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SUMMARY

The molecular genetic mechanisms of cartilage
construction are incompletely understood. Zebrafish
embryos homozygous forjellyfish (jef) mutations show
craniofacial defects and lack cartilage elements of the
neurocranium, pharyngeal arches, and pectoral girdle
similar to humans with campomelic dysplasia. We show
that two alleles ofjef contain mutations insox9a,one of two
zebrafish orthologs of the human transcription factor
SOX9 A mutation induced by ethyl nitrosourea changed a
conserved nucleotide at a splice junction and severely
reduced splicing ofsox9Qatranscript. A retrovirus insertion
into sox9adisrupted its DNA-binding domain. Inhibiting
splicing of the sox9atranscript in wild-type embryos with
splice site-directed morpholino antisense oligonucleotides
produced a phenotype likejef mutant larvae, and caused
sox9a transcript to accumulate in the nucleus; this
accumulation can serve as an assay for the efficacy of a
morpholino independent of phenotype. RNase-protection
assays showed that in morpholino-injected animals, the
percent of splicing inhibition decreased from 80% at 28
hours post fertilization to 45% by 4 days. Homozygous
mutant embryos had greatly reduced quantities otol2al

message, the major collagen of cartilage. Analysis dfx2
expression showed that neural crest specification and
migration was normal in jef (sox99 embryos. Confocal
images of living embryos stained with BODIPY-ceramide
revealed at single-cell resolution the formation of
precartilage condensations in mutant embryos. Besides the
lack of overt cartilage differentiation, pharyngeal arch
condensations injef (sox99 mutants lacked three specific
morphogenetic behaviors: the stacking of chondrocytes
into orderly arrays, the individuation of pharyngeal
cartilage organs and the proper shaping of individual
cartilages. Despite the severe reduction of cartilages,
analysis of titin expression showed normal muscle
patterning in jef (sox99 mutants. Likewise, calcein labeling
revealed that early bone formation was largely unaffected
in jef (sox99 mutants. These studies show thgef (sox99

is essential for both morphogenesis of condensations and
overt cartilage differentiation.

Key words:sox9a col2al, titin, Zebrafish, Chondrogenesis,
Pharyngeal arches, Campomelic dysplasia, Cartilage

INTRODUCTION As chondrocytes begin to differentiate, they surround
themselves with matrix, including collagen encoded by
Cartilage cushions joints and provides a template for th€OL2A1 In many cartilages, cells organize themselves into
development of cartilage-replacement bones. Aberranbws called stacks as they begin to form their mature spatial
cartilage development results in craniofacial anomalies angatterns (Kimmel et al., 2001b). Chondrocytes continue
cartilage damage results in diseases such as osteoarthriisectional proliferation, and then hypertrophy. The
(Hamerman, 1989). The genetic pathway leading t@xtracellular matrix mineralizes before the hypertrophic
chondrocyte differentiation is under active investigationchondrocytes undergo apoptosis and are replaced by their
(Cancedda et al., 1995; de Crombrugghe et al., 2001), but lelssne-forming cell replacements.

