchial arches 3, 4 andrésults from a deficiency in the migration of cardiac neural
(Miyagawa-Tomita et al., 1991). Some cells continue migratingrest cellsSplotchcardiac neural crest cells initiate migration
into the cephalic region of the heart tube, or outflow tractbut do not reach the branchial arches or the outflow tract in
There they coalesce into ridges of connective tissue that grosufficient numbers for aortic arch remodeling or outflow tract
together and ultimately fuse, forming the septum between theeptation to occur (Conway et al., 1997b; Epstein et al., 2000;
aortic and pulmonary channels. Deficiencies of cardiac neur8erbedzija and McMahon, 1997). Deficiencies in myocardial
crest development result in a failure of outflow tract septatiofunction further compromise cardiac function (Conway et al.,
and defective remodeling of the aortic arch arteries (CreazzZt997a; Li et al., 1999), such that homozyg8pstchmutants
et al., 1998). die in utero at approximately E13.5 and exhibit signs of cardiac
The mouse mutanSplotch provides an entrée into the insufficiency (Conway et al., 1997c). This myocardial defect
molecular circuitry regulating neural crest development. In thés probably an indirect consequence of reduced numbers of
homozygous state, th8plotch mutation results in several migrating crest cells, because neural crest does not contribute
anomalies of neural crest that affect development ofo the myocardium (Jiang et al., 2000).
melanocytes, dorsal root ganglia, sympathetic ganglia, thymus, The Splotch phenotype is caused by a loss-of-function
thyroid and the outflow septum of the heart (Auerbach, 1954nutation inPax3(Epstein et al., 1993; Goulding et al., 1993),
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one of nine mammalian Pax genes (Stuart et al., 1994; Waltheegatively regulated bigax3 Mutation of a Pax3-binding site
and Gruss, 1991). In humans, loss-of-function mutations iwithin the Msx2 promoter increasedMsx2 transgene
PAX3 cause Waardenburg syndrome type | and Ill (Stuart etxpression in the hindbrain, which reproducédsx2

al., 1994; Machado et al., 2001) in which inactivation of aexpression in th&plotchmutant and provided evidence that
single PAX3allele produces defects stemming from abnormaPax3is a direct transcriptional repressorNd$x2

neural crest development, including sensorineural deafness,

pigmentation anomalies, and abnormal skeletal and

neurological features (Asher et al., 1996). Cardiac defects haldATERIALS AND METHODS

also been reported in children bearing mutationdPAX3

(Banerjee, 1986; Mathieu et al., 1990). Within the tissues thafouse strains, transgenes and the production of

form the heartPax3expression is detectable only in cardiactransgenic mice

neural crest cells and only during the early phases of the§plotch wild-type C57BL/6J and BALB/cJ mice were obtained from
migration, consistent with findings that tB&plotchmutation ~ the Jackson Laboratory (stocks 000311, 000664 and 000651,
acts early in cardiac neural crest development (Conway et afgspectively). Thevisx1 and Msx2 knockouts (Satokata and Maas,
2000; Epstein et al., 2000). TBplotchcardiac phenotype can 199_4; Satokata et al., 2000) were produced from ES cells derived from
be rescued by transgenic expressioRa3under the control strain 129/SvJ. Germline chimeras were crossed initially into

f . f thePax3 ter that in th IBALB/cJ and then into C57BL/6J for five to six generations. Wild-
or aregion o axspromoter that expresses In the neurak, e 179/5y3 mice were obtained from Dr Peter Laird (USC Medical

. . t
tube and neural crest, suggesting that the defect in neural Cr% hool). ALMsx2-lacZand A2Msx2-lacZtransgenic mice have been
development is cell autonomous (Li et al., 1999). described previously (Liu et al., 1994).

Little is known about the downstream targetsPaix3 in The A3Msx2-hsplacZonstruct contained an 1815 bp Hiiti-Notl
cardiac neural crest. Transcripts encoding the proteoglycéragment located between —5018 and —3203 bp upstream Mfsttiz
versican are upregulated in mesenchyme adjacent to the neurahslation start site (Liu et al., 1994). This fragment was blunt-ended
tube of Splotch mutant embryos, suggesting a role for thisat Not and cloned into a Haflll site and a Snissite immediately
protein in crest migration (Henderson et al., 1997). In othetpstream of thhsp68lacZ-8V40.cassette (Kothary et al., 1989). The
tissues, genes that are potentially downstreaRar8include ~ 44Msx2-hsplacZonstruct contained a 560 bp PCR fragment located
the gene for receptor tyrosine kinastet, which is required  JEyIEST A% 0 3200 T8 Con B e eloned o
for the migration of limb muscle precursor cells (Epstein et al ' g

. . ; . ‘Apal-Xhol sites immediately upstream of thesp68lacZ-SV40
1996),Mitf, a transcription factor associated with Waardenburggsseue (Kothary et al., 19835/,). P P

syndrome type Il (Tassabehiji et al., 1994; Watanabe et al., To generate the Pax site 1 mutant, we used the QuikChange site-
1998),Ret a tyrosine kinase receptor which is the most ofterirected mutagenesis kit (Stratagene). PCR primers were designed to
mutated in Hirschsprung disease (Edery et al., 1994; Lang ®troduce point mutations in Pax site 1, in the context of the 560 bp
al., 2000; Romeo et al., 1994), afgtpl, a tyrosinase-related promoter fragmend4Msx2-hsplacZas indicated in Fig. 5A, and
protein involved in the genesis of pigmentation (Galibert et alverified by sequencing. Th#Msx2-hsplacPax site 1M vector was
1999). generated in the same way as described above for the wild-type
We have focused on the potential roleMsx2 as aPax3 congener. Tr.ansgenlc mouse embryos were produced as described
effector. Msx genes encode homeodomain-containing® €viously (Liu etal., 1994).
transcription factors related to timeshgene ofDrosophila  Histology, in situ hybridization and  B-galactosidase
(Holland, 1991; Bell et al., 1992). Vertebrates possess thretection
Msx-related genedylsx1 Msx2and Msx3 (Davidson, 1995).  Embryos were fixed in 4% paraformaldehyde for 0.5-24 hours,
Msx3is expressed exclusively in the neural tube (Shimeld efepending on the size of the embryo. They were embedded either in
al., 1996; Wang et al., 199@)IsxlandMsx2are expressed in paraffin (for standard histology) or in Historesin affegal staining
complex and dynamic patterns in a variety of tissues angazik et al., 1996). Paraffin-embedded sections were cutpah,6
organs, including the dorsal neural tube and neural crest, whehistoresin-embedded sections cut aird. Hematoxylin and Eosin
Pax3also is expressed (Mansouri et al., 2001; Wang et alStaining was carried out for histology. _
1996). Targeted inactivation dilsx1 reveals a role in the Whole-mount in situ hybridization was performed essentially as
development of the molar tooth and palate (Satokata and Mad§Scribed elsewhere (Hogan, 19Mjx2sense and antisense probes

o . - were generated by transcription with T3 and T7 RNA polymerase,
1994). Inactivation oMsx2causes defects in calvarial bones,r spectively, and labeled with digoxigenin-labeled UTP. The Pax3

skin and mammary glands. Though not characterized in detafjiope, a kind gift from Martyn Goulding, was derived from a 530 bp
Msx1IMsx2 double homozygous mutants die in utero atyindiil-Pst fragment of the murin@ax3 cDNA (Goulding et al.,
approximately E16, with profound defects in cranial neural991). After whole-mount in situ hybridization, frozen sections (30
crest development (Satokata et al., 2000). um) were prepared and photographed under Nomarski optics.

