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SUMMARY

Prx1 and Prx2 are closely related paired-class homeobox
genes that are expressed in very similar patterns
predominantly in mesenchyme. Prx1 loss-of-function

mutants show skeletal defects in skull, limbs and vertebral
column (Martin, J. F., Bradley, A. and Olson, E. N. (1995)
Genes Dev9, 1237-1249). We report here that mice in
which Prx2 is inactivated by a lacZ insertion had no

skeletal defects, whereasPrx1/Prx2 double mutants

showed many novel abnormalities in addition to an
aggravation of the Prx1 single mutant phenotype. We

Fgf8 and Pax9was found medially in the mandibular arch.

A novel method to detect -galactosidase activity in
hydroxyethylmethacrylate sections allowed detailed
analysis of Prx2 expression in affected structures. Our
results suggest a role for Prx genes in mediating
epitheliomesenchymal interactions in inner ear and lower
jaw. In addition, Prx1 and Prx2 are involved in interactions

between perichondrium and chondrocytes that regulate
their proliferation or differentiation in the bones of the

zeugopods.

found defects in external, middle and inner ear, reduction

or loss of skull bones, a reduced and sometimes cleft

mandible, and limb abnormalities including postaxial  Kkey words: Mouse, Homeobox gene, Gene targeting, aristaless
polydactyly and bent zeugopods. A single, or no incisor domain, Epitheliomesenchymal interaction, Craniofacial

was present in the lower jaw, and ectopic expression of development, Limb, Inner ear

INTRODUCTION operate in concert with signal factors and extracellular matrix
molecules (Erlebacher et al., 1995; Hall and Miyake, 1995).
Vertebrate skeletal tissues arise from preskeletogenic A subset of the vertebrate family of paired (prd)-class
condensations of mesenchymal cells. The central core of theBemeobox genes is characterised by the presence of a sequence
condensations differentiates into cartilage or bone, while cellsncoding a conserved protein domain of unknown function
at the periphery form the perichondrium or periosteum. Thaear the carboxy terminus. Since this sequence is also found
superficial bones of face and skull form by intramembranous the Drosophilatranscription factor aristaless, which also
ossification. In contrast, most other bones are formed frormontains a prd-class homeodomain, we termed it the aristaless
cartilage elements by the process of endochondral ossificaticilomain. At least fourteen different vertebrate genes have been
(see Erlebacher et al., 1995), in which a cartilaginous templatiescribed that encode an aristaless domain, all of them also
is replaced by bone. Longitudinal growth then occurs byencoding a prd-class homeodomain (Ten Berge et al., 1998).
proliferating chondrocytes in the growth regions at both end$he family of aristaless-domain-containing transcription
of the elements. Interactions with the perichondrium controfactors differs also from paired and its vertebrate homologues
the rate of proliferation and differentiation of the chondrocytes(the Pax proteins) in that at position 50 of the homeodomain,
and are important for correct bone morphogenesis (Vortkamwhich is important for its DNA-binding specificity, a lysine
et al., 1996; Long and Linsenmayer, 1998). (Ptx) or glutamine (others) is present, instead of a serine. The
Differentiation of mesenchymal precursor cells into definedaristaless-related genes thus form a group with distinct
skeletal elements is subject to local positional cues either byiolecular characteristics. A subset of théstalessrelated
signals from nearby cells or from components of the adjaceigienes is expressed mainly in mesoderm and neural crest-
extracellular matrix. In many cases, interactions betweederived mesenchyme, and some of them have been shown to
mesenchyme and neighbouring epithelia are required to initiatee involved in aspects of skeletogenesis. This subset includes
condensation. Transcription factors play an important roléhe related genes Prahd Prx2(formerly known as MHoand
during early skeletal patterning, and it is likely that theyS8, respectively) which share extensive additional sequence
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similarities (Cserjesi et al., 1992; Kern et al., 1992; Opsteltenf plastic sections (complete series, high quality of histology). It has
et al., 1991; this paper), and the likewise related géfe®  been tested successfully for mouse embryos ranging from E11.5 to
(Rudnick et al., 1994; Ten Berge et al., 1998¥4 (Qu et al., E14.5, and is probably also applicable for later stages. _
1997a) andCartl (Zhao et al., 1993). Embryos were fixed in 2% paraformaldehyde in PBS for 30 minutes
The expression pattems AL andPrx2show considerable G221 S N (0o S ice They were nfirated i 11
. . 0, . .
overlap ('-e“SS'.”k et al., 1995). Mice homoz_ygous femel . mixture of 90% ethanol/90% Technovit 8100 (T8100, Heraeus Kulzer
_nuII al!ele (Martin et al., 1995) _shovx_/ defects |n.skeletogene.s|§3mb,_|7 Wehrheim, Germany) for 1-2 hours, followed by 2 changes
including malformation of craniofacial, appendicular and axiabf 90% T8100 for 2 hours, all on ice. Embedding solution was
structures. Most or all of the defects described were in tissu@separed using 90% T8100 at room temperature, but otherwise
where both Prngenes are expressed, suggesting®ne® was  according to the manufacturer’s instructions. Prior to embedding, the
unable to compensate for the Pdeficiency. We describe here embedding solution was allowed to polymerise for 5-10 minutes, until
the generation of mice carrying a Prg@ne inactivated by the the solution was slightly viscous. The embedded embryos were cured
in-frame insertion of alacZ gene, using homologous overnight at room temperature and could conveni(_antly be s_tc_)red at
recombination in ES cells. No defects could be found in micé&c for months without appreciable loss[bgalactosidase activity.
homozygous for this mutation, whereas double mutant% hen embedding and curing were done on ice Btigalactosidase

. . . . ctivity was lost in outer tissue layers. Sections were cutiat 8sing
generated by crossing the mice with firel mutants described 355 knives and a Reichert-dung 2050 motorised microtome,

previously, showed many novel skeletal abnormalities, as Wellretched on water and mounted onto slides. Slides were dried at 42°C

as an aggravation of tlrx1 single mutant phenotype. overnight, stained in PBS containing 5 mMR€(II1)(CN)s, 5 mM
KaFe(Il)(CN)s, 2 mM MgCbk and 1 mg/ml 5-bromo-4-chloro-3-
indolyl-A-D-galactopyranoside (X-gal) at 37°C for 6-24 hours,

MATERIALS AND METHODS counterstained by 0.1% aqueous neutral red or eosin for 30-60
seconds, rinsed with water, dried and coverslips mounted using DePex
Gene targeting mounting medium (BDH, Poole, England).

