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Genetic dissection of  Pitx2 in craniofacial development uncovers
new functions in branchial arch morphogenesis, late aspects of
tooth morphogenesis and cell migration
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Summary
Pitx2, a paired-related homeobox gene that encodes maintenance of Fgf8signaling requires only low Pitx2.

multiple isoforms, is the gene mutated in the
haploinsufficient Rieger Syndrome type 1 that includes
dental, ocular and abdominal wall anomalies as cardinal
features. Previous analysis of the craniofacial phenotype of
Pitx2-null mice revealed that Pitx2was both a positive
regulator of Fgf8 and a repressor of Bmp4-signaling,
suggesting that Pitx2may function as a coordinator of
craniofacial signaling pathways. We show thatPitx2
isoforms have interchangeable functions in branchial

Fate-mapping studies with a Pitx2 cre recombinadeiock
in allele revealed that Pitx2daughter cells are migratory
and move aberrantly in the craniofacial region ofPitx2
mutant embryos. Our data reveal that Pitx2 function
depends on total Pitxdlose and rule out the possibility that
the differential sensitivity of target pathways was a
consequence of isoform target specificity. Moreover, our
results uncover a new function of Pitx2n regulation of cell
motility in craniofacial development.

arches and that Pitx2target pathways respond to small
changes in total Pitx2 dose. Analysis of Pitx2 allelic
combinations that encode varying levels oPitx2 showed
that repression of Bmp signaling requires high Pitx2vhile
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Introduction tooth phenotypes were observedPitx2 null *- mice (Gage

Pitx2is a paired-related homeobox gene that was shown to & al., 1999). Early epithelial-mesenchymal signaling was
the gene mutated in Rieger Syndrome type | (RGS 1) (SemidHtaCt in Pitx2-null embryos as sugggsted by the presence of a
etal., 1996), an autosomal dominant, haploinsufficient disordéiondensed dental mesenchyme (Lin et al.,, 1999; Lu et al.,
that includes tooth abnormalities as one of its primary features?99). Expression of markers suchSishand mesenchymal
(Flomen et al., 1998). The craniofacial defects in individual®mP4and Msxl also supported the idea that tooth initiation
with RGS |, that have one half doseRifx2, include dental and specification occurred but tooth germ expansion failed in
hypop|asia, anodontia vera, abnorma”y Shaped teeth andPétXZ-nU” embryOS (Lln et a|,1999, Lu et al., 1999) In situ
flattened midface (Amendt et al., 2000). Individuals with RGSIS0 showed that Bmpekpression was expanded, whiigf8

| also have ocular anterior chamber disorders, which oftefgiled to be expressed or was downregulated in oral epithelium
result in glaucoma and umbilical abnormalities (Semina et alof Pitx2-null embryos (Lin et al., 1999; Lu et al., 1999). Taken
1996). Pitx2 plays a central role in left right asymmetry together, these data suggest that the initial events in tooth
(Capdevila et al., 2000; Harvey, 1998) and is a component éfevelopment occurred in the absence of Pitx2, subsequent
Whnt-B-catenin signaling in pituitary and cardiac outflow tractsignaling events were deranged resulting in a premature
development (Kioussi et al., 2002). Experimental evidencéxtinction of Fgf8expression and failure of demarcation of
supports the idea that the dominant genetics of RGS | resufénp4 expression to dental epithelium. These experiments
from haploinsufficiency; however, there is evidence for auncovered an early function f@ltx2 in tooth morphogenesis
dominant negative mechanism in a subset of patients (Saadiftt failed to address any later role feitx2 in craniofacial

al., 2003; Saadi et al., 2001).
Investigation of Pitx2 function using loss-of-function
approaches in mice has shown tR&x2 plays an important

development.
The Pitx2 gene encodes three isofornstx2a, Pitx2band
Pitx2c in mice and a fourthPitx2 isoform, Pitx2d, has been

role in early stages of tooth development (Gage et al., 1998jentified in humans (Cox et al., 2002). The different isoforms

Kitamura et al., 1999; Lin et al., 1999; Lu et al., 19%9)x2-

are generated by both alternative splicing and alternative

null mutant embryos had arrested tooth development at placogeomoter usage (Shiratori et al., 2001) (Fig. 1A,B) and have
or bud stage. Consistent with a haploinsufficient mechanisnioth overlapping and distinct expression patterns. P2
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isoforms have a common C terminus and distinct N terminfunction in craniofacial development was a consequence of
(Fig. 1A). Pitx2cis the asymmetrically expressed isoform distinct isoform function. For example, it is conceivable that
while Pitx2a, Pitx2b and Pitx2c isoforms are co-expressed in onePitx2 isoform functions to repress Bmprile a separate
head mesoderm, oral ectoderm, eye, body wall and centrigoform maintains Fgf@xpression. In additiofRitx2 isoforms
nervous system (Kitamura et al., 1999; Liu et al., 2001have been shown to form heterodimers in vitro suggesting that
Schweickert et al., 2000; Smidt et al., 200@tx2c, but not  Pitx2 isoform heterodimers may have distinct target genes
Pitx2a or Pitx2b, is expressed in hematopoietic stem cell{Cox et al., 2002). Overexpression of Ritx2 engrailed
(Degar et al., 2001). Co-expressionRifx2 isoforms is found repressor (€ fusion protein in left lateral plate of chick
in the three developmental fields that are most frequentlgmbryos revealed that Pitx2c"dwut not aPitx2a er fusion
affected in individuals with RGS I: eyes, teeth and anteriocould interfere with endogenolitx2c function (Yu et al.,
abdominal wall. 2001), consistent with the idea tifatx2isoforms have distinct
The observation thaPitx2 regulated two fundamentally target genes. Experiments performed in Xenapdszebrafish,
important signaling pathways in craniofacial morphogenesias well as tissue culture studies, support the ideaPiire2
raised the possibility that haploinsufficiency observed inisoforms have distinct targets (Cox et al., 2002; Essner et al.,
humans and mice was a consequence of differential sensitiviB000; Faucourt et al., 2001; Suh et al., 2002).
of these important target pathways to total Pithdse. An We investigatedPitx2 isoform function in craniofacial
alternative idea, suggested by multiple Pitg@forms with morphogenesis by analyzing craniofacial phenotypes of
overlapping expression in developing teeth, was Biat2  isoform-specific deletions. We used Pitalkeles that encode
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Fig. 1. Pitx2 alleles and Pitx&soform expression in developing teeth. (A) Summary of Rgefbrms. Numbered boxes represent exons and
black boxes the homeodomain. (Bijx2 dabct™®"eCtargeting strategy. At the top is a wild-type allele, the targeting vector is in the middle and
at the bottom is the targeted allele. Numbered boxes represent exons and lines the intervening introns. Black shadechaeseasxrpl

and p2 are two alternate promoters located upstream of exon 1 and exon 4. On the right are Southern botd ®flarfking probes.