The overlap in the expression domainsPak3 Msx1and Photographs were digitized and the images processed in Adobe
Msx2, together with the involvement of each in neural cresPhotoShop.

devel_opment, prompted us to ask Wheth(—?‘r 't.hese genes In'[er%(;"athotyping and statistical analysis of genetic crosses

functionally. Consistent with such a possibility, we found thatDNA was prepared from mouse tails as described (Hogan, 1994)
loss of Msx2 function rescues the C?‘rd'ac defectSyilotch Splotchand Msx2knockout mutants, anélisx2-lacZtransgenes (Liu
mutant embryos, as well as defects in the dorsal root gangllgl, al., 1994) genotypes were determined by PCR. Distinguishing the
thymus and thyroid. Both the endogenddsx2 gene and  gpjotchand wild-typePax3alleles required two reactions, one with
transgenes comprising fragments of Mex2promoter fused  the UM and CD primers and the other with the UW and CD primers.
to lacZ were upregulated in the dorsal postotic hindbrain ofPCR was performed for 35 cycles with an annealing temperature of
Splotch homozygous mutants, suggesting thilisx2 is  55°C and an expected product of 158 bp. Oligonucleotide primer
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sequences foPax3 were as follows: wild-type forward (UW),'5 A
GTGTGCGCTCCTCTTTTCTCCAG-3 Splotchforward (UM), 3- Genetic cross Pax3%P/SP pups / total pups
CGTGTGCGCTCCTCTTTCGTGTG!3and reverse (CD), &TC- 50+ 5o+
GCTCACTCAGGATGCCATC-3 Genotyping ofMsx2 knockout Pax3™" X Pax 0/78
mice was performed as previously described (Satokata et al., 2000 /- p/+ /- D/+
Confidence intervals foMsx1-Pax3and Msx2-Pax3interactions MRS PR+ S M PR L
were computed using the method of Louis (Louis, 1981), whict Msx1~: Pax350’* x Msx1*~: Pax3Se/ 0/45

allows calculation of a one-sided confidence interval for a binomia
parameter after observing no successes.

Msx2”"; Pax35P/SP

Electrophoretic mobility shift assay (EMSA)

Oligonucleotides containing Pax site 1 are as follows: Pax site 1 upp
(5-GCCGAAGTCACACAGCGAATG-3), Pax sitel lower (5TGG-
ACATTCGCTGTGTGACTT-3).

Oligonucleotides containing the high affinity Pax3 site 'Nf3
(Epstein et al., 1995): Nfaupper (5CTAGTGTGTGTCACGCT-
TATTTTCCTGTACTTATTG-3), Nf3' lower (3-CTAGCAATAA-
GTACAGGAAAATAAGCGTGACA-3).

Oligonucleotides containing a mutant Pax sitel are as follows: 1\
upper (5GCCGAAGGATATCGTGAAATG-3), 1M lower (3-TGG-
ACATTTCACGATATCCTT-3).

Upper and lower strands were annealédi)l&d in with 32P-dCTP
and Klenow fragment, and purified on Sephadex G-25 columns. Pa:
protein was generated by coupled transcription/translation using tf
Promega T7 TnT kit. Binding reactions contained 10,000 cpm o
oligonucleotide probe, reaction buffer (10 mM Tris-HCI pH7.5, 50
mM NacCl, 7.5 mM MgC4, 1 mM EDTA, 0.1% NP-40, 5 mM DTT,
5% sucrose, 5% glycerol), Og poly d(I-C), and 0.5, 1, 2 or | ' L el |
lysate in a 151 volume. Bovine serum albumin (BSA) was used to . ’ 4
equalize the protein concentrations in different reactions. Reactiori>
were carried out at°€ for 30 minutes, then run on 6% acrylamide Fig. 1. Targeted inactivation dflsx2but not ofMsx1suppresses the
gels in Tris-glycine buffer. Gels were dried and autoradiographed. embryonic lethality of the homozygo&plotchgenotype. Mice with

targeted mutations iksx1or Msx2were intercrossed wit8plotch
mutant mice as indicated in A. (B) A gross view of a newborn

RESULTS Msx27— Pax$P/Sppup. These mice typically had exencephaly (C),
spina hifida (D) and craniofacial abnormalities including a
Suppression of embryonic lethality of the foreshortened snout.

homozygous Splotch mutation by a targeted
mutation in  Msx2 but not in Msx1

To investigate the relationship betwedeax3 MsxlandMsx2, shown to live beyond midgestation, the expected incidence of
we intercrossedSplotchmutant mice withMsx1 and Msx2  neural tube defects in term pups generated by croSgilegch
knockout mice. Extensive studies conducted onSpitch  heterozygotes is zero. These results suggest that the genetic
mutant have shown that virtually 100% Rdx3PP/SPanimals  combination that includes th&plotch mutation and the
die in utero at approximately E13.5 of heart failure (AuerbachtargetedMsx2 allele enableax$P/'SPembryos to survive to
1954; Li et al., 1999). Nearly all suétax3P/Sranimals exhibit  term.
spina bifida, which can occur with or without exencephaly In contrast to these results, the crodsxI”—; Pax3’- x
(Auerbach, 1954)Msx1’~ animals exhibit cleft palate and MsxI"—, Pax3”- produced ndPax3”’- animals at the newborn
tooth defects but survive to term (Satokata and Maas, 1994tage (0/45) (Fig. 1A). This outcome was significantly different
Msx27- animals have defects in craniofacial structures, skirfP<0.05) from the expected result if thdsxt’— or Msx1-
and mammary gland, but are viable and able to reproduagenotypes could rescueax3P/SPembryos to viability. The
(Satokata et al., 2000). Neithdisx1nor Msx2mutant animals rescue of Pax3$P/SP embryos was therefore correlated
have detectable anomalies in the cardiac outflow tract or neurgppecifically with theMsx2knockout allele.
tube (S. K. and R. M., unpublished observations). We next sought to exclude the possibility that a strain
Double heterozygous mutant combinationdsxI-; background effect was responsible for the apparent rescue of
Pax3P'+ andMsx2"—; Pax3$P’*) did not exhibit changes in any Splotchmutant embryos by thilsx2knockout. In the crosses
Splotchmutant phenotypes (not shown). However, intercrossedescribed above, th&plotch mutant was in a C57BL/6J
of Msx27— Pax3P* mice revealed a strong and unexpectedbackground; théisx1and Msx2knockouts were in a largely
genetic interaction. Whereas control intercrosseBaof$P*  C57BL/6J background (5-6 generations), but were initially in
mice yielded no newborn mice with tiRax3P/SPgenotype a mixed BALB/cJ and 129/SvJ background (Satokata et al.,
(0/78), Msx2'=; Pax$P/* intercrosses produced a significant 2000). Arguing against a strain effect was, first, the fact that
fraction of newborns (17/77; 22%) that were homozygous foMsx1mutant mice did not rescue, yet had the same background
the Splotchmutation (Fig. 1A). All of these animals had spinacomposition as th&lsx2 mutant mice. Second, there was a
bifida with or without exencephaly, and all died in the neonataight correlation between the rescue phenotype aniithe
period (Fig. 1B-D). APaxPP/SPhomozygotes have not been genotype: we did not see any rescued animals that did not carry
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the targetedVisx2 allele. A third argument came from the individuals, and examined the progeny for teRax3$P/SP
results of test crosses in which we examined the effect @hnimals. Of 64 newborns in the 129SvJ background, and 85 in
the BALB/cJ and 129/SvJ backgrounds on the viabilitythe BALB/cJ background, none had neural tube defects and
of Pax3®P/SP embryos. We producedPaxFP* in mixed none wasPaxFP/SP These data show clearly that neither the
C57BL/6J/BALB/cJ and C57BL/6J/129/SvJ backgrounds. Wel29SvJ nor the BALB/cJ background per se had a detectable
then carried out inter se matings betwe®ax$P+  effect on the frequency of viabRax3FP/Srat the newborn stage
C57BL/6J/BALB/cJ and betwedPaxPP/* C57BL/6J/129/Sv]  (P<0.001). We conclude that reducédsx2 gene function