is known about the cellular mechanisms that control the Most cartilage replacement bones fail to develop normally
assemblage of chondrocytes into higher order cartilage organs. individuals with campomelic dysplasia (CD), causing
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macrocephaly, small jaw, cleft palate, lowset ears anduplicates of much of human chromosome 17, the location of
sometimes lack of olfactory bulbs. Individuals with CD oftenSOX9 (Chiang et al., 2001). The two zebrafisbx9 genes
have underdeveloped sclerotome derivatives, including norapparently arose in a whole genome duplication event
mineralized thoracic pedicles and 11, rather than 12, pairs bfypothesized to have taken place near the base of the teleost
ribs; and they have poorly developed limbs, including bowedadiation (Postlethwait et al., 1998; Amores et al., 1998). The
limb bones, hypoplastic scapula and an insufficiently ossifiedox9aandsox9bgenes are expressed in partially overlapping
pelvis (Houston et al., 1983; McKusick, 1990; Mansour et al.patterns that together approximate the expression pattern of
1995). In addition, most XY individuals with CD display a Sox9in mouse (Wright et al., 1995; Chiang et al., 2001), as
variable female phenotype. The cartilage and sex-reverspredicted by the duplication, degeneration, complementation
phenotypes of CD are both caused by mutations in thieypothesis (Force et al., 1999). Interestingly, however, in
transcription factor gen8OX9(Foster et al., 1994; Wagner et zebrafish the testis expressas9abut the ovary expresses
al., 1994; Hageman et al., 1998; Cameron et al., 1996; Huarsgpx9b(Chiang et al., 2001), whereas in mammals, only the
et al.,, 1999; Vidal et al., 2001). Individuals with CD aretestis expresse$ox9 (Morais da Silva et al.,, 1996). We
heterozygous for new mutations 80X9,showing that CD reasoned that a mutation in one of the two zebrafish genes
is due to a dominant lethal mutation, either frommight not be a dominant lethal mutation as in mammals, and
haploinsufficiency or a dominant-negative effect. Mutations irso we investigated recessive lethal zebrafish mutations with
the coding region d8OX9or in presumed regulatory elements phenotypes similar to individuals with CD. We show that
can cause CD or a similar phenotype in mouse (Wagner et alwo alleles of jellyfish (jef), one resulting from chemical
1994; Foster et al., 1994; Kwok et al., 1995; Cameron et almutagenesigéf™37) (Piotrowski et al., 1996; van Eeden et al.,
1996; Wunderle et al., 1998). Thus, phenotypic analysis of C996) and the other from the insertion of a retrovirus
shows thaBOX9is a regulator of chondrogenesis, but becaus¢Amsterdam et al., 1999), disrupix9a Confocal microscopy
no homozygous tetrapod mutant animals have been observel@monstrated thgef (sox9a is required not for precartilage
and the affected skeletal elements in lethal heterozygotes arendensation formation, but for overt differentiation of
merely hypoplastic, we do not know the extent of the functiorcartilage and for three morphogenetic processes: stacking,
of the gene. shaping and individuation. The results suggestdbe®aor its
Sox9 belongs to a family of DNA-binding proteins thatdownstream targets, perhaps including extracellular matrix
contain a 79 amino acid long HMG (high mobility group) proteins, play morphogenetic roles in chondrogenesis.
domain with at least 50% similarity to that of SRY, the sex-
determining factor on the Y chromosome (Wright et al., 1993;
Wegner, 1999). Sox proteins bind to a seven base pair sequeMATERIALS AND METHODS
in the minor groove of DNA (Lefebvre et al., 1997; Ng et al., . )
1997) and bend DNA (Conner et al., 1994; Werner et al., 1995fnimals, histology and gene expression
Sox9 may also participate in transcript Spiicing (Ohe et ai:i-thE'ftWST mutation was id(_entified |n an ENU screen for abnormal
2002). The SOX9 protein has a C-terminal transcriptioriaW and fin morphology_(Plotrow§k| et aI.,_ 1996; van Eeglen e_t al.,
ccivaton domain (Sidbeck et al, 1996; Ng et al, 1097070, TIeLLAMIREn oe soee 0 2 vecoa seren,
sugges’ilrig tlt’]at'tli"[\ ‘T"tCtS i)y'regitijlatijng expregssgin of other gc?n d'i:SSe(_:ted and flat mounted (Kimmel et al., 1998). Larval bones were
__consistent with ItS role In chondrogenesiexas expressea g alized with calcein (Molecular Probes, catalog number C-381)
in the pharyngeal arches and neurocranium, the sclerotomgsy, et al., 2001) (C. K., unpublished). In situ hybridization was
and the lateral plate mesoderm (Lefebvre et al., 1997; Chiarfgrformed as described (Jowett and Yan, 1996) using probes as
et al., 2001). In these domains, the expressiddoaBslightly  described (Akimenko et al., 1994; Yan et al., 1995; Chiang et al.,
precedes and directly regulates the expressioifCa®al, 2001). BODIPY-ceramide labeling was performed essentially as
which encodes the major collagen of cartilage (Wright et aldescribed (Cooper et al., 1999). Late epiboly stage embryos were
1995; Bell et al., 1997; Lefebvre et al., 1997; Ng et al., 1997mmersed in BODIPY7 FL C5-ceramide (Molecular Probes, catalog
Zhao et al., 1997; Chiang et al., 2001). num_ber D-3521) diss_olved to 10 mM in_DMSO, then pliluted to 10
Despite this knowledge of Sox9 activity, we have insufficient™ i1 Embryo Medium (EM) (Westerfield, 2001) with 10 mM
understanding of the morphogenetic roles Sox9 plays i epes. Embryos were placed in 150-2000f dye solution in 1.2%