(C) Five Pitx2alleles:Pitx2aand Pitx2kisoform-specific deletiongabPecand dab alleles (Liu et al., 2001). Thaéabd! allele is a

homeobox deletion andRitx2-null allele (Lu et al., 1999) ardt allele is and isoform-specific deletion of Pitx2c. (D) latdining ofdab*/~
embryo showing expression in oral ectoderm (arrow). (E,F) Coronal (E) and parasagittal (F) sections through molar calp sheyérigo

lacZ expression in epithelial components and enamel knot (arrows). (G) Whole-mount in sRitx#ttprobe showing expression in oral
ectoderm (arrow). (H,l) Coronal (H) and parasagittal (I) section in situ with Ripade showing expression in epithelium of cap stage tooth.
(J) RTPCR of Pitx2soforms in oral and dental epithelium. Specific amplified bands for each isoform (arrow). + indicates inclusion of reverse
transcriptase; — is control without reverse transcriptase. md, mandibular process; mx maxillary process.
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differing levels of Pitx2 to investigate the requirements for totaPGKneomycin has been removed by crossing taCki&/cre
Pitx2 dose in craniofacial morphogenesis (Liu et al., 2001)deletor strain (Liu et al., 2002) (Fig. 1C). To study the
Our results show that PitxBoforms have interchangeable developmental progression of Pitddughter cells (see below),
function in craniofacial development and that signalingwe generated Pitxdabc®®ne¢ a Pitx2cre recombinase knock-
pathways that are regulated Bytx2 respond differently to in allele (Fig. 1B; see Materials and methods). We introduced
changes in total PitxBose. The Fgf8naintenance pathway cre into Pitx2 exon 5 that resulted in Ritx2 null allele and
uses low Pitx2doses, while Bmpd4epression requires high expressedcre in the same spatiotemporal pattern as
Pitx2 doses. Our findings uncovered downstream functions faendogenou®itx2 (see below). Excision of the PGKneomycin
Pitx2in tooth development and fate mapping experiments witltassette by crossing to the rosa26 eFlp deletor strain resulted
a Pitx2 cre recombinas&nock-in allele revealed that Pitx2 in the Pitx2dabc®™® allele.
daughter cells are migratory. Movement of Pide2ighters was We studied Pitx2and Pitx2bisoform expression using the
aberrant in Pitx2nutants, suggesting thRitx2 regulates cell dab"Yrecanddaballeles that contain a lad&ock-in intoPitx2
movement in craniofacial primordia. exon 2 and deleteBitx2 exon 3 (Fig. 1C-F). AtacZ was
introduced into exon 2, this analysis provides information
. about Pitx2a and Pitx2b specific expression but does not
Materials and methods distinguish between these two isoforms becaRise2a uses
Whole-mount and section in situ hybridization exon 2 and PitXZIIJSES bOth exon 2 and exon3 (F|g 1A) We

Whole mount and section in situ hybridization performed as describédS€d RT-PCR to distinguish betwedtitx2a and Pitx2b
(Lu et al., 1999) with modifications for the use of digoxigenin labelecEXpression (see below). We also performed in situ analysis
probes Bmp4,Barx1, Pax9,Fgf8, Pitx2cand myogenin probes were using a Pitx2cprobe. At 10.5 dpclacZ was expressed
described (Lu et al., 1999; Mitsiadis et al., 1998; Peters et al., 1998niformly throughout the oral ectoderm, while at 14.5 dpc,
Trumpp et al., 1999; Winnier et al., 1995; Liu et al., 2002). lacZ expression was found in dental epithelium and primary
lacZ staining and histology enamel k_not.of cap stage toot_h (Fig. 1I?-F). UsinBita2c
o0 . probe for in situ, we detected Pitx@gpression throughout the
Mouse embryos were fixed in Bouin’s, dehydrated and embedded Ho 5 dpc oral ectoderm (Fig. 1G). At 14.5 dpitx2c was

paraffin wax. Sections were cut (7-10mu and stained with ; : . e . .
Hematoylin and Eosin. lac&aining was as previously described (Lu expressed in dental epithelium similarlyRax2a andPitx2b

et al., 1999) (Fig. 1H,1). To distinguish betwedritx2aand Pitx2hisoform
b ' expression in oral ectoderm, we performed RT-PCR with a
Generation of the Pitx2 alleles primer set that distinguished between Pitx2a, Piteil

The Pitx2 dabcll, sabhyroc dab anddc alleles have been described Pitx2c. We identified all three isoforms in the mandibular arch
previously (Liu et al., 2001; Liu et al., 2002; Lu et al., 1999). Forepithelium at 10.5 and 12.5 dpc (Fig. 1J). These data suggest
Pitx2 dabc™eeC allele, a targeting vector was constructed thatthat the Pitx2a, Pitx2band the Pitx2cisoforms are co-

introducedcre recombinase neofiito Pvull and Nrul sites in Pitx2 expressed in oral ectoderm and, at later stages, within tooth
fith exon. Crosses to aosa26 eFlpdeletor strain resulted in gpjthelial structures.

neomycin removal (Farley et al., 2000). Crosséiti® dabcU! allele

hybridization experiments showedre expression recapitulated tooth development

endogenousit. Co-expression of Pitx2isoforms suggests a number of
RT-PCR possibilities for the regulation of target pathwaysHitx2. It