Wild-type

E13.5

Newborn

E13.5

Fig. 2. Targeted inactivation d¥lsx2selectively rescues derivatives of the cardiac neural cr&glatichmutant mice. We show a histological
analysis of the influence of a targeted mutatioM&x2on neural crest derivatives affected by 8potchmutation. These included the cardiac
outflow septum (A-l), the glossopharyngeal (IXth) ganglion (N-Q), dorsal root ganglia and sympathetic ganglia (R-U). Theumy@kcajd
though not derived from neural crest, is known to be affected fyplaéchmutation (Li et al., 1999). Note the lack of septation of the aortic
and pulmonary channels in tRax3P/SPembryo (C) but normal septation in thisx2-/— Pax$P'Srembryo (E). Note normal morphology of a
Msx27— Pax$P/Srat the newborn stage, both at level of outflow vessels (I) and myocardium (L) compared with wild-type (®sB2ind
(H,K) animals. Both the glossopharyngeal ganglion and the thoracic sympathetic ganglion are &as&ft'flembryos (0,S). In contrast to
the cardiac outflow septum, neither is rescuedsr2”— Pax3$P/SPembryos (Q,U). The dorsal root ganglia, also reduced or abseax#P/Sp
(S), are partially rescued Msx2/~; Pax$P/SP(U) embryos. IX, glossopharyngeal ganglion; a, aorta; aa, arch of aorta at site of entrance of
ductus arteriosus; ap, aorticopulmonary trunk; drg, dorsal root ganglion; hm, hypaxial muscle; lv, left ventricle; p, ptlomdnavy right
ventricle; sg, sympathetic ganglion. Scale bar: |5®0
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specifically rescuedPaxPP/SP embryos to viability at the partial rescue of the dorsal root ganglia occurred to an equal

newborn stage. extent along the rostrocaudal axis (data not shown). Both the
thymus and thyroid were normal (data not shown). The

Loss of Msx2 function rescues a subset of neural Msx2/genotype thus had a differential effect on different

crest defects in - Pax35PSP embryos neural crest-derived structures, ranging from a complete

To determine whether tidsx2/—genotype rescued the cardiac rescue of the cardiac outflow septum to no effect on the
neural crest-related phenotypes &plotch homozygous glossopharyngeal ganglion. We conclude that the functional
mutants, we compared the morphologies of wild-tyyex2--, relationship betweerPax3 and Msx2 differs in individual
Pax3P/Spand Msx27—; Pax3P/SPhearts at E13.5 (Fig. 2B-E) subpopulations of neural crest.
and at newborn (Fig. 2G-L) stages. Analysis of serial We did not observe any modification of non-neural crest
transverse sections at E13.5 showed normal outflow tract apthenotypes inPax3-Msx2 double mutants compared with
aortic arch anatomy in wild-type amdisx2knockout embryos Splotchmutants. Two classes of neural tube defects were found
(Fig. 2B,D). As expectedPaxFP'SPembryos (5/7) exhibited in the double homozygousMéx2’— Pax3P/S) pups that
either persistent truncus arteriosus, defective remodeling @scaped midgestation death and survived to term: spina bifida
aortic arch arteries, or both, consistent with an effect on cardiatone (64%), and exencephaly and spina bifida together (36%).
neural crest development (Fig. 2C). By contrastMak2/—  Analyses of Pax3P/SP animals in utero yielded similar
Pax$P/Srhearts examined (3/3) had normal outflow tract angercentages (data not shown). The diaphragm muscle of
aortic arch development (Fig. 2E). At the newborn stage, heariésx2”—; Pax3P/SPdouble mutant pups was absent, and these
of Msx2=; Pax3$P/Smewborns were grossly normal, with both mice did not breathe at birth (data not shown), demonstrating
the ascending aorta and pulmonary artery clearly visible (dathat theMsx2/~ genotype did not rescue muscle development
not shown). Transverse sections confirmed that the aorta aid Splotch The effect of theMsx2/~ genotype onSplotch
pulmonary artery were distinct and that there were no aortimutants was therefore specific to a limited number of neural
arch anomalies (5/5) (Fig. 2I). Sections at the level of therest-derived structures.
ventricles revealed that the myocardia of the double mutant _ ) o )
embryos were indistinguishable from those of wild-type and/pregulation of Msx2 in the postotic hindbrain of
Msx27/—embryos (5/5) (Fig. 2J-L). Thus tihdsx2’-genotype  Splotch mutant embryos
rescued not only the embryonic lethality of the homozygou3he simplest model to explain the genetic interaction between
Splotchmutation, but also the developmental anomalies of th&lsx2andPax3in cardiac development is thBax3negatively
neural crest-derived and neural crest-dependent structures refjulatesMisx2 gene activity in the cardiac neural crest or in a
the Splotchmutant heart. tissue that influences the development of the cardiac neural crest.
We next asked whether other neural crest-derived structur@$e Splotchcardiac phenotype can be rescued by expression of
affected by theSplotchmutation were rescued. Pax3P/SP Pax3driven by a segment of theax3 promoter that directs
embryos, as previously described (Auerbach, 1954; Li et alexpression to the neural tube and neural crest (Li et al., 1999);
1999), the glossopharyngeal ganglion of the IXth cranial nervehus, we expected the interaction betwiglsx2andPax3would
and the sympathetic ganglia were completely absent (Figccur in one or both of these tissues.Pag3is downregulated
20,S; Table 1). The dorsal root ganglia were absent @oon after cardiac neural crest cells emigrate from the postotic
substantially reduced. The thyroid was reduced in size (datandbrain at E9-10 (Conway et al., 1997c; Epstein et al., 2000),
not shown), and the thymus, though visible, failed to undergwe also predicted that any functionally important change in
migration (data not shown). Analysis of serial transversélsx2expression would occur in the dorsal neural tube or in the
sections showed that iMsx2/—; Pax3P/SP double mutant neural crest during the early phases of its migration.
embryos, the sympathetic ganglia were absent at all axial levefgcordingly, we tested the effect of ti®plotchmutation on
(Fig. 2U). Similarly, the glossopharyngeal ganglion, which isMsx2expression in the hindbrain and neural crest at E9.5.
derived from r6 (Manzanares et al., 2000), was not rescued by Whole-mount in situ hybridization experiments on wild-type
theMsx27/-genotype (Fig. 2P-Q). The dorsal root ganglia wereembryos showed thalsx2was expressed strongly in r5, and
visible in double mutant embryos but were reduced in sizeower at levels caudally (Fig. 3B,Efax3 by contrast, was
compared with wild-type drisx2/-embryos (Fig. 2R-U). This expressed at relatively lower levels in the otic region (r4 and
r5) but at higher levels caudally (Fig. 3A,D).3plotchmutant
embryos, there was an increase in the intensity ovite2
Table 1. Influence ofMisx2-/— genotype onPax3PSPneural hybridization signal in the postotic hindbrain relative to the otic

crest phenotypes region (Fig. 3C,F).
PaxFpisp Transverse sections of whole-mount preparations showed
Wild-type Msx2- PaxFP/sP  Msx2/- that at the level of the otic vesicle (rB)sx2was expressed in
Cardiac outflow fract N ; N the dorsal neural tube whiRax3was expressed more ventrally
Dorsal root ganglia + ¥ +- and laterally (Fig. 3G,H). In the postotic neural tube (r6-8),
Thoracic sympathetic ganglia + + - Msx2was expressed in a medial to lateral gradient, with the

Thyroid + + + highest levels medially (Fig. 3KMsx2 was expressed at a
Thymus * * * relatively low level in the mid-dorsal region of the neural tube
Glossopharyngeal nerve (1X) + + -

(Fig. 3K), whilePPax3transcripts were present throughout the
The indicated structures were examined histologically (see Fig. 2). dorsal neural tube (Fig. 3J). 8plotchmutant embryosvisx2
-, a substantial morphological deficiency; +, a wild-type appearance. See expression expanded, occupying a greater proportion of the
text for details. Pax3domain than in wild-type embryos. This was particularly
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Wild-type Pax3Sp/Sp

Probe: Pax3 Msx2 Msx2

Fig. 3. Altered expression of
Msx2in Splotchmutant

embryos. Embryos at E9.5

were allowed to hybridize with
digoxygenin-labeled antisense
probes againg?ax3(A,D,G,J)
andMsx2(B,C,E,FH,I,K,L).
(A,B,D,E,G,H,J,K) Wild-type
embryos; (C,F,|,LPax3r/Sp
embryos. Brackets indicate the
region of the postotic

hindbrain from which the

cardiac neural crest originates.
(D-F) are higher magnification
views of hindbrain region of
images shown in A-C.