. . agarose dishes and stored in the dark. On day 2, embryos were
chondrogenesis or the pathogenesis of CD. Heterozygm anesthetized, mounted on bridged coverslips, and one side of the head

mutant mice show phenotypes similar to individuals with CD,.sectioned at aim intervals with a Zeiss 310 upright confocal
and die at birth, so permanent lines have not been establish@groscope. Live developing animals were stored in the dark and at
(Bi et al., 2001). Delayed or defective pre-cartilaginoussubsequent time points, the same side of each animal was re-
condensations are present in heterozyg@m®mutant mouse examined.

embryos, but the precise morphogenetic steps that resmx@ )

function remain obscure. Some bones showed prematuféerpholinos _ _ _
mineralization in the heterozygous mouse embryos, suggesti e;%“%')‘gi’ (?D”ii!ﬁ)eriiz?h O(g%finu,fi'iet?iéd::q ('gnoc)eg"’,e':fmzblta'gie,ge fcigii‘or
thatSox9plays a role in regulating the transition to hypertrophic>€n€ '00!s (Fhi v wi u - Int Spi
chondrocytes in the growth plate3ox9is thought to regulate junction (i1d), AATGAATTACTCACCTCCAAAGTTT,; and intron-2

. 2. . . splice donor junction (i2d), CGAGTCAAGTTTAGTGTCCCAC-
this transition by mediating the effects of parathyroid hormon%TG. Morpholinos were injected as described (Draper et al., 2001).

related peptide (PTHrP) (Huang et al., 2001). ) In the ild MO, the 14th base from theehd, a C, pairs with the G
We have shown that the zebrafish genome contains tWgmediately following the splice junction (the one mutatejgf#3?).
duplicate orthologs of the hum&DX9gene, calledoxaand  In MO i2d, the 4th base from théénd, a C, pairs with the conserved

sox9b,and that these map on zebrafish chromosomes that aeejust after the splice junction.
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Mapping GAGGAG). The PCR product was cloned into the pCR4-TOPO vector
To map jef"37 we identified a single strand conformation (Invitrogen; catalog number K4575-J10). The probe was made using
polymorphism (SSCP) (see Postlethwait et al., 1998)sdr9a  MAXIscript Invitro Transcription T3/T7 Kit (catalog number 1326).
[(mapping primers were sox9a.+9 (CTTTCGCAGACACCAGCAGA) The amount of protected fragment was quantified using a Storm 860
and sox9a —190 (CAGGTAGGGGTCGAGGAGATTCAT)]. Females Storage phosphor system (Johnson et al., 1990) with ImageQuant 4.2
heterozygous fojlef37 were mated to WIK wild-type males, and the software (Molecular Dynamics, Sunnyvale, CA). Normalization used
F1 were crossed to make ap, Which were scored for recombination the — ubiquitously — expressed housekeeping gemenithine

with microsatellite markers (Knapik et al., 1998; Shimoda et al., 1999yecarboxylas¢odc), expressed sequence tag clone fc54f04; M. Clark
near sox9aand sox9b (Chiang et al., 2001). The 95% confidence and S. Johnson, WUZGR,; http//zfish.wustl.edu) as an internal control)
interval around the map distance betwg#37 and an SSCP in the (see Draper et al., 2001). _ o