Total MRNA was extracted using SV total RNA isolation systemiS possible that Pitx&soforms would regulate distinct target
(Promega) and cDNA produced with M-MLV reverse transcriptasegenes in tooth formation @itx2isoforms may have redundant
(Invitrogen). Four Pitx2orimers detected PitxBoform expression:  functions. Isoform co-expression also supports the idea that
exon 2 (5-attgtcgcaaactagtgtcggy3exon 3 (Scegtgaactcgaccttittga-  some Pitx2 target genes have a requirement for Pitx2
3), exon 4 (Stectgggactcctccaaacalyand exon 5 (Sgttictetgga-  heterodimers (Cox et al., 2002). To address these ideas, we
aagtggctcg—:}f A 104 ?EQP%'[Ztga?ment wtas_;51hmpllf|ecl2 wnk(; exon é analyzed forming teeth @b~ and - embryos.

and exon 3 primers, xcatragment with exon = and exon As a control, we analyzed teeth &fb;c mutant embryos.
primers and a 207 itx2cfragment with exon 4 and exon 5 primers. We reasoned that this allelic combination should encode near
normal levels of all Pitx2isoforms, albeit from different
chromosomes, and should be functionally similagabcll

Results . ,
o ) heterozygous embryos. Analysis of coronal and sagittal

Pitx2 isoforms are co-expressed in oral and dental sections through the teeth &ib; dc embryos at 14.5 and16.5

epithelium dpc revealed that tooth development was normal (Fig. 2A-D).

The Pitx2 dabc! allele, a homeobox deletion, removes From this, we conclude that th&b and &c alleles encode
function of all isoforms, while théabrec and dab alleles  adequate levels of Pitx&oforms to support normal tooth
delete the Pitx2and Pitx2bspecific exons and leaRitx2c  development.

intact (Fig. 1A,C). The dabwrec allele, which retains To test the idea that Piti@oforms had distinct target genes
PGKneomycin, encodes leBgx2cfunction than théaballele  and thus distinct functions in tooth development, we analyzed
in which PGKneomycin was removed (Liu et al., 2001). Wethe teeth ofdab’- embryos at two timepoints, 16.5 dpc and
generated a deletion of the Pitx@oform (Liu et al., 2002), 18.5 dpc. We found that teeth d&b homozygous mutant
thedc allele, that was a replacement of the Pitx2c-specific exoambryos that lack Pitx2and Pitx2kare normal suggesting that

4 with a LoxP flanked PGKneomycin. In the firal allele,  there is redundant function between #iex2a, Pitx2band
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Pitx2c isoforms in tooth development
that Pitx2c has the major role in toc
development (Liu et al., 2001) and F
2G,H,J,K). Sections throudbitx2cmutan
teeth at 16.5 and 18.5 dpc revealed no
molar tooth morphology suggesting t
Pitx2 a, Pitx2b and Pitx2c isoforms hav
redundant function in tooth morphogent
(Fig. 2G,1,J,L). These data argue agains
absolute requirement for either Pi
isoform-specific target genes or Pi
isoform heterodimers in branchial a
morphogenesis and tooth developm
These results suggest that comnRitx2
target genes are differentially regulatec
total Pitx2 dose (Table 1).

A=*wild type

Failure of Fgf8 maintenance and
defective rostral caudal mandibular
arch polarity in  Pitx2 null mutants

Previous data suggested thafgf8
expression was absent Ritx2 dabcl
homozygous mutants (Lu et al., 1999)
was diminished only in embry
homozygous mutant for an independe
generatedPitx2-null allele (Lin et al Fig. 2. Histological analysis of tooth morphologyRitx2isoform deletions. (A-F) Coronal
1999). One idea to explain this discrepz sections through molar teeth of 14.5 and 16.5 dpc embr_yos stamed W|th_ Hema}toxylln and
is that Fgf8expression was induced but Eosin. Genotypes and stage are labeled. (G-1) Parasagittal sections stained with

maintained in Pitx2-null mutant embry Hematoxylin and Eosin through molar teeth (18.5 dpc).

To determine if Pitx2vas required for tt
maintenance of Fgféxpression, we examin&@f8expression mandible near the region wheFgf8 was expressed in the
in Pitx2-null mutants at earlier timepoints than previouslyPitx2 dabc™! mutant embryos (Fig. 3D). ExpressionRifx1,
reported. In 9.5 dpdabc™!' homozygous mutant embryos, low normally expressed in the oral ectoderm and proximal
levels of FgfBMRNA was expressed in the oral ectoderm (Figmandibular mesenchyme, has been shown to be induced by
3A,B). Sectioning revealed that tlrgf8 expression domain implantation of an Fgf8 bead (St Amand et al., 200®x1
was restricted to a small region of oral ectoderm at thexpression was reduced in the proximal aspect ofPihe
proximal aspect of the mandibular procesPitx2 dabcd!  dabc! mutant mandibular arch mesenchyme at 10.5 dpc (Fig.
homozygous mutants when compared with wild-type embryo8G,H). Expression oDIx2 in mandibular mesenchyme has
(Fig. 3C,D). In the absence Bitx2, the majority of the oral also been shown to be upregulatedHgy8 bead implantation
ectoderm loses the competency to expifegf8, suggesting (Thomas et al., 2000). We found that the mesenchymal
thatPitx2 has a role in the demarcation of the Fgfression expression of DIx®as reduced in Pitxd@abcd!! mutants (Fig.
domain to the proximal aspect of the mandibular and maxillar@l,J). As previous data suggested that inductioRibfl and
processes. At later timepoints, Fgi8oression is lost in Pitx2- DIx2 expression was independentFajf8, our results suggest
null mutants (Lu et al., 1999) (see below). thatFgf8functions to maintain pitxand dix2expression in the
We examined expression of genes that are propbgé&l mandibular mesenchyme (Trumpp et al., 1999). Expression of
targets in mandibular mesenchymiehx6 expression was endothelin 1 (Ednl), also dependent fegf8 function, was
shown to be dependent &gf8 function as Lhx@ailed to be  downregulated in the mandibular arch ectodermPak2
induced in mutants with an oral ectoderm specific inactivatiodabc! mutants (Fig. 3K,L). It is notable that expression of
of Fgf8 (Trumpp et al., 1999). IRitx2 dabcd! mutantsLhx6  Lhx6, Pitx1, and DIx2in the maxillary primordial of Pitx2
expression was reduced (Fig. 3E,F). The residua6 dabcd™! mutants was also reduced; however, further
expression in the Pitx@abd! embryos was in the proximal experiments are necessary to rule out the possibility that this

~18.5dpc ..