A genomic fragment carrying the last three exorBra2was isolated  other histological techniques
by screening a 129/0la genomic library witPx2 cDNA. A 1.8 kb
PGK-Hygro fragment (Te Riele et al., 1990) was cloned into th
BanH]| site of pSDKLacZ (gift of J. Rossant) lacZ-Hygro cassette
was isolated and, usingotl linkers, cloned into alag!l site located
27 bp upstream from therx2 homeobox (Figs 1A, 2A). The resulting

construct pPrx2KO containddcZ fused in-frame in th€rx2-coding : ; ; : :
X . . paraffin. Sections were cut atpgm and stained with haematoxylin
sequenceSal-linearised pPrx2KO was electroporated into E14.1B105,q eosin. Bone and cartilage staining was done according to a

ES cells, growing on S_NLH9 feeders (Van Deurse_n and Wieringamodiﬁed procedure from C. Fromental-Ramain (IGBMC,
1992). ES cell manipulations were generally as described by Wurst akd 4 shourg). Foetuses and skinned and eviscerated new-born animals
Joyner (1993). Hygromycin-resistant clones were screened@r ore fixed overnight in 96% ethanol, stained for cartilage in 80%
activation upon a 48-hour treatment of @M retinoic acid, since this ethanol, 20% acetic acid + 0.5 mg/ml alcian blue (Sigma) for 6-16
inducesPrx2 (De Jong and Meijlink, 1993). Southern analysis wasy s, rinsed 2 times in 96% ethanol for 3 hours and digested in 1.5%
then performed using thé SR probe (Fig. 2A,B) and a8DNA probe  KoH for 2-6 hours, followed by bone staining in 0.5% KOH + 0.15
(Fig. 2C). Chimeric mice were generated by both morula aggregatigig/m| alizarin red S (Sigma) overnight, destained in several changes
and blastocyst injection using B6D2F2 host embryos. Male chimerasy 2005 glycerol + 1% KOH, transferred through a graded glycerol
were crossed to FVB and offspring carrying the mutation bred tQeries and stored in 80% glycerol. Whole-mount and radioactive RNA
homozygosity. Double mutants were obtained by crossesRmith  in sty hybridisation was done as described (Leussink et al., 1995).
heterozygous mutants (Martin et al., 1995). Genotyping was done lymp4 Fgf8, Pax9,Hoxd11, andHoxd13probes were kind gifts of B.
PCR on tail tip or yolk sac DNA. Four primer pairs were used_ M. Hogan (Nashville), G. R. Martin (San Francisco), R. Balling
that were capable of amplifying thérx2 wild-type allele  (Munich) and D. Duboule (Geneva), respectively.
(aggtgggtgagttagatggatagacc;  gtgtgcgctcaaatacacgct; 340  bp
product), the lacZ gene (gcatcgagctgggtaataagcgttggcaat;
gacaccagaccaactggtaatggtagcgac; 821 bp producBpthevild-type RESULTS
allele (ttcattccagatgaccagttgaact; ctggcctcagtgaggttcacc; 229 bp
product), and the neomycin-resistance gene (actgggcacaacagacaajcq; .
cgtccagatcatcctgatcga; 410 bp product). E%nlng of a complete  Prx2 cDNA

_ - A 16.5-day mouse (NIH Swiss) embryo cDNA library in
B-galactosidase staining AEXLox (Novagen) was screened with a PncDNA
Whole-mount B-galactosidase staining of embryos was done agxtending 44 bp upstream from the homeobox antdRr&
described (Hogan et al., 1994). Paraffin sections were cytatahd ~ ¢cDNA not containing the homeobox. Two clones contained
counterstained with neutral red. For embryos older than embryonipserts most likely covering the complete protein-coding region
day 11 (E11_) _however, we noted increased dlfflculty_ln obtainingyf prx2 (Fig. 1A). The putative start codon is in a favourable
complete staining throughout the embryo. The alternative procedurgy, ot (Kozak, 1987) and upstream from it in the same frame
cryosectioning (see Hogan et al., 1994), suffers from poor hlstologgre fwo stop E:odons Fig. 1B shows a comparison of the

and difficulty in obtaining complete series. A method to defiect . . S
galactosidase activity in paraffin sections has been reported (Avé et dfanslation of the>rx2 cDNA with that of the most similar of

1997), but the sensitivity was low in our hands. We developed BVO Splice variants oPrx1 (Cserjesi et al., 1992). The high
sensitive method for demonstratiggjalactosidase activity in sections degree of similarity between the homeodomains and the part
of tissue embedded in hydroxyethylmethacrylate polymer. The methddear the carboxy termini have been reported previously
combines the advantages of cryosections (high sensitivity) with thoggeussink et al., 1995; Cserjesi et al., 1992)x1 and Prx2

To prepare sections from embryos and new-born mice the tissues were
Sixed overnight in PBS containing 4% paraformaldehyde. New-borns
were decalcified in PBS containing 2.5% paraformaldehyde and
12.5% EDTA for 2 weeks, followed by an overnight rinse in running
tap water. The tissue was then dehydrated, cleared and embedded in
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share an N-terminaPrx-specific domain of 16 amino acids observed between control animals @27~ mutants in the
between positions 28 and 43 (Prx2) (Fig. 1A,B). Thislength/power relations (elasticity) of the medial gastrocnemius

underscores the high degree of similarity betwBexil and

muscle/tendon complex. Using dynamic contractions, no

Prx2, and presumably the related biochemical properties of trehange was found in the interactions between tendons and

proteins encoded.

Generation of Prx2 mutant mice

muscles (A. de Haan, personal communication).
Absence of abnormalities Prx27~ mutants suggested that
Prx1 might compensate for loss Bfx2, as its sequence and

Mice lacking a functional Prx2gene were generated via expression pattern are very similar to thos@iof2 (Fig. 1B;
homologous recombination in ES cells. Fig. 2 depicts théeussink et al., 1995). Prxiull mutant mice show defects in

targeting strategy. The genomic organisation of part dPtk2

skeletal elements of the head, the zeugopods of the limbs and

gene has been described previously (Opstelten et al., 1991).tile neural arches of the vertebrae (Martin et al., 1995), but

lacZ/PGK-Hygromycin casse!
was inserted into arftagl site
located upstream from t
homeobox, such that thlacz-
encoding sequence is in-fra
with the Prx2-coding sequenc

Upon homologou
recombination this allele
expected to express mRI

encoding the first 88 amino ac
of the Prx2 protein fused tB-
galactosidase protein, in a patt
identical to that of th®rx2 gene
Due to the absence of both

homeodomain and the aristale
domain it is unlikely that th
protein retains any biochemi
activity. Southern blotting usir
5 and 3’ probes (Fig. 2A
confirmed successful targeting
18% of the hygromycin-resiste
colonies (Fig. 2B,C). Two mou
lines carrying the mutant alle
from independently derived E
clones were obtained.

Prx2~~ mice are viable and
show no detectable
abnormalities

Prx27~ mutant mice were bo
at normal Mendelian ratios, a
showed no obviot
abnormalities. They develop
into fertle and apparent
healthy adults, with normal Ii
span. The expression pattern:
Prx2 suggest a role in t
development of the skeleton ¢
of connective tissues il
tendons (Opstelten et al., 19
Leussink et al., 1995), and tht
aspects were studied furtr
Skeletons of new-born mi
showed no  abnormalitie
Functional aspects

muscle/tendon complexes wi
tested in situ in a spec
measuring system (see De H
et al.,, 1989). During isomett
contractions, no difference w

A

CGCCCCGACAAGGEGEECGT GTGECCCEEGECCECT GECTAGT GAGCGGT CCGCCCGT AGGEGAGEGECAGAAAGT TCGGGTCC 80

M D
CCGCACCGACT GACTTGAGAT CCGGCACAGT GAGCAGCGGEGAGGECEECEECEECCEECAGAGECECGECCAGEECATCEA 160

S AAAAFALDZPZPAPGPGPPPAPGUDTCARQ
CAGCGCGECCECCGOCT TCECCCT AGACCCGCCAGCGOCCEECCCEEEECCCCCEOCCGCACCCGECGAT TGCGCCCAGE 240

prx-domain
A RKNFSVSHLLUDLETEVAAAGRRAAGTPYV
CGCGCAAGAACT TCTCGGT GAGCCACCT CCT GGACCT GGAGGAGGT GBCGGCT GCTGEECCCAGEECTGCGEGEECCCGTT 320