(G-L) Cross sections of

embryos shown in A-C. G
Arrows to the right of D-F

indicate the levels of the
transverse sections. Sense 3
probes did not hybridize

detectably (not shown). Note

the expansion df1sx2

expression in dorsal J

(arrowhead) and lateral (arrow) 4
regions of postotic neural tube

of Pax3P/Srembryos (L). :

0, otic vesicle; r5, rhombomere ' -3

5. Scale bars: 100m. ]

evident in the postotic hindbrain (r6-8), whéfex2expression recapitulate endogenoullsx2 expression accurately in a
expanded into the dorsal and lateral regions of the neural tulariety of sites in the embryo, including the hindbrain and
(Fig. 3L). These data are consistent with the prediction of ounigratory cardiac neural crest (Liu et al., 1994; Liu et al., 1999;
genetic experiments thRax3negatively regulatellsx2in the  Lazik, 1999).

postotic hindbrain and neural crest. We crossed thd1Msx2-lacZand A2Msx2-lacZtransgenic

] o mice withSplotchmutant mice. Embryos hemizygous for the
A 560 bp segment of the Msx2 promoter is sufficient Msx2-lacZ transgenes and homozygous for tS@lotch
for upregulation of = Msx2 transgenes in the postotic mutation were examined at E9.5 f@rgalactosidasep(gal)
hindbrain of = Splotch mutant embryos activity. In whole-mount preparations of E®Splotchmutant

To determine whether the increase in lh&x2 expression in  embryos, both thA1Msx2-lacZandA2Msx2-lacZAransgenes
Splotchmutant embryos was caused by an effectMsx2  were upregulated in the postotic hindbrain (Fig. 4B,C)
promoter activity, we asked whether transgenes containingimilarly to the endogenou#lisx2 gene (Fig. 3F). We
regions of theMsx2 promoter fused to éacZ reporter were prepared both transverse sections and longitudinal sections
upregulated inSplotch mutant embryos. We first used two through the hindbrains of such embryos and examined them
previously characterized transgenic lines (Liu et al., 1994; Liwnder dark field, which affords greater sensitivity than
et al., 1999). One included a 13 Msx2genomic fragment standard bright field imaging (Lazik et al., 1996). Stronger
with a lacZ gene inserted near thé énd of the first exon signals are blue, weaker signals pink. Transverse sections
(A1Msx2-lacZ Fig. 4A), the other a 6.2 kb genomic fragmentthrough the postotic hindbrain showed an increasg-gal
fused to alacZ reporter A2Msx2-lacZ Fig. 4A). The activity in the dorsal neural tubes of homozyg&motch
embryonic expression patterns of several indepentigvisx2- mutant embryos relative to wild type (Fig. 4D,E). These
lacZ andA2Msx2-lacZines have been documented previouslychanges were similar to those of endogersis2transcripts

(Liu et al., 1994; Liu et al, 1999). Both were found to(Fig. 3K,L).
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Fig. 4. Transgenic analysis identifies a 560 bp Pax3-responsive region withisi2@romoter. (A) Schematic maps Mtx2-lacZtransgene
constructsAl andA2 contain dacZ gene inserted in the first exat3 andA4 comprise the indicated promoter fragments fused tusp68
minimal promoter antacZ reporter. (B-N) Effect of th&plotchmutation on transgene expression in E9-9.5 embryos. (B,C,L) Dorsal views of
whole-mount preparations. Brackets indicate the approximate location of the cardiac neural crest. Note increased stapustptitth
hindbrain ofA1Msx2-lacZ A2Msx2-lacZandA4Msx2-lacZtransgenes iRax3P/SPembryos. The embryos in L are at a slightly earlier stage
than those in B,C, which accounts for the lower overall level of staining in the hindbrain and neural tube. Embryos inv&esédtioned in
the transverse plane. Shown below the whole mounts are sections (D,E,M,N) at the levels indicated by arrows to the teghtafrigo
B-gal expression is imaged in dark field. Pink indicates a low to moderate signal, blue a more intense signal. Note theoéfpgaision
expression into the dorsal (arrowhead) and lateral (arrow) regions of the neural $pb&tciimutant embryos, mirroring the change in
endogenoudsx2expression (Fig. 3). (F,G) Longitudinal sections through the hindbrains oAERISx2-lacZembryos. (H-K) Higher
magnification views of the boxed regions in F,G. Note increased staining in both preotic crest and cardiggpbosstémbryos compared
with wild type. cc, cardiac crest; n, neural fold; o, otic vesicle; pc, preotic crest; r5, rhombomere 5. Scale pars: 100
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In longitudinal sections ofSplotch mutant embryos, Table 2. Effect of Pax site 1 mutation od4Msx2-hsplacZ

increasedf3-gal staining was also evident in streams of transgene expression

migratory cranial neural crest (Fig.4F-K). Serial sections Transgene
revealed that in wild-type embryos, these streams extend: Expressing § upregulation
from the preotic and postotic hindbrain into the branchia transgenic & in neural tube
arches and cardiac outflow tract (data not showngpliotch A4Msx2-hsplacZ 11/13 0/11
mutant embryos, the postotic streanfajal-positive crest did A4Msx2-hsplacZ 7/10 717

not extend into the branchial arches and outflow tract, bt (Pax site 1 mutant)
rather remained in a small cluster adjacent to the dorsal neu £ . :
. i . mbryos were analyzed f@rgal expression transiently at stages from

tube. Preotic streams Bfgal-positive crest were unaffected in gg 5 to E11.5. Upregulation of mutant transgenes in the dorsal neural tube
Splotchmutant embryos (data not shown). These results aiwas assessed by comparison with the expression of control transgenes
consistent with previous findings that cardiac neural crest cel(44Msx2-hsplacandA1Msx2-lacZ, which were expressed identically in the
in Splotchmutant embryos exit the neural tube but do not reacdorsal neural tube. All staining was performed under the same conditions.
the outflow tract in normal numbers (Epstein et al., 2000).