Table 1. Summary of phenotypes ipitx2 mutant allelic combinations

Genotype Molar phenotype Fgf8 signaling Bmp signaling
dabenull;*= Normal Normal Normal

dabcenull; == Arrested bud stage Maintenance defect Strongly expanded
dabcnull; &bhypoc Defect prior to cap formation Normal Weakly expanded
dabcnull; &b Molar orientation defect Normal Weakly expanded
dab; & Normal n.d. n.d.

dab; &b Normal Normal Normal

oc; &c Normal Normal Normal
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Fig. 3.Fgf8signaling pathways require low dosedRitk2. (A,B) In situ analysis of 9.5 dpc wild-type (A) aRidx2 dabc™! embryo (B) with
Fgf8 probe. (C,D) Parasagittal cryosections of 9.5 Eigi8 whole-mount of wild-type (C) anBitx2 dabc!l mutant (D) embryos. (E-N) In situ
of wild-type (E,G,1,K,M), Pitx2dabc! homozygous mutant embryos (F,H,J,L,N). (O,P) Cartilage staining of 13.5 dpc wild-tyRit¢Q),
dabd' homozygous mutant (P) embryos. (Q-S) In situ of 10.5 dpc wild-typePi@p dabcu! homozygous mutant (R) addbd!l; saphyroc
(S) embryos with Fgf8. Arrows indicate areas of oral ectoderm expression. (T-V) In situ of 10.5 dpc wild-tRieZ Babc! homozygous
mutant (U) anddabcd!l; dabyroc(V) embryos with a Barxprobe. Arrows denote expression in proximal mandibular mesenchyme that is
absent in Pitx@abdu! mutant. Arrowhead indicates expression in caudal mandibular arch mesenchyme that is probably irfegféed by
signaling from the caudal mandibular ectoderm. (W-Y) In situ of 12.0 dpc wild-typePitd®, dabcd! homozygous mutant (X) angbcull;
dabhyrec(Y) embryos with Pax9. Arrows (mandibular incisor) and arrowheads (mandibular molar) indicate areas of expression in dental
mesenchyme that are reducedatd! homozygous mutant. md, mandibular process; mx maxillary process.

was secondary to reduction in the outgrowth of the formingssc expression should be expanded rostrally. We found that
maxilla (Fig. 3E-J). Gsc expression was weakly expanded in a subseRibf2

We noted that DIx@vas still expressed in the caudal aspectdabd™!' mutants embryos (Fig. 3M,N), while in the remainder
of the Pitx2mutant mandibular mesenchyme (Fig. 31,J). Asof mutant embryos Gsexpression was caudally restricted
Pitx2 expression is restricted to the rostral mandibular arckdata not shown). The incomplete penetrance of expa@ded
ectoderm, continued expressionk2 in caudal mandibular expression suggests that in the subpopulatidpita? mutant
mesenchyme suggested that Fgfgnaling from the caudal embryos with correct Gsxpression, the early Fgé&pression
aspect of the mandibular ectoderm was intact in the Pitx@as sufficient to specify the correct Gsxpression domain.
dabd mutant embryos and that patterning of the mandibular Correct patterning of the mandibular mesenchyme is
process was disrupted in the Pidabcvl mutants. Goosecoid necessary for formation of Meckel's cartilage (Tucker et al.,
(Gsc), an Fgf8responsive homeobox gene, is normally1999). Based on the weak expansionGsic expression, we
expressed in the caudal mandibular arch mesenchyme. Caudapected that Pitx2-null mutants would have a weak Meckel’s
Gscexpression is normally maintained vig-gf8 repressive  cartilage phenotype. To assess this, we performed whole-
pathway that inhibit&Sscexpression in the rostral mandibular mount cartilage staining dpitx2 dabc! mutants and control
process (Tucker et al., 1999). We reasoned that if maintenanaéd-type littermate embryos. The Pibé@bcd! mutants had
of Fgf8 signaling was disrupted itx2 dabc™!! mutants, then a variable deficiency of Meckel's cartilage supporting the
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notion that rostral caudal polarity of the mandibular procestargets of Fgf8signaling pathways (Neubuser et al., 1997,
was weakly affected by loss of Pitf@nction (Fig. 30,P). Tucker et al., 1998), were not expressed or had greatly
Taken together, these data suggest that in the abseRitg2)f diminished expression (Fig. 3T,U,W,X). Caudal mandibular
Fgf8 expression in oral ectoderm fails to be maintained. In tharch expression of Barxivas maintained in PitxZabcll
absence adequate Fgignaling, Fgf8-dependent signaling to mutant embryos as this expression is probably dependent on
underlying mesenchyme is reduced leading to defectivEgf8 and Ednl signaling from the caudal aspect of the

mandibular arch rostral caudal polarity. mandibular process that does not expfegs2 (Fig. 3R,S).

_ _ o ) By contrast, thedabcd!;dab and dabcul; dabhyroc allelic
Differential sensitivity of  Pitx2 target pathways to combinations, that encode reduced levels of PitRRNA and
changes in total  Pitx2 dose lack Pitx2a and Pitx2b (Liu et al., 2001) (Fig. 1C), expressed

To address the idea that Pitk&get pathways have distinct Fgf8in the oral ectoderm of 10.5 dpc embryos (Fig. 3Q-S and
requirements for total Pitx@ose, we examined Fgéhd Bmp- data not sown).Barxl and Pax9were expressed in the
signaling pathways ifitx2 allelic combinations that encode dabc!; dabYPecembryos that encode low levels of Pilg.
differing levels of Pitx2activity (Liu et al., 2001). We used the 3T,W).

dabcl allele, in conjunction with théab and dabYPocalleles We investigated whether repression of Bmp signaling by
that encode reduced levels Ritx2cin the absence d?itx2a  Pitx2 was also rescued in théabcl; dabyrec allelic
and Pitx2b to generate Pitx2allelic combinations with combination that encodes low levels Bitx2 function. To
intermediate levels of Pitxactivity. Previously, we showed assess expansion of Bmp signaling, we examiBetp4
that thedabcd*/- embryos expressed ~58% of homozygousexpression in oral ectoderm of 10.5 djitx2 mutant embryos.
wild-type Pitx2c mRNA levels while thedabcd!:dab and In contrast to theFgf8 signaling pathway, Bmp repression
dabcdll; dabhyroc allelic combinations expressed ~50% andrequired high levels of Pitx2 function. In Pit@bdi--