S GP AEARVGAAREWPSGGSSGTEAAPAOQD
TCGEEECCCECCGAGEOGCEEGET GEGAGCEECECECGAACCGT CCGEEEECAGCAGCGECACCGAGECGEOGCCECAGEA 400

G DCPSPGRGT KRIKIKIKQRRNRTTFEFNS S
CGGTGACTGT CCCAGCCCCGGECCGT GGCACCAAACGAAAGAAGAACCAGCGCCGGAAT CGAACCACAT TCAACAGCAGCC 480

homeodomain
QL QAL ERVFERTHYZPDAFVRETELARIR RYV
AGCTGCAGGCGCTGGAGCGT GTAT TTGAGCGCACACACTACCCTGACGCCT TTGT GCGT GAAGAGCTAGCTCGCCGTGIC 560

N L SEARVYVYQVWFOQNRRAKZFRRNEIRAML A
AACCTCAGT GAGGCACGT GT CCAAGT CTGGT TCCAGAACCGCCGT GCCAAGT TTCGCCCGAATGAACGT GCCATGCTGGC 640

T RSASLULIKSYGQEAAI EQPV APRPTT
TACCCGCTCTGCCT CGT TGCTCAAGT CT TAT GGCCAGGAGGCGGCCAT TGAACAGCCT GTGBCCCCCCGACCTACCACGA 720

M SPDYLSWPASSPYSSVPPYSPGGSSZ?P
TGAGCCCAGATTATCTATCCTGGCCAGCATCCTCCCCCTACAGCT CCGT GCCTCCCTATAGCCCCGGAGGT TCAAGTCCT 800

aristaless-domain
A TPGVNMANS SI ASLIRLIKAIKETFSLHHSA Q
GCAACTCCTGGAGT CAACAT GGCCAACAGCATCGCCAGCCT TCGCCT CAAGGCCAAAGAGT TCAGCCTACACCACAGCCA 880

vV P T V N *
GGTGCCCACAGT GAACT GACT GTGCAT TGGGTCCAGCT TCCTCCCTGGCCCAAT GBCAGACT GCAGCAAAGGCAGTAGCC 960

TTGTCTGTCTCTGT CCTCAGACAAACT GGBCAGCCTCTCCCGTGCCTTTTCTCCATCACAGCTTCCTGAGT TCCAGAGGC 1040
CTGT TGGGTGCTGGAAGCAGT TGAACAAGT CACTGCTAT GGTGECTGAGAT TGT GCCTAAGGCCCCTGGAGT GGCCTGEC 1120
CAGAAGGCGGAGCT GGAGT CCGCCAAGGAACTCACTTACT TATGTATTAAAACCAAAAAGCTTTTGTCTTTAAGGAATAA 1200
AACCATTTTTCGTAAGCTCAA 1221

B
prx-domain
* * + +* * * * **+*****~k~k****** * *+ *
Prx1 MI'SSYGHVL ERQPAL GGRL DSPGNL DTLQAKKNFSVSHLLDLEEAGDM - - - - - - VAAQADESV 57
Pr x2 MDSA- AAAFAL DPPAPGPGPPPAPGDCAQARKNFSVSHL L DLEEVAAAGRRAAGPVSGPAEARY 63
homeodomain
* * * * +**++ **k * *+*+**~k************************
Prx1 CGEAGRSLLESPGLTSGSDTPQQRDND- - QL NSEEKKKRKQRRNRTTFNSSQLQALERVFERTHYP 119
Pr x2 GAAR- - - - EPSGGSSGTEAAPQDGDCPSPGRGTKRKKKQRRNRTTENSSQL QALERVFERTHYP 123
******+*******+************************ + * Kk k ok ok k k + *+***++***
Prx1 DAFVREDL ARRVNL TEARVOVWFQNRRAKFRRNERAMLANKNASL LKSYSCGDVTAVEQP!I VPRP 183
Pr x2 DAFVREEL ARRVNL SEARVOVWFQNRRAKFRRNERAMLATRSASL LKSYGQE- AAI EQPVAPRP 186
aristaless-domain
+***** * k k% * % *+******* *******+** *k ok kk Kk
Prx1  APRPTDYLSWGTASPYSANMATYSATCANNSPAQG NVANSI ANLRLKAKEYSL QRNQVPTVN 246
Pr x2 TTMVSPDYLSWPASSPYSSVPPYSPG GSSPATPGVNVANSI ASLRLKAKEFSL HHSQVPTVN 248

Fig. 1. ThePrx2 mRNA and protein. (A) Nucleotide and predicted amino acid sequerRix2EDNA

and protein. Two stop codons upstream and in frame with the putative translation initiation codon are
underlined. The three conserved protein domains (homeodomain, aristaless donRaiaspetific

domain) and the nucleotide sequences encoding them are shaded. Accession numbers X52875; S57868
(B) Comparison of Prx1 and Prx2 proteins. Conserved domains are shaded, identical amino acids are
marked with an asterisk and conservative changes with a plus sign.
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Fig. 2. Targeted mutagenesisRrix2, A

and genotype analysis of mice and ES

cells. (A) The diagram illustrates the SR Probe CDNA probe #) homeobox
structure of the Prxcus (top) and - —— aristaless-box
the targeting vector (below). The last W Prx2gene SR s E H
three exons of the Prxgene are | || | M =
depicted by rectangles. The homeobox—

and the aristaless-box (encoding the s
aristaless-domain) are shaded. A 5 kb Targeting vector > Lacz__ [ Hygro< 7% Zm
lacZ/PGK-Hygro cassette (not to scale)

was inserted just upstream from the

homeobox. Arrows indicate direction B C
of transcription. Relevant restriction
sites and probes are indicated. The SR
probe is located outside the modified
region, the cDNA probe is a partial Heo A o 4 4 S
cDNA detecting only exon sequences

downstream from the insertion site of

n

iy

Hindlll digest Sphl digest

the lacZ/PGK-Hygro cassette. B, 75k —
BanHI, E, Eagl, H, Hindlll, R EcaRl, 120kb — L B R
S, Sstl, SpSphl. (B) Example of B sokb —
genotyping mice by DNA blot we — g ww

hybridisation ofHindlll-digested DNA

using the SR probe. The wild-type

allele is detected as a 7 kb fragment, SR probe cDNA probe

the targeted allele as a 12 kb fragment

due to the insertion of the cassette. +/+, aitd—/— indicate wild-type, heterozygous and homozygous mutant animals, respectively.
(C) Example of genotyping ES cells by DNA blot hybridisatiotsphl-digested DNA using the cDNA probe. The mutant allele h&phah
fragment of 6.5 kb versus 7.5 kb of the wild-type allele, due to the presenc8plfilsite in the PGK promoter.