5 untranslated region afox9awas calculated according to Crow ~ RT-PCR experiments to amplify teex9amessage fronjef1134
(Crow, 1950). To map the insertion all@éi1134.we used sox9a-RT2 Mutants used the primers sox9a.F (CCATGCCGGTGAGGGTGAAC)
(CTCCTCCACGAAGGGACGCTTTTCCA), t2a (GGCACTGAGA- and sox9a.R (CGTTCGGCGGGAGGTATTGG).
GTTTTCTGCATCTG) and B3TR (AGACCCCACCTGTAGGTTT-

GGC) (see Fig. 3). RESULTS

Cloning
Genomic clones afox9awere isolated by amplifying genomic DNA Chondrogenesis requires  jellyfish activity

isolated from Oregon AB wild type, Tubingen AB (TU, the genetic zeprafish homozygous for the recessive lethal ENU-induced
background ofef"") or homozygougef3” embryos. The forward o|ivfish allele jef"37 have severely reduced cartilaginous

cloning primer binds in the' uintranslated region (UTR, sox9a.+11: : ; .
TTCGCAGACACCAGCAGACAACAAA) and the reverse primer el_ements (Plotrovysk| et al., 1996; van Eede_n et al., 1996). In
wild-type larvae, jaw elements extend anterior and ventral to

binds near the end of the ®TR (sox9a.-1784: GTCTTTCC- . .
CATCATGCACTGAACG). These primers amplified a 3.6 kb the eye (Fig. 1A,B), but larvae homozygous jief"37 lack
fragment including most of exon 1, intron 1, exon 2 and intron 2, anthese tissues (Fig. 1E,F) (Piotrowski et al., 1996). Likewise,
nearly all of exon 3. To minimize PCR errors, Platinum Taq DNAcartilage supports the fin buds of normal larvae (Fig. 1D), but
polymerase high fidelity (CAT#11304-029 from Gibco BRL) was jef"37 |arvae have mis-shaped pectoral fins and lack the
used in a touch-down PCR protocol. A BAC-contairsog9a(clone  scapulocoracoid cartilage (Fig. 1F,H) (van Eeden et al., 1996).
174 (113)) was identified by screening the BAC zebrafish library-8549hese phenotypes mimic CD (Houston et al., 1983; McKusick,
from Incyte Genomics with the primers sox9a.+441 (CCATG-1990: Mansour et al., 1995).
%ETGCTTGT/?%%GJ%A% 2{;dnefj°;§§;6e9ter(}%ggﬁgggfkﬁcaﬁe A screen for lethal mutations induced by retroviral insertion

: d 9 M€ Amsterdam et al., 1999; Burgess and Hopkins, 2000)

pro-viral insert linked to théil134mutant phenotype using inverse . s - - L

PCR as previously described (Amsterdam et al., 1999). |dent|f|gd a mut_atlonm1134) giving a phenotype S|r_n|lar to
P Y ( ) that of jefw37 (Fig. 11-L). To determine whether thHe1134

RNA protection assays mutation is allelic tgef¥37, we mated a male heterozygous for