38% of wild-type Pitx2enRNA levels respectively (Liu et al., embryos Bmp4 expression was expanded laterally in
2001). mandibular process ectoderm (Fig. 4A,B) (Lu et al., 1999). In
At 10.5 dpcFgf8 expression was not detectable in the Pitx2wild-type embryosBmp4 expression is found in the medial
dabdl homozygous mutant oral ectoderm, supporting thenandibular process and the distal aspect of the ectoderm of

idea that Pitx2was required for maintenance of Fgf8 the maxillary process at 10.5 dpc (Fig. 4B,E). Pitx2
expression in the oral ectoderm (Fig. 3Q,R) (Lin et al., 1999%bcl; Jabyrocand dabd!; dab allelic combinations, Bmp4

Lu et al., 1999). In the rostral mandibular proces®iX2  expression in the mandibular process was weakly expanded.
dabdl mutant embryos, Barxland Pax9, mesenchymal Moreover, in the maxillary process ectoderm Bftx2

abc"!!!:5abNypPoct D

ild type F ﬁamnull;ﬁabhypoc G

sabe"Ull; sap

Fig. 4. Repression of Bmp4-signaling pathways requires high doB&saf (A-G) Whole-mount in situ analysis of 10.5 dpc Pidebd!
homozygous mutant (ARitx2 wild-type (B,E),dabc"!: dabhyroc(C,F) dabc!; dab(D,G) embryos with a Bmpgrobe. (H-K) Whole-mount
in situ analysis of 10.5 deitx2 wild-type (H), dabc™! homozygous mutant (Ifabcu!l; dabhyrec(J) anddabcl; dab (K) embryos with
Msx2. (L-O) Whole-mount in situ of 10.5 dpc wild-type (B)tx2 dabc! homozygous mutant (Mjabc!!l; dabhyPoc(N) anddaba!l; dab
(O) embryos with Msx$howing normal (arrows) and expanded (arrowheads) areas of expression. *Areas in wild type with expanded
expression in mutant. md, mandibular process; mx maxillary process.
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dabcdll; sabhyroc and dabd!l; dab mutants,Bmp4expression  homozygous mutant embryos, tooth development arrested at
failed to be distally restricted and was detected all the way tthe placode or bud stage. The molar phenotypéalc!l;
the junction with the mandibular process (Fig. 4C-G). dabyPoc embryos, with a more developed dental lamina,

We examined expression of Msxnd Msx2that are suggests that tooth development progressed further than in
mesenchymal targets 8mpsignaling (Barlow and Francis- dabcd! mutant embryos. These data show that as the dose of
West, 1997; Vainio et al., 1993). Ritx2 dabcU--embryos  Pitx2decreases there is evidence of increasingly severe defects
and dabcd!; sabhyroc and dabc'u!l; dab allelic combinations, in tooth morphogenesis.
expression oMsx2 (Fig. 4H-K) andMsx1 (Fig. 4L-O) was From these results, we conclude that Pitx2 has a late function
expanded proximally in the mandibular and maxillaryin molar orientation and in morphogenesis of the cap stage
processes. These data also revealed that expressMexaf tooth. The intermediate tooth phenotypes observed in the
and Msx2 was more obviously expanded than tBep4  dabcl; dabhyPoc and dabcdll; dab mutants most probably
ligand, particularly in the mandibular process in Pitx2tant  reflects a direct role for Pitxh morphogenesis of dental
allelic combinations. We noted that expressiorMsixland  epithelium. Although it is possible that expressior-gf8in
Msx2was expanded in the branchial arch mesenchyme théte Pitx2 dabcll; dabyPocand dabc™!!; dab oral ectoderm is
probably contributes to the developing heart in sdétitg2  inadequate to completely rescue molar tooth development, the
mutant embryos (Fig. 4K,0). Taken together, these resulesxpression of Pax@nd Barxlin dental mesenchyme of these
suggest that maintenance g8 expression and repression allelic combinations suggests that FgfSignaling to
of Bmp-signaling pathways have distinct requirements fomesenchyme is intact in these mutant embryos and argues that
total Pitx2 dose in the branchial arches (summarized in Tabl®itx2 directly regulates epithelial morphogenesis.
1).

) Pitx2 regulates cell movement from the oral
Pitx2 regulates tooth orientation and cap formation ectoderm into oral cavity and facial ectoderm
We investigated the tooth morphology of Babd!; dabhyPoc  Our previous data revealed that Pitk@ctioned to regulate
and dabcd!:dab allelic combinations using histological local cell movement in heart development (Liu et al., 2002).
analysis. Sections through 18.5 dpc wild-type, dadat"!;d%ab ~ To determine if a similar mechanism was at work in
mutant embryos revealed well-formed molars. We found thatraniofacial development, we used #abc'™ knock in allele
in the dabd!: dabembryos, the orientation of the molar tooth and the Gtrosa 26eporter mouse to follow the movement of
was abnormal (Fig. 5A,C,E,G). Wabc!: dabyroc 18,5 dpc  Pitx2 daughter cells within the first branchial arch. At 9.5-11.0
mutant embryos, analysis of serial sections revealed that moldpc, cre expression was detected in the oral ectoderm in both
teeth were absent (Fig. 5B,F). AscZ marks cells fated to  dabce*-anddabcre, dabcull embryos, although by 11.0 dpc
expressPitx2a and Pitx2b, serving as a marker of dental cre expression was diminished in thabc'e; dabcd™!' embryos
epithelium, we performed lac&aining on serial cryosections (Fig. 6A,B and not shown)Cre expression was restricted to
from heads of 14.5 dpeitx2 allelic combinations. Idab*~  oral ectoderm and was not found in facial ectoderm or
anddabc™!; dab embryos, well-formed cap stage molar teethepithelium lining the oral cavity (Fig. 6C-E). Fate mapping
were clearly evident with lacgtaining (Fig. 51,J). Idabcwl!; with the GtRosa2@eporter showed that Pibdaughters were
dabyPoc mutant embryos, the dental lamina invaginated butletected in the oral ectoderm, periocular mesenchyme, guts,
failed to form the dental cap (Fig. 5K). IRitx2 dabc!  heart and body wall (Fig. 6F,G).