other structures in which bofrx1l and Prx2are expressed, of sections and skeletal stains of new-borns and embryos. New-
such as other parts of the limbs, jaws and otic capsule, develbprns showed a striking reduction of the lower jaw (Fig. 3C).
normally. Therefore we crossed both mutants to generafehe dentaries were shortened, and their distal tips fused (Fig.

double mutant mice. 4F). Most of Meckel’s cartilage was deleted, only the distal tip
and a small proximal part including a malformed malleus being

Prx1~-Prx2~~ double mutant mice show many present, and an ectopic process was visible immediately distal

abnormalities not found in either single mutant from the malleus (Fig. 5E). The malleus and ectopic process

Prx17-Prx27- double mutant mice died within an hour after were similarly affected as described previously Ryx17~
birth, while Prx17~ single mutants lived for up to 24 hours. mutants (Martin et al., 1995; Fig. 5C). The mandibular incisors
The double mutants showed a severely reduced lower jawere either absent (Fig. 4F), or a single median incisor was
(micrognathia), a pointed snout, absence of external eafsund (Fig. 4E), whereas the molars were unaffected (Fig. 3G).
(anotia) and downward pointing forelimbs (Fig. 3A-C).In some cases, a fragment of a second incisor was found.
Approximately 8 percent of the new-borns showed a clefSpecimens with cleft mandible showed remnants of an incisor
mandible and tongue (Fig. 3D; Table 1). The animals appearexh both dentaries (Fig. 4D). Table 1 shows the occurrence of
cyanotic, indicating a lack of oxygen. Prklas well as aspects of the phenotype with incomplete penetrance.
Prx17Prx27- mutants displayed a cleft secondary palate Prx17-Prx2"~ new-borns had shortened dentaries and
(Martin et al., 1995; Fig. 3F,G). IRrx17Prx27~ mutants, closely spaced incisors, and demonstrated a phenotype inter-
presumably as a consequence of the reduced lower jaw, theediate between those found in Prxland Prx17-Prx27-
tongue inserted through the cleft palate into the nasal cavitynutants (Fig. 4C). The correlation between progressive loss of
probably obstructing the airways (Fig. 3G). This may haverx function and medial shift of the incisors suggests a role for
caused the rapid death of these mutants. Prx genes in specification of mandibular midline structures.
New-born mortality was also observed Rmx1* Prx27-
mutant mice, although neitheg®Prx1*'~ mice nor Prx2/-

mice displayed abnormalities. Initially about 80% of  Taple 1. Frequency of partially penetrant defects in
Prx1*-Prx27- new-borns showed respiratory problems and Prx17-Prx2-/- mutant mice

abdominal distension because of cleft secondary palate, agdructure Defect Frequency (%)
died within 24 hours. Those that survived reached adulthood : : quency 0
and displayed no health problems. From their offspring, modfandible 6=26) Incisors absent 38
Prx1*-Prx27~ new-borns survived without problems, g'”g.'e incisor 42
N . . artial second incisor 12
indicating that lethality depended on genetic background. Cleft mandible 8
. . Forefoot (n=15) Ectopic metacarpal + phalanges 20
Skeletal abnormalities in the lower jaw Ectopic metacarpal fragment 80

The Prx17-Prx27~ mutant phenotype was studied by analysisS¢apula (n=26) Absence of spine 62
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Fig. 3. Lateral views of (A) wild-type, (BPrx17~and (C) Prxt/~
Prx27~ new-born mice. Note micrognathia and anotia in C, and
downward pointing limbs in B and C. (D) Cleft mandible in E18.5
Prx17-Prx27/~foetus. (E-G) Frontal sections through the oral cavity
of (D) wild-type, (E) PrxZ’~and (F)Prx17-Prx27newborn mice.
Arrows indicate the ears in A,B, the secondary palate in E, and the

palatal processes in F and G. The oral cavity in G cannot Fig. 4. Dij_sectecil_mandibles from (A) wiLd_—type, (B) Prx1
accommodate the tongue, which therefore obstructs the airway.  (C) Prx17"Prx2*/~ and (D-F) PrxT'"Prx2”~ mutant new-borns.
Abbreviations: m, molar; nc, nasal cartilage; tg, tongue. (D) Cleft of mandibular bone and soft tissue. Arrows in D indicate

remnants of the incisors. Note the reduced distance between the
incisors in C (arrowhead), the single incisor in E (arrow) and absence
To get further insight into the role &frx2, its expression of the incisors in F. Abbreviation: al, alveolar process.
during development of the lower jaw was visualisedby
galactosidase staining inPrx2/~ embryos (Fig. 6).
Comparison with the results of radioactive in situ hybridisatiormutant embryos appeared normal up to E10.5. At E11.5, a
(Leussink et al., 1995) confirmed tlagalactosidase staining large area of thickened epithelium was found, spanning the
faithfully represente@rx2 expression. The expression patternsdistal-medial region of the mandibular arch, instead of the two
were essentially the same Rrx2/~ mutants as irPrx17~  dental epithelial thickenings normally present (not shown). At
Prx27~ mutants, indicating that therx genes exert no cross E12.5, this thickened epithelium was still present and no incisor
or autoregulation. From embryonic day 8.5 (E8.5) to E10.5hud was formed (Fig. 6D). The mesenchymal condensations
high expression was found in the mesenchyme of the distal pdar Meckel's cartilage were absent (Fig. 6D), except in the
of the mandibular arch (shown for E9.5 in Fig. 6C,E). At E11.5proximal part and the tip of the mandible, and the lower jaw
two epithelial thickenings, called dental epithelium, form thewas much shorter than normal (not shown). In sections of E13.5
first morphological signs of incisor development, agd Prx17-Prx27~ embryos, a single medial incisor bud of normal
galactosidase expression was restricted to the mesenchymenudrphology was present (not showns2). Skeletal stains
the distal-medial part of the mandibular arch, including the aremvealed that only the proximal part of Meckel’s cartilage and
underneath the dental epithelium (not shown). At E12.5, whea cartilaginous sphere at the tip had formed in E13.5 and E14.5
the incisor buds form, expression was found medially in th®rx17Prx27- mutants (Fig. 7D). Meckel's cartilage was
distal part of the mandible underneath the incisor buds antbmpletely present ifPrx17/~ mutants, but only partially in
surrounding the mesenchymal condensations of the distal tRrx17-Prx2*/~ mutants (compare Fig. 7B,C).
of Meckel's cartilage (Fig. 6A). Expression more proximal in  The signalling factors Bmp4 and Fgf8 and the transcription
the lower jaw was weaker and concentrated underneath tifector Pax9 have been implicated in positioning the incisors.
dental lamina, in a domain abutting Meckel’s cartilage dorsallyAntagonistic interactions between epithelially expredsg®
and laterally from Meckel's cartilage in condensedand Bmp2/4regulatePax9in the underlying mesenchyme, a
mesenchyme, presumably the progenitor of the dentary (Fignarker of presumptive tooth mesenchyme (NeubUser et al.,
6B). Prx1 was expressed similarly at E12.5 as determined b§997). At E10.5, the expression domairFgf8 in the Prx1/~
radioactive in situ hybridisation (not shown). Prx27- mutant showed a faint ectopic extension running
Development of the mandibular arch in PTkPrx27-  medially along the mandibular process (not shown). At E11.0,
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the domain ofFgf8 expression had shifted laterally, while an was visible in the second arch (not shown). These observations
extension of the domain showing low expression was runninguggest that Prxéhay be expressed in second arch mesenchyme
medially (compare Fig. 8A,B). The domainBrhp4expression destined to form Reichert’s cartilage, and is required to drive
no longer overlapped withrgf8 expression (compare Fig. differentiation towards ligament instead of cartilage. High
8C,D). Pax9was expressed in the mesenchyme underneath tlexpression was also visible in the endoderm of the second and
ectopic medial domain ¢fgf8 expression (compare Fig. 8E,F). third pharyngeal pouch, and in the ectoderm of the corresponding
At E11.5 Fgf8 was no longer expressed in wild-type orgrooves from E9.5to E11.5 (Fig. 6C,E). It is possible that correct
Prx17-Prx27~ mandibular arch. Pax@xpression in the wild formation of Reichert's cartilage requires signals from the
type was found in two lateral presumptive molar domaingharyngeal pouch endoderm drt2 may regulate such signals.
and in two presumptive incisor domains more medially o