To further localize thé®ax3responsive region of thielsx2 1 probe to bind Pax3 (Fig. 5B). These results show that Pax
promoter, we surveyed a series of fragments within the 6.2 kdite 1 is capable of binding Pax3 specifically.
5 flanking sequence for their ability to direct reporter gene To test whether Pax site 1 has a functional role in the control
expression to the hindbrain. A 1.8 kb fragmedBNisx2- of Msx2transgene expression in the hindbrain, we introduced
hsplacZ Fig. 4A) was found to be sufficient for hindbrain the 6 bp Pax site 1 mutation (Pax site 1M) into the 56@dip
expression (not shown). Further deletion analysis within thisransgene 44Msx2-hsplacZ Pax site JMWe injected this
fragment identified a 560 bp fragment, designaldiisx2-  construct into mouse zygotes and analyzed transgenic embryos
hsplacZ(Fig. 4A), that was expressed in neural tubes of E9.8ransiently at E9.5. As is apparent in Fig. 5D, fVsx2-
embryos in a manner consistent with endogenous expressidrsplacZbearing the Pax site 1 mutation exhibited expanded
We crossed transgenic mice carrying the 56@abgptransgene  expression in the neural tubes of E9.5 embryos relative to the
(two independent lines) witBplotchmutants and examined A4Msx2-hsplacZ control embryo (Fig. 5C) (Table 2).
transgene expression in the hindbrain. As can be seen in wholg-ansverse sections of E9.5 embryos revealed a lateral and
mounts (Fig. 4L), transgene expression was upregulated in trentral expansion of thg-gal signal (Fig. 5E,F) similar to that
postotic hindbrain ofSplotch mutants relative to wild-type observed for théd1Msx2-lacZandA4Msx2-hsplacZransgenes
or heterozygous mutant embryos. Transverse sections theSplotchbackground (Fig. 4E,N). Sonfiegal activity was
immediately caudal to the otic vesicle showed that transgeraso observed in the ventromedial region of the neural tube,
expression in the neural tube expanded laterally and ventralbutside the domain dPax3 expression (Fig. 5F), suggesting
(Fig. 4M,N). This upregulation was similar to that of thethattranstegulatory factors other thdPax3may act through
endogenousMsx2 gene, as well as the 13 kb and 6.2 kbPax site 1 to inhibit the expression of thdMsx2-hsplacZ
transgenes. These data show that a 560 bp segmenti$xBe transgene in the ventral neural tube. A 140 bp deletion of the

promoter is sufficient to respond Bax3inactivation. Pax site 1 and surrounding DNA caused a similar upregulation
of transgene expression in the postotic neural tube (data not
A cis-regulatory element that binds Pax3 and shown), supporting the view that the Pax site 1 mutation
inhibits Msx2 transgene expression in the postotic inactivates a repressivas-regulatory element. In summary,
hindbrain our results suggest that Pax site 1 functions in the control of

We next asked whether the effectRasix3on Msx2transgene Msx2expression in the neural tube and neural crest, and that

expression occurs via a direct interaction watkregulatory it does so through a direct interaction with Pax3.

elements in théMsx2 promoter. A Blast search of the human

genome with thePax3responsive 560 bpMsx2 promoter

segment produced a single hit at the human MSX2 locus 95 HBISCUSSION

upstream of the translation start (Fig. 5A). The murine and

human sequences exhibited 87% identity over 520 bp. WithiiMe provide genetic and molecular evidence in support of a

this region of identity was a single consensus Pax3 sitinctional interaction betwedPax3andMsx2in mammalian

(Chalepakis and Gruss, 1995; Epstein et al., 1996; Galibert eardiac developmeniVe show that loss dfax3function leads

al., 1999). This site was also similar to a 14 bp region of theo upregulation oMsx2in the neural tube and cardiac neural

tyrosinase-related protein Tyfpl) promoter that binds Pax3 crest. A genetic manipulation that prevents the upregulation of

and is required for Pax3-mediated transactivation in coMsx2rescuesSplotchmutants to viability and also rescues the

transfection assays (Fig. 5A) (Galibert et al., 1999). cardiac morphological defects, providing evidence that
The similarity of the human and muriddsx2 sequences, increased expression dfisx2 is causally related to the

together with our genetic data identifying the 560 fragment adeficiency in cardiac neural crest development inSpbtch

Pax3-responsive, suggested that the conserved Pax3 site mighitant mouse. A mutation that interferes with Pax3 binding to

be involved in the upregulation @flsx2 in Splotchmutant a conserved consensus site within W&x2 promoter causes

embryos. EMSA experiments showed that Pax site 1 waan upregulation oMsx2transgene expression in the postotic

capable of binding recombinant Pax3 protein with an affinityhindbrain similar to that observed for the endogendss?2

comparable with a known high affinity Pax3 binding site (Fig.and Msx2 transgenes irSplotch These results suggest that

5B) (Epstein et al., 1995). A 6 bp base substitution mutatioRax3normally acts to suppressx2function, and furthermore

(Pax site 1M) substantially reduced the ability of the Pax sitsuggest thalsx2is a direct transcriptional target B&x3
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Fig. 5. Mutation of a conserved Pax3-binding site causes
upregulation of aMsx2transgene in the postotic hindbrain. (A)
Alignment of homologous regions of human and mukiisx25'
flanking sequence. A stretch of 520 bp within the Pax3 responsive
region matched closely (87% identity) with a region in thitabking
sequence of the humahSX2gene. This stretch included a single,
highly conserved Pax3 binding site (Pax site 1). We show the
nucleotide sequence of Pax site 1 and surrounding DNA aligned wit
the humarMiSX2locus. Also shown is a Pax3 site in thepl

promoter (Galibert et al., 1999), a high-affinity Pax3-binding site,
Nf3’ (Epstein et al., 1995) and the Pax3 consensus (Chalepakis an
Gruss, 1995; Epstein et al., 1996). Pax site 1M is a base substitutio
mutant of Pax site 1. Bold letters show identity with the consensus
sequence. (B) Protein titration EMSA analysis of Pax3 binding to
Nf3’, Pax site 1 and Pax site 1M. In vitro synthesized Pax3 protein
(0.5, 1, 2 and Bll) was incubated with radiolabeled Nf8anes 1-4), Pax site 1 (lanes 6-9) or Pax site 1M (lanes 12-14). Mock transcription-
translation lysate (no DNA added) () was used as a background control (lanes 5,10,11). Protein-DNA complexes were visualized by
autoradiography. (C-F) Effect of Pax site 1 mutatiomdNIsx2-hsplacZransgene expression. Embryos carrying eitheAther A4 Pax site

1M transgene were stained at E9.5Fagal expression. (C,D) Dorsal views of whole mounts. The region of the neural tube from which the
cardiac neural crest originates is indicated by brackets. The position of rhombomere 5 (r5) is shown to the left, tiotedig e right.
Note elevated X-gal staining in the postotic neural tube of the Pax site 1 mutant embryo compared with the wild typetidEsRh&ergh

the postotic neural tubes (arrows) of the embryos in (C,D). Note ventral and lateral expansion of X-gal stain in mutsivie(E) véld-type

(E) (arrows). Also note ectopic stain in ventromedial neural tube of mutant (F) (arrowhead). Scale jinax:: 100

Upregulation of Msx2 is necessary for the numbers to allow normal morphogenesis of the outflow septum
development of the  Splotch cardiac phenotype or remodeling of the aortic arch arteries (Epstein et al., 2000).
Despite a report suggesting that the ability of neural crest cellrurthermore, these defects are likely to be cell-autonomous, as
to migrate in vitro is impaired by tHgplotchmutation (Moase they can be rescued by expression of wild-tyae3driven by

and Trasler, 1990), more recent studies have shown that theneural crest- and neural tube-specific region of Féwe3
Splotchmutation does not affect migration per se, but rathepromoter (Li et al., 1999).