Fig. 5. Tooth phenotypes d¥itx2
mutant allelic combinations.

(A-D) Low-power view of coronal
Hematoxylin and Eosin stained
sections through molar teeth of 16.5
dpc wild type (A),Pitx2 dabcwl;
dabhyroc(B), dabc!l; sab(C), dab;
dab (D). (E-H) High-power view of
coronal Hematoxylin and

Eosin stained sections through E
molar teeth of 16.5 dpc wild
type (E), Pitx2dabcull;
dabhyroc(F), sabc!l; sab(G),
dab; dab (H).

(I-K) Parasagittal cryosections
through 16.5 dpc embryos
stained for lacZ. Wild-type (I)
anddabcd!; dab (J) show cap
stage teeth, wheredabc!
dabyroc(K) reveals a defect prior to
cap formation (arrows). dc, dental
cord; dp, dental papilla; e, epithelium:
ek, enamel knot; mc, Meckel’s
cartilage; t, tongue;
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In the craniofacial region, Pitx@aughters moved outwards daughter cells exit the oral ectoderm and contribute to both
from the oral ectoderm to the facial ectoderm in both wildfacial ectoderm and the ectoderm lining the oral cavity and
type and mutant embryos (Fig. 6H-K). Age mRNA  Pitx2 function is necessary for correct deployment and
expression was restricted to oral ectoderm, these data reveabpansion of daughter cells.
that lacZ-positive migrating cells wergitx2 daughters that
had extinguished Pitx@xpression. There were differences in . .
the pattern of daughter migration in Pitx2-null mutantD'SCUSS'On
compared with wild-type embryos. In wild-type embryos,In craniofacial development, the mechanisms that organize
Pitx2 daughters moved a short distance to cover the outgrowth and morphogenesis of the branchial arches remain
aspect of the mandibular and maxillary process. Some Pity@orly understood. We investigatdtitx2 isoform function
daughters also contributed to the nasal process of wild-tyga craniofacial morphogenesis using Pitxeon-specific
embryos (Fig. 6H,J). In Pitxd&utant embryos, daughter cells deletions. Analysis ofPitx2 allelic combinations encoding
moved aberrantly in a dorsal direction just inferior to the eyelifferent levels of Pitx2 also uncovered the influence of
and failed to contribute to the mutant nasal process (Figariations in total Pitx2dose on Fgf8and Bmp4signaling
61,K). (Table 1). Our data indicate that Pitxi®oforms have

Pitx2 daughters extensively populated the floor and roointerchangeable function in craniofacial development and that
inside the forming mouth (Fig. 6L-O). Ritx2 mutants, fewer Pitx2target pathways have distinct requirements for @ital
daughter cells populated the oral cavity roof as compared witthose. Reduce®itx2 levels resulted in unbalanced interplay
wild type (Fig. 6N-Q). Pitx2laughters contributed to Rathke’s betweenFgf8 and Bmp4 signaling pathways in craniofacial
pouch and dental epithelium, of both the wild type and mutannhorphogenesis. We found tha&itx2 daughter cells are
although in th&Pitx2 mutant tooth morphogenesis was arrestednigratory, eventually populating intraoral and facial ectoderm,
(Fig. 6N-S and not shown). These data reveal Biat2  and that Pitx2function is required for this movement. We

sabc™ll| SRR 'aabcc'e-w'-'xx\ D

md

3abcCrey/- Bl&,bccre;

abcCre/-

"

cﬁ; in situ

coronal

11.5 dpc _cre in situf [11.5 dp

coronal . Crein situ _cre activity

n
1.5dpc o mcre activity| [11.5 dpcl.lcre activi

&bccm;aabc"“"
EERIEL Fig. 6. Fate mapping of Pitx@aughters in craniofacial development. (A,B) 11.5 dpc
i N dab&re*~(A) and dabcre; dabc !l (B) embryos hybridized to cre. Cexpression is
restricted to oral ectoderm and is not found in the facial ectoderm (asterisk).
! ! (C-E) Sections of 11.5 dpc embryos hybridizedrs Coronal (C,D) and parasagittal
E Cwa Bee e ary A sections (E) show restricted expression oficreral ectoderm (arrows). Boxed area in
125dpcis - .creactivity 125dpei A~ creactivity  C corresponds to higher-power image in D. (FR@)Ee~(F), dabcr; dabcl (G)
rosa26 reportet’~11.5 dpc embryos. (H,l) Ventral view &abce+/~rosa26 reporter
compound heterozygous 11.5 dpc embryos stainddd@nH) showing lacZ-positive Pitxdaughter cells (arrowhead). (J,K) Lateral view of
dabcre*~(J) anddabce; dabd ! (K) rosa26 reportet’~11.5 dpc embryos stained flacZ. Arrowhead (J) indicates lacZ-positive Pitx2
daughter cells and arrow (K) denotes cells that move ectopically. (L-O) Oral view of floor of mouth (L,M) or roof of mouthofN,O)
dabcer~(L,N) anddabce; dabc!l (M,0) rosa26 reportet’~11.5 dpc embryos showing migratiRgx2 daughter cells (arrows).
(P-S) Parasagittal sections of 10.5 dpc (P,Q) and 12.5 dpcd&F+-(P,R) anddabc™e; dabd! (Q,S) rosa26 reportéft- embryos.
Arrowheads indicate lacZ-positive Pitgaughter cells contributing to oral cavity roof and asterisk indicates region that has diminished
contribution in Pitx2nutant. Arrows indicate Pitx@aughters contributing to mandibular oral and dental epithelium. e, eye; g, gut; fn, frontonasal
process; Ib, limb bud; md, mandible; mx, maxilla; nc, nasal cartilage; nt, neural tube; oe, oral ectoderm; rp, Rathke’s pouch; to, tongue.
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provide evidence that PitxZonnects overall growth and this model, one idea to explain the different requirements for
morphogenesis of the first branchial arch through a mechanishkitx2 dose in regulatinddmp4 and Fgf8would be that the
involving differential sensitivity of target pathways to total regulatory regions of Bmmhd Fgf8contain different numbers