located, while a single medial domain was present in thAbnormal development of semicircular ducts

Prx17-Prx27~ mutant (Fig. 8G,H). The single medial domain The mammalian inner ear develops from a spherical epithelial
of Pax9 expression correlates well with the observation of aesicle, the otocyst. By a series of complex shape changes the

medial incisor. otocyst produces a number of sensory structures, namely the
o cochlea, containing the auditory apparatus, the saccule and
Abnormalities in the second pharyngeal arch utricle, containing sensors of linear acceleration, and the three

Reichert's cartilage is the skeletal element associated with tleemicircular ducts, containing sensors of angular acceleration.
second pharyngeal arch. In mammals, Reichert’s cartilage giv&accule, utricle and semicircular ducts are collectively termed
rise to the greater part of the stapes and to the lesser horn (ahd vestibule, and vestibule and cochlea together form the
part of the body) of the hyoid bone, the styloid process and treembranous labyrinth. During embryogenesis, the mesenchyme
stylohyoid ligament, which connects the lesser horn to the styloisurrounding the membranous labyrinth chondrifies and forms
process. The stylohyoid ligament was not formed completely ithe otic capsule, and the semicircular ducts run through spaces
the Prx17~ mutant, and part of it developed as a cartilaginousn the capsule called semicircular canals.

element (Martin et al., 1995; Fig. 5D). In contrastPirx17~ Mutation of Prxland Prx2resulted in a reduced size of the
Prx27~ mutants, the entire stylohyoid ligament chondrified, andentire otic capsule and absence of the lateral semicircular canal
connected the stapes (
shown) and styloid proce
to the lesser horn of tl
hyoid bone (Fig. 5F). Tt
site of attachment of tl
stapes to the otic capst
called the oval windov
was displaced medial
(not shown). This me
be secondary to i
displacement of the stap
as the stapedial blaste
induces formation of tF
oval window. The
chondrified stylohyoir
ligament was also found
Prx1*/-Prx27~ mice. This
and the cleft seconde
palate, were the on
abnormalities found i
these mice (data n
shown). Prx2 expressiol
was found from E9.5 f
E11.5 in the region ne
the otocyst where tt
future ossicles will develc

(not shown). From there
rod of expressing cellsw  Fig. 5. Skeletal abnormalities in skull of Prx1futant mice. Skeletal stains of (A,B) wild-type, (CPrx1-
seen, running down fro and (E,F) Pr)gI"PrXZ"‘ new-born mice with corresponding diagrams. An abnormal process is visible on
the otic region parallel | Meckel's cartllage_ of Prx1- an_d P(xI"Prxf‘ mutants (arrows in C,E). The malar process of the _maxnlary
the branchial artel bone (arrowhead in C, green in diagram) is abseRbifi/"Prx27~ mutant (arrowhead in E). Arrows in B,D,F
. . indicate styloid process, which is elongate®inl”~ mutants (D, light blue in diagram), and fused to the
towards the distal tip of t hyoid bone irPrx17Prx27~ mutants (F). Diagram colours: red, bone; blue, cartilage; light blue, ectopic
second arch (shown f  c3rilage in Prx?~ light green, ectopic cartilage Rrx17-Prx27~; yellow, reduced/deleted Rrx1~; green,
E9.5 in Fig. 6C,E). A reduced in PrxY-Prx27~. Abbreviations: al, alisphenoid; de, dentary; ex, exoccipital; fr, frontal bone; hy,
E12.5, only very fainf3- hyoid bone; in, interparietal bone; ma, malar process; Me, Meckel's cartilage; mx, maxillary; na, nasal bone;
galactosidase express oc, otic capsule; pa, parietal bone; sq, squamosal; st, styloid; su, supraoccipital; zy, zygomatic.
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Fig. 6. Expression patterns of Prx2 pharyngeal arches

. and lower jaw as revealed byglactosidase activity in
Prx2+~andPrx17-Prx27~ mutant embryos. (A-

C) Transverse sections of E12.5 (A,B), and E9.5 (C)
Prx2*/~ embryos. Arrow in C points to expression in the
second pharyngeal arch, and asterisk indicates expression
in the second pharyngeal pouch and cleft. (D) Transverse
section through lower jaw of E12.5 PrxPrx27~ mutant
embryo at level comparable to that of A. Arrow indicates
abnormally thickened epithelium. (E) Whole mount of an
E9.5 Prx2/~embryo. Arrow indicates rod &frx2-
expressing mesenchyme in second arch and arrowhead
indicates expression in second pharyngeal groove.
Abbreviations: 1, mandibular component of first
pharyngeal arch; 2, second pharyngeal arch; in, incisor
bud; mc, condensation for Meckel’s cartilage; mo, molar
bud; nc, condensation for nasal cartilage; tg, tongue.

(Fig. 9C). A remnant of the lateral duct located in a smalPrx1 or Prx2 activity in the mesenchyme is required for these
cavity in the otic capsule was apparent in sections of new-bointeractions. The significance Bfx2 expression in the otocyst
animals (not shown). A slight reduction in the size of the otizemains unclear, as Pr¥2 mutants have no inner ear defects.
capsule was found iRrx17~ mutants (Fig. 9B). o

The semicircular ducts develop from diverticula that growSkeletal abnormalities in other parts of the head and
out of the otocyst. The lateral wall of each diverticulumin the axial skeleton
delaminates at its centre from the surrounding mesenchynie Prx17~ andPrx17-Prx27~ mutants, the squamosal and the
and coalesces with the opposite wall, forming the fusion plateygomatic bones were absent and the lateral wall of the skull
The fusion plate disintegrates and a semicircular duct remainsas made up of a sheet of ectopic cartilage instead (Martin et
In wild-type embryos, all three semicircular ducts were formedl., 1995; Fig. 5C,E). The malar process of the maxillary bone
at E12.5. In Prx¥~Prx27~ embryos, the anterior diverticulum was also absent in Pr{¥tPrx27~ mutants, so that the entire
was much smaller than in wild-type controls, the lateral walkygomatic arch was deleted (Fig. 5E). The palatal processes of
had delaminated from the surrounding mesenchyme, but fusion
of the opposite walls had not yet occurred (compare Fic
10A,C). The lateral diverticulum was present (Fig. 10D), bu
the posterior diverticulum was barely visible (Fig. 10C). At
E13.5, the posterior diverticulum was a small outpocketing
from the future common duct. The walls of the lateral duct ha
fused, although the duct was much smaller than in the contr
(data not shown). These observations indicate that the oti
capsule phenotype iRrx17-Prx27~ mutants is the result of
reduced outgrowth of the ducts of the membranous labyrint