results in (1) a reduction in the number of cardiac neural crest Our genetic analysis shows thitsx2 is a part of the
cells emigrating from the neural tube (Conway et al., 2000)egulatory machinery through whi&ax3controls neural crest
and (2) subtle impairment of the guidance of migrating creslevelopment. Whereas homozygao8plotch mutants die at
cells such that they do not reach the outflow region in sufficieriE13.5,Msx2-Pax3double homozygous mutants survive to the
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newborn stage and exhibit normal cardiac outflow andegulatesMsx2through a direct effect on its promoter. First,
myocardial anatomy. ThaMsx2 is upregulated in the Msx2 lacZtransgenes are upregulated in the dorsal neural tube
hindbrains ofSplotchmutant embryos, the site of origin of the of Pax3P/SPembryos in a manner similar to the endogenous
cardiac neural crest, together with the finding that a genetisx2gene. Second, the 560 Bpx3responsive region of the
manipulation that reducédsx2gene function can rescue the Msx2 promoter includes a 520 bp stretch that is highly
cardiac neural crest defects dbplotch suggests that conserved (87%) in'Slanking DNA of the humaMSX2gene.
upregulation oMsx2is required for thé&plotchcardiac neural  Within this stretch is a single conserved Pax3 consensus site
crest defects. The simplest explanation for how a deficiency ithat Pax3 binds with high affinity. Third, mutation of this
Msx2can rescue th8plotchcardiac neural crest phenotype is element, designated Pax site 1M, causes upregulatigis)t
that theMsx2 deficiency restores the ability of cardiac neurallacZ transgene expression in the dorsal neural tube. This
crest cells to migrate appropriately to their destinations in thapregulation is similar in spatial pattern to that of khgx2
outflow tract. However, other explanations, such as th&acZtransgenes in thplotchmutant background. These data
respecification of other crest populations or a compensatostrongly suggest that Pax3 regulatdsx2 lacZtransgenes
increase in the proliferative activity of cardiac crest cellsthrough a direct interaction with Pax site 1. Whether Pax site
remain possible. 1 is functional in the context of the endogenblsx2promoter

The interaction betweePax3andMsx2is remarkably cell- is unclear, though our in situ hybridization data show that in
type specific. Reducetlsx2 activity does not rescue the the Splotchmutant background, the changes in the pattern of
Splotchmuscle or neural tube defects, nor does it rescue afindogenoudisx2expression are strikingly similar to those of
Splotchneural crest defects. While the cardiac neural cresthe A4dMsx2-hsplacZransgene bearing a mutation in Pax site
thymus and thyroid defects are suppressed completely in tie An analysis of approximately 13 kb of genomic sequence
Msx2-Pax3double mutant, othePax3related neural crest flanking theMsx2gene has thus far failed to identify additional
defects are either partially rescued or unaffected. It iglements capable of drivingsp68-lacZexpression in the
particularly striking that the glossopharyngeal ganglion, whicneural tube and neural crest; thus Pax site 1 may be of crucial
is formed from neural crest originating from r6, within theimportance in the context of the endogenblsx2promoter.
rostrocaudal domain of the cardiac neural crest (Manzanares etThe molecular defect iBplotchis an A- T transversion in
al., 2000), is not rescued. This differential effect of Mex2  a splice acceptor site, which results in four aberrant transcripts
genotype on different crest populations suggests that tH&pstein et al., 1993). Three of these are predicted to produce
regulatory interaction betwedPax3andMsx2in the cardiac truncated proteins; one can direct the synthesis of a near full-
neural crest occurs after the specification of the credength protein that lacks only 45 amino acids encoded by exon
population that gives rise to the outflow septum, thymus and (Pax3A exon4). This deleted segment comprises a region of
thyroid, and the crest population that gives rise to the cranighe paired domain and the highly conserved octapeptide motif.
and sympathetic ganglia. A8ax3is downregulated shortly The paired domain is required for DNA binding (Machado et
after crest cells emigrate from the neural tube (Epstein et ahbJ., 2001). The octapeptide motif is involved in dimerization
2000), it is likely that cardiac crest is specified before itand other protein-protein interactions (Chalepakis et al., 1994;

migration into the outflow tract. Machado et al., 2001). Although transcripts that lack exon 4
) N have been detected Pax$P'SPembryos, whether they are

Nonequivalence of Msx1 and Msx2 as modifiers of translated is not known. Our finding that a mutation in Pax site

Pax3 1 in the Msx2 promoter results in upregulation of &msx2

Our genetic data show that loss M6x1 function does not transgene similar to the upregulation of endogerisis2in
rescueSplotch mutants to viability. Although we have not Pax®P/¥nutant mice is consistent with the view that the
examined the hearts bfsx1-Pax3ouble mutant embryos, the molecular lesion irBplotchmutants is either a simple absence
simplest explanation for this lack of rescue is thatNfsx1  of Pax3 protein (owing, for example, to destabilization of the
knockout fails to suppress the lethal cardiac defe@pbddtch ~ mutant protein), or is a result of a failure of the mutant Pax3
This apparent non-equivalenceMéxlandMsx2is surprising  protein to form a functional complex on the target DNA.
as analysis ofMsx1-Msx2double mutant phenotypes suggestsDespite lacking a portion of the paired domain, the Rax3-
that these genes function redundantly in the development of @xon 4 protein is capable of binding DNA (Chalepakis et al.,
least some structures derived from the cranial neural crest994). That this protein lacks the octapeptide motif suggests
including the calvarial bones (Satokata et al., 2000). Théhat if the Pax3A exon 4 transcript is in fact produced and
inability of the Msx1 mutation to rescue th@plotchmutant is  translated in the cardiac neural crest, then its protein product
not due simply to non-responsivenesd/sik1to regulation by may fail to recruit a partner required for transcriptional
Pax3 our in situ hybridization results show thietsx1lis  repression. Candidates for such a repressor include Groucho-
upregulated in the postotic hindbrain &plotch mutant related and Daxx proteins, both of which can interact with Pax3
embryos in a manner similar dsx2 (data not shown). The through the octapeptide motif (Eberhard et al., 2000;
failure of theMsx1 mutant to rescue is therefore more likely Hollenbach et al., 1999). Daxx requires, in addition to the
to be related to functional differences between the Msx1 anoctapeptide, sequences within the homeodomain for
Msx2 proteins, which have virtually identical homeodomaindnteraction with Pax3 (Hollenbach et al., 1999). It is intriguing
but distinct N-terminal and C-terminal domains (Bell et al.that the SplotcB" mutant, which also exhibits defective

1993). outflow tract development (Conway et al., 1997b), has a 32 bp
) . o deletion in the homeodomain (Epstein et al., 1993). Thus a
Role of Pax3 in the regulation of ~ Msx2 transcription common molecular mechanism, which involves an interaction

Three lines of evidence support the hypothesis Bat3  between Pax3 and Daxx or another transcriptional repressor,
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may lead to increasellsx2 expression and consequently to M. by a predoctoral fellowship from the American Heart Association,
cardiac neural crest defects in bddiplotch and Splotci#H  Western States Affiliate (0010040Y).
mutant mice.
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causesMsx2 transgene expression to expand into Ba3 REFERENCES
expression domain, but also causes a low level of ectopic
expression n the ventromedial neural tube, outsidePthea Asher, J. H., Jr, Harrison, R. W., Morell, R., Carey, M. L. and Friedman,
domain. This ectopic expression raises the possibility that T. B. (1996). Effects of Pax3 modifier genes on craniofacial morphology,
proteins in addition téax3 may bind Pax site 1 and repress pigmentation, and viability: a murine model of Waardenburg syndrome
Msx2expression in the ventral neural tube. Candidates for sugp?21auon-Genomics3a, 285-298,

R . . N . . l;-t‘L'lerbach, R. (1954). Analysis of the developmental effects of a lethal

proteins include Pax6, which, like Pax3, binds Pax site 1 avidly mytation in the house mousk.Exp. Zool127, 305-329.
(M. R., unpublished), and is known to be expressed in thBanerjee, A. K. (1986). Waardenburg’s syndrome associated with ostium
ventral neural tube (Gruss and Walther, 1992). Members of thesecundum atrial septal defedt.R. Soc. Med9, 677-678. _ )
brachyury-related T-box protein family are also candidatesBe”' J., Char, B. R. and Maxson, R(1992). An octamer element is required
The Tvrol | | MSE d MSEi in th " for the expression of the alpha H2B histone gene during the early

e Tyrpl regulatory e _ements uan ! _Contam the development of the sea urchbev. Biol.150, 363-371.
sequence TCACAC, which has been shown to bind not onlgell, J. R., Noveen, A., Liu, Y. H., Ma, L., Dobias, S., Kundu, R., Luo, W.,
Pax3, but also Thx2 (Carreira et al.,, 1998; Galibert et al., Xia, Y., Lusis, A. J., Snead, M. L. et al. ¥993). Genomic structure,
1999)_ The MSEu and MSEi sites are required for both Pax3 chromosomal location, and evolution of the mouse Hox 8 geeromics

. . . 16, 123-131.
and . Thbx2 mediated regulation of Tyrpl in melanocytesBenda”’ A. 3., Ding, J., Hu, G., Shen, M. M. and Abate-Shen, €1999).
(Galibert et al., 1999). Msx1 antagonizes the myogenic activity of Pax3 in migrating limb muscle
precursorsDevelopmenii26, 4965-4976.
Msx2, Pax3 and BMP signaling Carreira, S., Dexter, T. J., Yavuzer, U., Easty, D. J. and Goding, C.