Pitx2 dose. of high-affinity Pitx2-binding sites, a mechanism suggested to
) ) ) underlie the haploinsufficiency of individuals with Holt-Oram

Pitx2 regulates mandibular morphogenesis by syndrome that are heterozygoustfxS (Bruneau et al., 2001).

maintaining Fgf8 and repressing Bmp4 expression Thus, Pitx2 target genes with more Pitx2-binding sites would

Deletion of Fgf8in oral ectoderm revealed a role for F@gi8 require higher doses of Pitxfbr correct levels of gene
survival and outgrowth of mandibular mesenchyme (Trumpgxpression. However, this model is complicated by in vitro
et al.,, 1999), while pharmacological suppression of Fgbbservations showing th&itx2 can cooperatively bind DNA
signaling in explants suggested that Fgf functioned primarilyDave et al., 2000; Wilson et al., 1993), suggesting that low
by signaling to the underlying mesenchyme (Mandler andevels of Pitx2can form higher order complexes on DNA. It is
Neubuser, 2001). Bead implantation also suggested an ealikely that there are other mechanisms, such as interaction with
role for Fgf8in establishing the maxillo-mandibular region of co-factors, to constrain or augment the ability of Pita2
the chick embryo (Shigetani et al., 2000). Importantly,activate target genes. Further experiments are necessary to rule
antagonistic interactions between Fgf and Bmp signaling hasut the possibility that Pitxthdirectly regulates the Fgf@nd
been implicated in proximodistal mandibular arch patterningBmp4pathways.
placement of tooth organ formation and determination of the _ _
maxillo-mandibular region of the early embryo (Neubuser ef’tx2 in tooth morphogenesis and cell movement in
al., 1997; Shigetani et al., 2000; Tucker et al., 1998). craniofacial development

Our data reveal that Pitxthaintains Fgf8expression in  Pitx2-null embryos have arrest of tooth development at the
branchial arch ectoderm. Expression of prospective tegfeét  placode or bud stage (Gage et al., 1999; Lin et al., 1999; Lu et
genes, such &arxland Pitx1, was severely reduced in Pitx2al., 1999). In the PitxPabd!l: dabhyroc and dabc!; dab
dabd homozygous mutant embryos. Consistent with a rolembryos, molar tooth morphogenesis was partially rescued in
of Fgf8 signaling in mandibular rostral caudal polarity, that an invaginated dental lamina formed without a cap or the
expression of Gswas expanded rostrally in the mandibular orientation of the dental cap was abnormal. Our in situ studies
process of Pitx2dabd™!! mutants. In addition, a®itx2 is  showed that Fgf8vas expressed in the oral ectoderm of
normally expressed in rostral mandibular arch ectoderm thabcd!; dabroc and dabcl; dab embryos. Moreover,
contributes to oral ectoderm, Pitxd@abc! homozygous expression of Pax@as also detected in the prospective dental
mutants lose BarxExpression in the rostral but not caudalmesenchyme arBlarxlwas expressed in proximal mandibular
mandibular arch. The Pib@&bcdl; dabvrecanddabdl; dab  mesenchyme of these embryos revealing that Fgf signaling to
mutant embryos express Fgfa8nd Fgf8 target genes, mandibular mesenchyme is intact in tR#éx2 hypomorphic
suggesting that maintenance of this pathway requires only loembryos. Although expand&mpsignaling could account for
doses of Pitx2. tooth defects in thedabc™!; dabyroc and dabcd!; dab

In contrast to Fgf8, high doses Bitx2 are required for embryos, the abnormal tooth morphology was not suppressed
repression of Bmpsignaling. In thedabcdl; dabwrec and by reducingBmp4dose using a Bmp4-null allele (W.L. and
dabcdll; dab mutants, expression of Bmpvas expanded in  J.F.M., unpublished). Based on these data, we favor the notion
maxillary ectoderm while Msxand Msx2expression was that Pitx2 regulates tooth morphogenesis through a pathway
expanded in mesenchyme of both maxillary and mandibulahat is distinct from Fgfdnd Bmp4ignaling, although further
processes. Thus, expression of the Bmp target genes was mexperiments are required to investigate these ideas.
significantly expanded than expressionBohp4ligand. This Our fate-mapping studies show that Pitt@ughter cells
may reflect the induction of a signal relay cascade in themove from oral ectoderm to populate facial and inner oral
mandibular process. It is also interesting to noteBpgthas  cavity ectoderm. Pitx2-expressing cells make a decision to
been shown to act as a classical morphogen in the wingxtinguish Pitx2 and become motile. It may be thBitx2
imaginal disc of DrosophiléEntchev et al., 2000; Teleman and expression promotes cell compaction or inhibits cell motility.
Cohen, 2000). It is notable that one of the phenotypes of Biex2-null

We found that indabcd!l; dabhyPocand dabcU!l; dab Pitx2  embryos was failure of compaction and differentiation of the
mutants components of Bmpéhd Fgf8signaling pathways, periocular mesenchyme (Lu et al., 1999%f8 signaling was
such as Msxland Barxl, are co-expressed in mandibulaimplicated in cell movement as Fgf8-null embryos had defects
mesenchyme. Previous work suggested an antagonisiic cell migration through the primitive streak. Analysis of
interaction between these two signaling pathways (Neubuser Xenopus sprouty2, an inhibitor of Fgf signaling, revealed that
al., 1997; Tucker et al., 1998). It is likely that in tR#&x2  Fgf signaling in Xenopusegulated both mesoderm induction
mutant allelic combinations, Bmp signaling is only weaklyand convergent extension movements (Nutt et al., 2001). Thus,
expanded and this is insufficient to antagonize expression d@f is plausible that Pitx2regulates cell movement in the
Barx1in mandibular mesenchyme. craniofacial primordia through an Fgf8-mediated pathway.