Prx2 expression is present in the lateral wall of the otocyd
at E9.5 and E10.5 (Opstelten et al., 1991). Fate map studi
have attributed this part to the future vestibule (Li et al., 1978
B-galactosidase staining of E11.5 and EIR:82'~ embryos
showed expression in three domains of the developing otocys
dorsoanteriorly on the diverticulum of the lateral duct, on the
anterior side of the diverticulum of the posterior duct and o
the anterior side of the anterior duct (Fig. 10F and data n{
shown). In addition, from E9.5 to E12.5 high expression wal
found in the mesenchyme surrounding the lateral side of t
otocyst and around the outgrowing diverticula (Opstelten et al
1991; shown for E11.5 in Fig. 10Mrx1 expression could not
be detected in the otocyst from E9.5 to E12.5 using radioacti
RNA n S'Fu hybridisation (Fig. 10E and_ data not shown), buh . 7.Meckel’s cartilage is truncated in E14.5 (C) P¥xRrx2* -
was high in the mesenchyme surrounding the lateral aspect gry (D) PrxT-Prx2-- mutant embryos. (A) Wild-type, (BJrx1-

the otocyst and the diverticula of the developing ducts (Figempryo of a slightly more advanced stage than the others. (C) Arrow
10E). Since outgrowth of the diverticula occurs in interactionngdicates fragment of Meckel's cartilage. (D) Note cartilaginous

with the surrounding mesenchyme (Swanson et al., 199@phere at tip of jaw (arrow). Abbreviations: de, dentary bone; Me,
Anniko and Schacht, 1984), these observations suggest thdeckel's cartilage.
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at E14.5, a bulge was visible on the radius and tibia, and
ossification was delayed compared with wild type (not shown).
This indicated that the phenotype was due to an early defect in
formation of the skeletal precursors. However, longitudinal
sections through the zeugopods of new-borns showed that, in
the growth regions, the zones of prehypertrophic and
hypertrophic cartilage cells were considerably shorter in
Prx17-Prx27~mutants than in controls (not shown), indicating

a later defect in ossification of these bones.

The first digit of the forefoot of Prxi-Prx27~ mutants was
broadened, and its phalanges were thinned centrally as if they
had a propensity to bifurcate (Fig. 11D,E). An extra digit was
found on the posterior side of the forefoot. The morphology of
the ectopic digit ranged from only a fragment of a metacarpal
(Fig. 11D), to a complete metacarpal and two phalanges (Fig.
11E; Table 1). The triangular, which articulates with the ulna
and the carpal bones, was laterally truncated, and the pisiform
bone was fused to the ulna. The metacarpal of the extra digit
articulated with the triangular and the ulna. The extra digit was
often thinner than the other digits (Fig. 11E). Abnormalities in
the autopod were also visible Prx17~ and Prx17/-Prx2*/~
mutants, where the base of the metacarpal of the fifth digit was
broadened and formed an articulation with the triangular and

Fig. 8. Altered expression @mp4, Fgféand Paxdn mandibular ulna (Fig. 11B,C). It thus appeared that with progressive loss of
arch of PrxI’-Prx27~- mutants. Transverse sections through Prx functlon, skeletal precursors of the fifth d|g|t eXpanded and
mandibular arch of E11.0 (A-F) and E11.5 (G,H) wild-type ultimately formed an additional digit. This expansion was
(A,C,E,G) andPrx17/-Prx27~ (B,D,F,H) embryos. Sections have variable between and within individuals, as differences between
been hybridised with probes fBgf8 (A,B), Bmp4(C,D) and Pax9 left and right autopods of the same individual were common.
(E-H). Inset in C is an enlargement of the boxed area, to indicate In the hindfoot, an ectopic cartilaginous element was found

expression more clearly. Note that expression at corresponding between the first and second metatarsaPirl~Prx2-~
position in D Is abse”{;' Al e’éc.eﬁ’]t (f:llj d"’?re rEd'f"tereo: dark-field 1y tants (Fig. 111). The tarsal bones were fused, but the pattern
Images superimposed on 2 bright-field image. Dorsal is up. of fusions varied. Fusions were found between two or more of
the following elements: the second and third cuneiform bones,
the naviculare, tibiale, talus, cuboid, calcaneum and the ectopic
the maxillae are hypoplastic Prx17~ mutants (Martin et al., metatarsal element (Fig. 11F,l).
1995), but were completely absent in PYXRrx27/~ mutants. The pubic symphysis was not formed Rix17-Prx27-
An ectopic crescent-shaped cartilaginous element was locatetutant new-borns, resulting in a gap between the pubic bones
in the remnant of the auricle in Prx1Prx27- mutants (data (not shown). In about 60% &rx17-Prx27~ neonates (Table
not shown). 1), we found that the spine of the scapula was partially or
The dorsal processes of the thoracic and lumbar vertebraempletely absent (Fig. 12). The extent of the defect was often
are absent iPrx17~ mutants, and the neural arches spread outiifferent between left and right sides of the same animal, and
laterally resulting in spina bifida (Martin et al., 1998)jx17~  was visible from E13.5 onwards. Scapular abnormalities were
Prx27~ mutants showed in addition absence of the dorsaiot found in Prx¥Prx2*/~ or Prx17~ mutant animals.
processes of the cervical vertebrae including the atlas and axis.Mutations in 5'Hoxd or Hoxa genes can result in limb
While it has been reported that only 12% of PfxInutants abnormalities like those found in tiRex17Prx27~ mutants
show vertebral abnormalities (Martin et al., 1995), we foundsee Rijli and Chambon, 1997), including similar zeugopod
them in allPrx17~ andPrx17-Prx27~ mutants examined (n=8 abnormalities and postaxial polydactyly. Expression patterns
andn=26, respectively). In addition a hole was found in theof Hoxd11land Hoxd13were, however, not changed in limbs
xyphoid process of the sternum Rrx17Prx27- mutants of E10.5 and E11.5 PrxtPrx27~ mutants, as determined by
(data not shown). whole-mount in situ hybridisation (data not shown).