_ R. (1998). Brachyury-related transcription factor Tbx2 and repression

That Msx2 has a .We” documented role a.'s a bone of the melanocyte-specific TRP-1 promotbtol. Cell. Biol. 18, 5099-
morphogenetic protein (BMP) effector (Weinstein and gqgg
Hemmati-Brivanlou, 1999) raises the question of whether thenalepakis, G. and Gruss, P(1995). Identification of DNA recognition
BMP pathway figures in th8plotchneural crest defects and  sequences for the Pax3 paired dom@ene162, 267-270.
the genetic interaction betwebtsx2andPax3 Misexpression Chﬁﬁggh:; %és(i;sog}dg;?(’)t?ﬁ’:ne(ja?/(/:é’r cfet:]%ﬂ:gnf:;%n?nﬁgﬁb Egl\?;‘t)l-
experiments haye .shown that elevated Ieye_IsBm‘p4 can Acad. Sci. USAL 3685-3689.
induce apoptosis in neural crest that originates from theonway, s. J., Godt, R. E. Hatcher, C. J. Leatherbury, L.,
preotic and otic hindbrain (r3 and r5) (Graham et al., 1994). zolotouchnikov, V. V., Brotto, M. A., Copp, A. J., Kirby, M. L. and
Overexpression oMsx2 alone can cause a similar effect Creazzo, T.L.(1997a). Neural crestis involved in development of abnormal

; ; myocardial functionJ. Mol. Cell. Cardiol.29, 2675-2685.
(Takah?js.hl et ali’ 1998)'”A|th|0u9:3 apOptOSE has nk?'l: bee(E.lonway, S. J,, Henderson, D. J. and Copp, A. §1997b). Pax3 is required
reported in neural crest ce S$1D otchmutants, the possibi 't_y for cardiac neural crest migration in the mouse: evidence from the splotch
that the neural crest defects $plotchare a result of ectopic  (Sp2H) mutantDevelopment24, 505-514.
or upregulated BMP signaling, and that losdMsik2function ~ Conway, S. J., Henderson, D. J., Kirby, M. L., Anderson, R. H. and Copp,
suppresses these effects by attenuating such signaling jé. J. (1997c). Development of a lethal congenital heart defect in the splotch

. . (Pax3) mutant mous€ardiovasc. Res36, 163-173.
nevertheless an attractive hypothesis. Conway, S. J., Bundy, J., Chen, J., Dickman, E., Rogers, R. and Will, B.

It is intriguing thatMsx1 whose expression is positively . (2000). Decreased neural crest stem cell expansion is responsible for the
regulated by BMP2/4, can inhibit the myogenic activity of conotruncal heart defects within the splotch (Sp(2H))/Pax3 mouse mutant.
Pax3 (Bendall et al., 1999). This effect, which occurs via a Cardiovasc. Rest7, 314-328.

; AL [ ; ; ; i~copp, A. J.(1994). Genetic models of mammalian neural tube defE€dts.
direct protein-protein interaction, antagonizes the stimulatiofy Found. Symp181, 118-134.

of MyoD transcription by Pax3 and consequently antagonizeg ga,,0 T L., Godt, R. E., Leatherbury, L., Conway, S. J. and Kirby, M.

the terminal differentiation of muscle precursor cells. It iS L. (1998). Role of cardiac neural crest cells in cardiovascular development.
important to point out that this mechanism is fundamentally Annu. Rev. Physio60, 267-286.

different from the interaction betweeMsx2 and Pax3 in DaV;?;gg;(;#;ﬁfs)-ggﬁe‘;‘ﬁcﬂgg Z‘?f evolution of Msx genes: pointers and
cardiac crest de\(elopment O.n both .genetlc and momcu'%ﬁgke, M. M. (1964). New sblotch alléles in the mougeHeredity55, 97-
levels. In the cardiac credilsx2is genetically downstream of g1

Pax3 not upstream as would be predicted by Mex1-Pax3 Eberhard, D., Jimenez, G., Heavey, B. and Busslinger, M(2000).

model. In additionPax3 regulatesMstvia an effect on its Transcriptional repression by Pax5 (BSAP) through interaction with

promoter. Nevertheless, findings tHesx1 and Msx2 both corepressors of the Groucho famBMBO J.19, 2292-2303.
BMP eff infl h ivity Bax3 i | Edery, P., Lyonnet, S., Mulligan, L. M., Pelet, A., Dow, E., Abel, L.,
effectors, can Influence the activity In muscle Holder, S., Nihoul-Fekete, C., Ponder, B. A. and Munnich, A(1994).

precursors and neural crest respectively, raise the possib!lity ofmutations of the RET proto-oncogene in Hirschsprung’s disedatire
a general role for Msx geneBax3and the BMP pathway in 367, 378-380.

the development of migratory mesenchymal cell populationsEpstein, D. J., Vogan, K. J., Trasler, D. G. and Gros, R1993). A mutation
within intron 3 of the Pax-3 gene produces aberrantly spliced mRNA

transcripts in the splotch (Sp) mouse mutBmbc. Natl. Acad. Sci. US20,

; ; ; 532-653.
We thank Dr Karen Lyons for help with whole-mount in situ Epstein, J. A, Lam, P., Jepeal, L, Maas, R. L. and Shapiro, D. K1995).

hybridization. We also thank the USC/Norris Biostatistics Core for S g o :
statistical help. This work was supported by grants from the NIDCR Eﬁﬁn'ggg 'tlslgqlgj_%igngmerem'auOn of cultured myoblast cdlisSiol.
(DE12450 and DE12941) and the American Heart Association (11835'pstein, J. A, Shapiro, D. N., Cheng, J., Lam, P. Y. and Maas, R. (1996).

CV) to R. E. M. and from the NICHD (RO1 DE 11697) to R. L. M. Pax3 modulates expression of the c-Met receptor during limb muscle
A. L. was supported by Training Grant T32 DO0728211 and A. E. developmentProc. Natl. Acad. Sci. US®3, 4213-4218.