These data provide insight into the normal functioRibf2 A direct connection of Pitx2to cytoskeleton and
in regulating gene expression. Tihgf8 pathway and thBmp  morphogenetic movement has been made by the observation
suppression pathway have different requirements for totdhat Pitx2 controls Rho GTPaseactivity by regulating
Pitx2dose. As Pitx2, Fgfand Bmpére co-expressed in many expression of the guanine nucleotide exchange faGta,
cells of the oral ectoderm, one can envision a mechanism whefé@ei and Adelstein, 2002). It has recently been proposed that
Pitx2 would directly regulate Fgfé&nd Bmp4 expression. In Pitx2is a target of canonical Wtcatenin signaling pathway
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in pituitary and cardiac development (Kioussi et al., 2002)Dave, V., Zhao, C., Yang, F, Tung, C. S. and Ma, J. (2000).
This work uncovered a genetic interaction betwe#&r2 and Reprogrammable recognition codes in bicoid homeodomain-DNA
dishevelled 2, a Wnt pathway branchpoint, in the heart. Othed'”teraCt'O“'Mo" Cell Biol. 20, 7673-7684.

- - egar, B. A., Baskaran, N., Hulspas, R., Quesenberry, P. J., Weissman, S.
studies showed that Rh’amlly GTPases are downstream M. and Forget, B. G.(2001). The homeodomain gene Pitx2 is expressed

components of non-canonical planar cell p0|ar@ty (PCP) in primitve hematopoietic stem/progenitor cells but not in their
pathway (Habas et al., 2003; Strutt et al., 1997; Winter et al., differentiated progeny. Exp. Hemat@p, 894-902. '
2001). Although further experiments are required, our datgnichev, E. V., Schwabedissen, A. and Gonzalez-Gaitan, M2000).

f : : : Gradient formation of the TGF-beta homolog D@ell 103, 981-991.
showing that Pitx2laughters are migratory supports the |deaEssnery 3. 3. Branford, W. W, Zhang, J'ganngost’ H. 3(2000)

that Pitx2 may be a component of a non-canonidht Mesendoderm and left-right brain, heart and gut development are
pathway in craniofacial development. differentially regulated by pitx2 isoforms. Developm&a?, 1081-1093.

Farley, F. W., Soriano, P., Steffen, L. S. and Dymecki, S. M2000).
Pitx2 and the phenotypic heterogeneity of Rieger Widespread recombinase expression using FLPeR (flipper) Gamesis
Syndrome | 28, 106-110.

T . . .. Faucourt, M., Houliston, E., Besnardeau, L., Kimelman, D. and Lepage,
The phenotypes in individuals with Rieger syndrome with 1 (2001). The pitx2 homeobox protein is required early for endoderm
PITX2mutations are heterogeneous. Our data reveal that slightformation and nodal signalingev. Biol.229, 287-306.
changes in Pitx2lose can have a large influence on resultindglomen, R. H., Vatcheva, R., Gorman, P. A,, Baptista, P. R., Groet, J.,
phenotypes. This is illustrated most clearly by Comparing the Bavisic, I, Ligutic, I. and Nizetic, D. (1998). Construction and analysis of

ull- oc ull- a sequence-ready map in 4925: Rieger syndrome can be caused by
dabc™!; dalPoc and dabc™!; dab mutants that have only haploinsufficiency of RIEG, but also by chromosome breaks approximately

slight changes irPi§x2 a.ctivity but dramatic differences in 9o kb upstream of this gen@enomicsi7, 409-413.

tooth morphogenesis (Liu et al., 2001). Many organ systemsage, P. J., Suh, H. and Camper, S. 41999). Dosage requirement of Pitx2
such as heart and lungs, cannot distinguish between these smélipr development of multiple organBevelopment.26, 4643-4651.
differences in Pitx2 activity (Liu et al 2001) Habas, R., Dawid, I. B. and He, X(2003). Coactivation of Rac and Rho by

. . . . Wnt/Frizzled signaling is required for vertebrate gastrulation. Genes Dev.
The isoform deletions of Pitx2veal functional redundancy 17 295.309. gnaiing 1s req 9

between isoforms in tooth development. These data argrvey, R. P.(1998). Links in the leftiright axial pathway. Ce#, 273-276.
consistent with the observation that &litx2 mutations Kioussi, C., Briata, P, Baek, S. H., Rose, D. W., Hamblet, N. S., Herman,
detected in individuals with Rieger syndrome are in regions T Ohgi, K. A, Lin, C., Gleiberman, A, Wang, J. et al.(2002).

; . ; Identification of a Wnt/Dvl/beta-CateninRitx2 pathway mediating cell-
common to all isoforms (Alward, 2000; Kozlowski and Walter, pe-specific proliferation during development. Gelll, 673-685.

2000; Priston et al., 2001; Saadi et al., 2001). Our data sugge§hmura, K., Miura, H., Miyagawa-Tomita, S., Yanazawa, M., Katoh-

that the Pitx2 N terminus does not have a significant function Fukui, Y., Suzuki, R., Ohuchi, H., Suehiro, A., Motegi, Y., Nakahara,

in tooth morphogenesis because this region is not conserved. et al. (1999). Mouse Pitx2 defit_:iency leads to anomalies_ of the ventral

betweerPitx2a, Pitx2band Pitx2c. This differs from pituitary F;%‘:%’e‘r’ivsar'r'{Dr;‘f/aerlgpfr’]‘g:i22”%2‘;”3%;’“ mesoderm and right pulmonary

aﬂd Skelet,al mu,Sde Where the N terminus has an 'nﬂu_ence lowski, K. and Walter, M. A. (2000). Variation in residual PITX2 activity

Pitx2 function (Kioussi et al., 2002; Suh et al., 2002). It is also ynderlies the phenotypic spectrum of anterior segment developmental

clear that Pitxfunctions cooperatively with Pitx pituitary disordersHum. Mol. Genet9, 2131-2139.

organogenesis and limb development (Marcil et al., 2003). Agn, C. R., Kioussi, C., O'Connell, S., Briata, P., Szeto, D., Liu, F., Izpisua-

Pitx1is co-expressed with Piti@ developing teeth, it will be ~ Beimonte, J. C. and Rosenfeld, M. G(1999). Pitx2 regulates lung

. . . . . . . asymmetry, cardiac positioning and pituitary and tooth morphogenesis.

interesting to investigate potentlal_coo_peratlve functions of Nature401, 279-282.

Pitx1 andPitx2 in oral and dental epithelium. Liu, C., Liu, W., Lu, M. F, Brown, N. A. and Martin, J. F. (2001).
Regulation of left-right asymmetry by thresholds of Pitx2c activity.
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