Abnormalities in the appendicular skeleton

Prx17~ mutants show shortened zeugopods of forelimbs anBISCUSSION

hindlimbs and a slight bending of the preaxial elements (Martin

et al., 1995; Fig. 11B,H). The zeugopods were much morkn this paper, we show that mice homozygous B allele
shortened irPrx17-Prx27~ mutants, and the radius and tibia that lacks the homeodomain and the aristaless domain develop
were strongly bent (Fig. 11D,E,l). The diaphysis of the tibianormally. In contrast, mice mutant fBrx1 develop a series of
bulged out and formed a cap of bone under which the proximakeletal abnormalities (Martin et al., 1995). We now show that
and distal epiphyseal cartilages were connected (Fig. 11F,l). Atice mutant for both genes display a range of novel skeletal
E13.5, the cartilaginous precursors of the zeugopod bones wezbnormalities, as well as a more severe manifestation of the
already shortened and thickened compared with wild type an&rx1 mutant phenotype. Most of the abnormalities were found



Prx genes in skeletogenesis 3839

Fig. 9. Abnormal semicircular canals in ac
Prx1/2mutant mice. Dissected otic ut ac
capsules from wild-type new-born (A),

Prx17-(B) and PrxI’Prx27~ mutant ut
new-borns (C), with corresponding Ic

diagrams. Abbreviations: ac, anterior

semicircular canal; cc, common canal;

Ic, lateral semicircular canal; pc, oo cc pc
posterior semicircular canal. pc pc

cc

in regions where botiPrx1 and Prx2are expressed (see et al., 1995). The perichondrium has been shown to interact
Leussink et al., 1995, for a comparison of expression patternsyith signals from the growth region, and has a local effect on
Although both Prxland Prx2 have been conserved in the rate of chondrocyte proliferation and differentiation
mammals as well as in birds (Leussink et al., 1995), the resulfsortkamp et al., 1996; Serra et al., 1997; Zou et al., 1997,
indicate thatPrx1 can to a large extent substitute Rnx2. Long and Linsenmayer, 1998). This suggests that the zeugopod

Several aspects of the phenotype varied between individugihenotype is the result of abnormal functioning of the
with the same combination &¥rx1 and Prx2 alleles. Great perichondrium in thePrx17-Prx27~ mutants. While the
variations were found in the phenotypes of the mandible, the
shoulder girdle and the autopods of the limbs (Table 1). Thi
is probably to a large extent a result of variation in geneti
background of these animals, as they were offspring fror
individuals in which four different strains were represented
The presence of left-right differences in the limbs indicates th¢
the source of variation is not only genetical, but that loca
stochastic variations may play a role as well.

Prx genes in skeletogenesis

Preskeletogenic condensations of many of the skeletal elemel
that were affected in tierx17-Prx27~ mutants were abnormal.
Therefore,Prx1 and Prx2 appear to regulate the formation of
skeletal precursor®rx1 andPrx2 are downregulated prior to or
during condensation of the mesenchyme (Fig. 6B; Opstelten
al., 1991; Nohno et al., 1993; Kuratani et al., 1994; Leussink ¢
al., 1995), and this suggests that they are required for early ste
in the condensation process. As the defects are region speci
Prx1 andPrx2 may influence condensation in response to loca
positional cues.

In the bones of the zeugopods, we see that loBsxdfand
Prx2 also has effect at a later stage of skeletogenesis, when 1
cartilaginous templates are replaced by bone. Ossification w
delayed, the bones were shorter, and the growth regions we
reduced in size, indicating a defect in proliferation or
differentiation of cartilage. The radius was bent, suggesting that
proliferation was less affected on the anterior side of this borfdd- 10.Transverse sections through developing semicircular ducts in
(see Fig. 11D). This side-specific effect was more extreme i§12-5 Wild-type (A,B) andrx17"Prx27~ (C,D) embryos. Sections
the tibia, were ossification occurred on one side only (Figi*ough anterior and posterior ducts (A,C) or lateral and posterior
11F,1). These results indicate that Prx genes do not only patte cts (B,D). (E) Radioactiverxlin situ hybridisation of transverse

. . ction through otic vesicle of E11.5 wild-type embryo.Rfx2
embryonic precursors of the skeleton, but can also mfluenc;ég(pression in otic vesicle of E11.5 Pt2embryo. Upper side is

local growth rates in specific bones during foetal stages. ~ medial and right side is anterior. Abbreviations: ad, anterior

Prx1 and Prx2 are not expressed in cartilage, but highsemicircular duct; cd, common duct; ed, endolymphatic duct; fp,
expression has been reported in the perichondrium (Opstelt@sion plate; Id, lateral semicircular duct; pd, posterior semicircular
et al., 1991; Nohno et al., 1993; Kuratani et al, 1994; Leussinduct.
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C Prx1-/-Prx2+/-

metatarsals

Fig. 11.Limb abnormalities ifPrx1/2mutant mice. Skeletal preparations from right forelimbs (A-E) and hindlimbs (F-I) from wild-type (A,G),
Prx17~(B,H), Prx17-Prx2*~ (C), and Prx¥Prx27~ (D,E,I) new-borns. D is a mirror image of a left limb. B¥x17~ (left) and

Prx17-Prx27~ (right) mutant new-born hind limb zeugopods. The double mutant shows fusion of talus, naviculare, calcaneum, cuboid and
fibula. (A-E) Upon progressive loss Bfx1/2function, the base of the fifth metacarpal expanded (arrow in B and C), formed the beginnings of

a sixth metacarpal (arrow in D) and ultimately a new digit (asterisk in E). The triangular (tri) decreased concomitantly in size. The thumb (digit
1) broadened upon loss Bfx1/2function (compare C-E with A), and radius and ulna were shorter and broader. Note the continuation between
the radial epiphyseal cartilages in E. (G-I) Tibia and fibula shortened upon RseléEfunction. In PrxX/-Prx27~ mutants, the tibial

diaphyseal ossification has shifted outwards (1). Yellow arrow in | points to ectopic metatarsal cartildyx1ThRerx27~ mutant shown in |

displays fusion of the talus and naviculare, and of the second and third cuneiform bones. Abbreviations: |-V, digits I-V; c2, second cuneiform
bone; ca, calcaneum; cu, cuboid; d4, fourth distal carpal; fi, fibula; na, naviculare; ra, radius; ta, talus; ti, tibia; tri, triangular; ul, ulna.

mutant perichondrium showed normal morphology in sections Although mutations in SHoxd or Hoxagenes can result in
(not shown),Prx1 and Prx2 may regulate components of limb abnormalities like those found in the PT&Prx27-
signalling pathways in the perichondrium that influencemutants (see Rijli and Chambon, 1997), we did not find
chondrocyte proliferation or differentiation. abnormal Hoxd11 or Hoxd13 expression in Prx1Prx27-
High expression ofPrx1l and Prx2is also found in the limb buds. It is possible that th&rx genes are downstream of
periosteum of several membrane bones, such as the dentéimg Hoxd genes, or that they regulate similar target genes
(not shown and Opstelten et al., 1991), maxillary, palatahvolved in limb morphogenesis. These two possibilities can
process and malar process (data not shown). Since these bobedlistinguished by studying Pexpression irHoxd mutants.
are affected in th@rx17Prx27~ mutant, it might be that the Mice mutant for theAlx4 gene, which is closely related to
reduced outgrowth of these bones is a result of ladkref  the Prx genes, show preaxial polydactyly and a small ectopic
andPrx2 expression in the periosteum. These genes may theone of polarising activity (ZPA) anterior in the limb bud, as
serve similar functions in the periosteum of membrane bonesyidenced by expression of Fgf4 and Shh (Qu et al., 1997a).

as in the perichondrium of the zeugopod bones. These authors propose a role falx4 in repressing ZPA
o formation anterior in the limb bud, and suggest that the ectopic
Prx genes in limb development ZPA is small because Abmay function together with related