538 S.J. Kwang and others

Epstein, J. A, Li, J., Lang, D., Chen, F., Brown, C. B., Jin, F,, Lu, M. M., developing murine skull: a possible mechanism for MSX2-mediated
Thomas, M., Liu, E., Wessels, A. et al2000). Migration of cardiac neural craniosynostosis in humari3ev. Biol.205 260-274.
crest cells in Splotch embryd3evelopmeni27, 1869-1878. Louis, T. A. (1981). Confidence intervals for a binomial parameter after
Franz, T. (1989). Persistent truncus arteriosus in the Splotch mutant mouse. observing no success@he American StatisticiaB5, 154.
Anat. Embryol180, 457-464. Machado, A. F., Martin, L. J. and Collins, M. D. (2001). Pax3 and the
Galibert, M. D., Yavuzer, U., Dexter, T. J. and Goding, C. R(1999). Pax3 splotch mutations: structure, function, and relationship to teratogenesis,
and regulation of the melanocyte-specific tyrosinase-related protein-1 including gene-chemical interactior@Gurr. Pharm. Desigry, 751-785.
promoter.J. Biol. Chem274, 26894-26900. Mansouri, A., Pla, P., Larue, L. and Gruss, P.(2001). Pax3 acts cell

Goulding, M. D., Chalepakis, G., Deutsch, U., Erselius, J. R. and Gruss, autonomously in the neural tube and somites by controlling cell surface
P. (1991). Pax-3, a novel murine DNA binding protein expressed during propertiesDevelopmeni28 1995-2005.

early neurogenesi€EMBO J.10, 1135-1147. Manzanares, M., Trainor, P. A., Ariza-McNaughton, L., Nonchey, S. and
Goulding, M., Sterrer, S., Fleming, J., Balling, R., Nadeau, J., Moore, K. Krumlauf, R. (2000). Dorsal patterning defects in the hindbrain, roof plate

J., Brown, S. D., Steel, K. P. and Gruss, P1993). Analysis of the Pax-3 and skeleton in the dreher (dr(J)) mouse mutdeth. Dev94, 147-156.

gene in the mouse mutant splot&enomicsl?, 355-363. Mathieu, M., Bourges, E., Caron, F. and Piussan, ¢1990). Waardenburg’s
Graham, A., Francis-West, P., Brickell, P. and Lumsden, A(1994). The syndrome and severe cyanotic cardiopattigh. Fr. Pediatr47, 657-659.

signalling molecule BMP4 mediates apoptosis in the rhombencephaliMiyagawa-Tomita, S., Waldo, K., Tomita, H. and Kirby, M. L. (1991).

neural crestNature372, 684-686. Temporospatial study of the migration and distribution of cardiac neural
Gruss, P. and Walther, C.(1992). Pax in developmerell 69, 719-722. crest in quail-chick chimeragm. J. Anat192 79-88.

Henderson, D. J., Ybot-Gonzalez, P. and Copp, A. J1997). Over-  Moase, C. E. and Trasler, D. G(1990). Delayed neural crest cell emigration
expression of the chondroitin sulphate proteoglycan versican is associatedfrom Sp and Spd mouse neural tube explargsatology42, 171-182.
with defective neural crest migration in the Pax3 mutant mouse (splotchRomeo, G., Ronchetto, P., Luo, Y., Barone, V., Seri, M., Ceccherini, I.,

Mech. Dev69, 39-51. Pasini, B., Bocciardi, R., Lerone, M., Kaariainen, H. et al.{994). Point
Hogan, B. (1994). Manipulating the mouse embryo: a laboratory manual. mutations affecting the tyrosine kinase domain of the RET proto- oncogene
Plainview, NY: Cold Spring Harbor Laboratory Press. in Hirschsprung’s diseasblature367, 377-378.
Holland, P. W. (1991). Cloning and evolutionary analysis of msh-like Satokata, I. and Maas, R.(1994). Msx1 deficient mice exhibit cleft palate
homeobox genes from mouse, zebrafish and asci@eme98, 253-257. and abnormalities of craniofacial and tooth developnidait. Genet6, 348-

Hollenbach, A. D., Sublett, J. E., McPherson, C. J. and Grosveld, G. 356.
(1999). The Pax3-FKHR oncoprotein is unresponsive to the Pax3-associat&atokata, I., Ma, L., Ohshima, H., Bei, M., Woo, ., Nishizawa, K., Maeda,

repressor hDaxxEMBO J.18, 3702-3711. T., Takano, Y., Uchiyama, M., Heaney, S. et al2000). Msx2 deficiency
Jiang, X., Rowitch, D. H., Soriano, P., McMahon, A. P. and Sucov, H. M. in mice causes pleiotropic defects in bone growth and ectodermal organ

(2000). Fate of the mammalian cardiac neural cbestelopment27, 1607- formation.Nat. Genet24, 391-395.

1616. Serbedzija, G. N. and McMahon, A. P(1997). Analysis of neural crest cell
Kothary, R., Clapoff, S., Darling, S., Perry, M. D., Moran, L. A. and migration in Splotch mice using a neural crest-specific LacZ repbrer.

Rossant, J.(1989). Inducible expression of an hsp68-lacZ hybrid gene in Biol. 185 139-147.

transgenic miceDevelopmeni05 707-714. Shimeld, S. M., McKay, I. J. and Sharpe, P. T(1996). The murine
Lang, D., Chen, F., Milewski, R., Li, J., Lu, M. M. and Epstein, homeobox gene Msx-3 shows highly restricted expression in the developing

J. A. (2000). Pax3 is required for enteric ganglia formation and neural tubeMech. Dev55, 201-210.

functions with sox10 to modulate expression of c-deClin. Invest106, Stuart, E. T., Kioussi, C. and Gruss, R{1994). Mammalian Pax genésinu.

963-971. Rev. Genet28, 219-236.

Lazik, A. (1999). A role for transcription factor Msx2 in vivo in cardiac neural Takahashi, K., Nuckolls, G. H., Tanaka, O., Semba, |., Takahashi, I.,
crest cell development: Msx2 acts downstream of Pax3 to regulate the Dashner, R., Shum, L. and Slavkin, H. C(1998). Adenovirus-mediated
development of the truncus arteriosus. Ph. D. Thesis, University of Southern ectopic expression of Msx2 in even-numbered rhombomeres induces

California. apoptotic elimination of cranial neural crest cells in dvevelopmeni25
Lazik, A., Liu, Y., Bringas, P., Sangiorgi, F. and Maxson, R(1996). A 1627-1635.

sensitive method for analyzing beta-galactosidase reporter gene expressifassabehji, M., Newton, V. E. and Read, A. P(1994). Waardenburg

in tissue sections of mouse embrydends Genetl2, 445-447. syndrome type 2 caused by mutations in the human microphthalmia (MITF)

Li, J., Liu, K. C., Jin, F, Lu, M. M. and Epstein, J. A. (1999). Transgenic gene.Nat. Genet8, 251-255.
rescue of congenital heart disease and spina bifida in Splotch mic&valther, C. and Gruss, P.(1991). Pax-6, a murine paired box gene, is
Developmeni26, 2495-2503. expressed in the developing CN3evelopmeni13 1435-1449.

Liu, Y. H., Ma, L., Wu, L. Y., Luo, W., Kundu, R., Sangiorgi, F., Snead, = Wang, W., Chen, X., Xu, H. and Lufkin, T.(1996). Msx3: a novel murine
M. L. and Maxson, R. (1994). Regulation of the Msx2 homeobox gene homologue of the Drosophila msh homeobox gene restricted to the dorsal

during mouse embryogenesis: a transgene with 439 bp @ariking embryonic central nervous systeklech. Dev58, 203-215.

sequence is expressed exclusively in the apical ectodermal ridge of tWatanabe, A., Takeda, K., Ploplis, B. and Tachibana, M(1998). Epistatic

developing limbMech. Dev48, 187-197. relationship between Waardenburg syndrome genes MITF and m#ex3.
Liu, Y. H., Tang, Z., Kundu, R. K., Wu, L., Luo, W., Zhu, D., Sangiorgi, Genet.18, 283-286.

F., Snead, M. L. and Maxson, R. E(1999). Msx2 gene dosage influences Weinstein, D. C. and Hemmati-Brivanlou, A.(1999). Neural induction.
the number of proliferative osteogenic cells in growth centers of the Annu. Rev. Cell Dev. Biol5, 411-433.