In addition to the zeugopod phenotype described abov@genes like PrxBnd Prx2in a partially redundant manner. The
Prx17-Prx27~ mutants showed postaxial polydactyly in the Prx1/2 mutant showed no abnormalities that are consistent
forelimb and a broadened thumb. This indicates an increasedth an anterior ZPA and a role for these genes in restricting
amount of mesenchyme in the hand plate, and sugges®ttat the ZPA seems unlikely. The aristaless-related gdr@is a
andPrx2 can influence rates of proliferation in the autopods omore plausible candidate to compensate for logehef as its
reduce cell death in the anterior and posterior necrotic zones. Asquence is more relatedAtx4 and it is expressed anteriorly
both Prx genes are not expressed in the precartilaginous the limb bud (Ten Berge et al., 1998).

mesenchyme, they may function either in the mesenchyme )

surrounding the condensations, or earlier in the progress zofféx genes in pharyngeal arch development

where they may pattern the limb during outgrowth. Absence of Prxland Prx2resulted in a shortened mandible,
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the mesenchyme but not in the epithelium, they cannot directly
regulateFgf8. The extended domain of expressioRr@iB may

be an indirect consequence of distorted growth of the
mandibular process, or tiR¥x genes may mediate interactions
between the epithelium and the underlying mesenchyme that
restrict Fgf8 expression in the epithelium. Tissue
recombination studies have demonstrated that the epithelium is
required for outgrowth and correct skeletogenesis in the first
arch (Hall, 1980), and this suggests a roleFotl and Prx2

in regulating epitheliomesenchymal interactions that promote
outgrowth and skeletogenesis in the lower jaw.

Other members of the aristaless-related gene family in
vertebrates include Alx2Ix4 andCartl, and it is noteworthy
that these genes are expressed in the distal part of the
mandibular arch much likBrx1 and Prx2 (Ten Berge et al.,
1998; Qu et al., 1997a,b; Zhao et al., 1994). Loss-of-function
Fig. 12.Dissected scapula and clavicle from (A) a wild-type new-  mutants have been generated for Adxdl Cart] but neither
born and (B) ®rx17Prx27~ mutant new-born. Abbreviations: ac,  show strong mandibular abnormalities (Qu et al., 1997a; Zhao
acromion process; cl, clavicle; sp, spine of scapula. et al., 1996). As in the case Bfx1 and Prx2 redundancy of

these genes may prevent a stronger phenotype of the mandible
and combined mutants may prove insightful with respect to
absence of a major part of Meckel’s cartilage and reduction gfharyngeal arch development.
the medial, incisor-containing, region to a degree that no or The ectopic cartilage at the lateral wall of the skull of Prx1
only a single incisor was present. During normal developmentmutants is essentially unchangedAnx17-Prx27~ mutants.
the lower jaw is formed from the mandibular component of th&his cartilage has previously been interpreted as a
first pharyngeal arch. This is a bilaterally symmetricalmanifestation of an atavistic quadrate cartilage (Martin et al.,
structure, which initially consists of two processes that growl995). Based on anatomy and evolution of the first pharyngeal
out from both sides of the future mouth cavity and fuse at thearrch in mammals and their ancestors, however, Smith and
distal tips. These tips then form the medial area of th&chneider (1998) argue that this ectopic cartilage cannot be
mandibular archPrx1 and Prx2 are both expressed in the homologous to the quadrate. Instead they propose that, since
mesenchyme of the distal tips (Fig. 6C; Nohno et al., 1993}he dermal bones do not form, accumulation of excess
and our results demonstrate that they are required for corramtdifferentiated mesenchymal cells may contribute to small
outgrowth of the lower jaw and for specification of thepre-existing prechondrogenic condensations and cause them to
distal/medial compartment. The occurrence of mutants witexceed the minimum size limit required to undergo
cleft mandible indicates a failure of fusion of the processeshondrification. A careful analysis of cell migration and
This may be explained by delayed outgrowth of the mandibulazondensation in this area is required to resolve this issue.
processes, which therefore could not meet within a time o
window in which the ectoderm is capable to fuse. Although thé&rx genes in inner ear development
mandibular processes appeared morphologically normal pridn Prx17-Prx27~ mutants, the formation of the diverticula of
to fusion, the cleft mandible phenotype had a low penetrandée future semicircular ducts was delayed and incomplete, but
and the embryos studied may have been normal in this respedtlamination and fusion of the walls of the diverticula occurred

Neubilser et al. (1997) proposed a model in whichmore or less normally. Experiments with otocyst explants
antagonistic interactions between Bmp2/4 and Fgf8 in theultured with and without periotic mesenchyme have shown
mandibular arch epithelium determine the expressiétax®in  that reciprocal interactions between otocyst and periotic
the underlying mesenchyme, which in turn would determine thenesenchyme are required for correct formation of the otic
position of the teeth. Th&@rx17Prx27~ mutant exhibited capsule. The periotic mesenchyme undergoes chondrification,
changes in expression Bmp4and Fgf8in the mandibular arch but a signal from the developing ducts inhibits this in the
epithelium, andPax9was expressed in the mesenchyme at thenesenchyme surrounding the ducts (Frenz and Van De Water,
distal/medial tips of the arch, underneath an ared&gi8  1991). As a consequence, the ducts lie in canals consisting of
expression. The distal/medial domain R#x9 correlates well  undifferentiated mesenchyme and surrounded by cartilage. As
with the position of the incisor iRrx17-Prx27~ mutants. The the lateral duct was strongly reduced in fPex17Prx27-
observation that, in a mutant context, the expression domains wiutant, the circumference of the duct was probably so small
Bmp4,Fgf8 andPax9change in such a way as to reliably predictthat, instead of a lateral canal, a single cavity was formed in
the abnormal position of the incisor strongly supports the mod¢he otic capsule. According to this interpretation, absence of
of Neubuser et al. (1997). Ectopigf8 and Pax®xpression was the lateral canal was a secondary consequence of retarded
rather weak. This may explain the variability in the number otlevelopment of the membranous lateral duct.
incisors as the result of a threshold situation in which small Although Prx2 showed a specific expression pattern in the
changes irgf8 signal may result in loss or gain of an incisor. diverticula of the otocys®rx1 expression in the otocyst was

The domain of ectopi®ax9 expression is most likely the not found, while both genes were highly expressed in the
result of altered Fgf8expression, and not that of direct mesenchyme surrounding the diverticula. These results suggest
regulation by Prx1/2. Since both Pgenes are expressed in that Prx activity is required in the surrounding mesenchyme
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for correct outgrowth of the diverticula. Experiments withLi, C. W, van de Water, T. R. and Ruben, R. J(1978). The fate mapping
otocyst explants have provided evidence that the otocystof the eleventh and twelfth day mouse otocyst: an in vitro study of the sites

requires mesenchyme-derived signals for correct ozgc;r;%ig of the embryonic inner ear sensory structudedviorphol. 157,

morphogenesis of the ducts (Swanson et al., 1990; Anniko angg'r and Linsenmayer, T. F(1998). Regulation of growth region cartilage

Schacht, 1984). We propose therefore tRat genes are proliferation and differentiation by perichondriubevelopmen125, 1067-

involved in epitheliomesenchymal interactions that promote 1073.

outgrowth of the semicircular ducts. Martin, J. F., Bradley, A. and Olson, E. N.(1995). The paired-like homeo
box gene MHox is required for early events of skeletogenesis in multiple

. " . . lineagesGenes DeW, 1237-1249.
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