Ribonuclease protection assays used the RPA Il kit (Ambion, #1414)i1134to a female heterozygous figf%3” and observed an

according to manufacturer’s instructions. For each sample, RNA wagpprox. Mendelian ratio of phenotypically mutant offspring
extracted from about 50 embryos, anduty®f tota’
RNA was loaded per lane. The protection p
was a 402 bp long PCR fragment from nuclec
494 to 896 of the cDNA, including 110 bp of e
1, all 252 bp of exon 2 and 40 bp of exon-3.
antisense RNA probe faox9awas generated |
amplifying a fragment of theox9acDNA using the
primers sox9a.f2 (CCGATGAACGCGTTTAT!
GTGT) and sox9a.r2 (TTTTCGGGGTGGTC

jeftw37 jefhi1134  jeftw37) hi1134

Fig. 1. Activity of jefis essential for development
of many cartilages. (A,E,I,M, lateral views,
anterior towards the left; B,F,J,N, ventral views,
anterior towards the left; C,G,K,O, dissected
pharyngeal cartilages stained with Alcian, anterior C |
towards the left; D,H,L,P, Alcian stained right . ’r_'—'—- ch?
pectoral and fin skeletons, anterior towards the ' 4 7
top. (A-D) Wild type; (E-H) homozygousfw37, o = -
(I-L) homozygougeti1134 (M-P) heterozygous A |
jefW37jjefil134 All'animals are 5 dpf. bh, basihyal; © ) e ber 1 P | 4
bsr, branchiostegal rays; cb, ceratobranchials; ch, hé bsr

ceratohyal; ch?, presumed ceratohyal; cl, .
cleithrum; ed, endoskeletal disk; co, D H L P aF 7
scapulocoracoid; hs, hyosymplectic; m, Meckel's .

cartilage; m/de? putative Meckel's cartilage and ' \

dentary bone; op, opercule; pq, palatoquadrate. | : \ i

Scale bars: 10Am in O for C,G,K,0; 10Qum in
P for D,H,L,P. o Qh cl co ed cl— ed cl--I ed cl= ed
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(37 wild-type individuals and nine phenotypicaligllyfish  polymorphism insox9a and uncovered no recombinants
individuals; Fig. 1M-P). Because these mutations fail tdoetweerjef"37andsox9aamong 491 Fdiploid embryos. This
complement, we call the insertion allgdi1134 represents 982 meioses, and a distance of 0.1+0.2 cM
Alcian staining demonstrated that all neurocranial cartilagécentiMorgan) with 95% confidence. Thus, if there are on
and most cartilage elements of the pharyngeal arches weagerage 600 kb per cM (Postlethwait et al., 1994), this would
missing from animals homozygous fi@™37 or jef1i1134 or  be a distance of 60+120 kb. We conclude j&f&t3” maps very
animals heterozygous for the two alleles (Fig. 1C,G,K,O)close to or within thesox9agene.
Small regions of Alcian-positive material remained in both To determine whethejef¥37 lesions thesox9agene, we
jefws7 andjeffil134homozygotes in approximately the position cloned and sequencedx9agenomic DNA from homozygous
expected for Meckel’s cartilage and the ventral region of thgefw3? embryos (Accession Number, AY090036) and
ceratohyal cartilage. In addition, cells in the pharyngeatompared it with genomic DNA cloned from the wild-type
endoderm, possibly mucus secreting cells, were Alcian positivetocks AB  (Accession Number, AY090034) and TU
in both wild-type and mutant embryos. In the pectoral girdle(Accession Number, AY090035). We found differences
mutant animals lacked the scapulocoracoid cartilage, but theetween the three strains at 49 locations in the 3560 bp
cleithrum bone and endoskeletal disk cartilage appearezbnsensus sequence. The two wild-type strains differed at 48
normal (Fig. 1D,H,L,P). We conclude that many cartilagepositions, and at the remaining position, the two wild-type
elements requirgef activity. strains were the same, but tjefW37 strain was different.
. . w7 All but one of the 48 differences between the two wild
Molecular genetic nature of  jef strains were in non-translated parts of the gene, the exception
The jef"37 mutation being a silent change in codon Ala 406. Eleven of the 49
Because the phenotype @@f mutations is similar to the differences were indels between 1 and 10 bp long; the others
phenotype of people with CD, we tried to rule out #@mt9a  were single nucleotide differences. The TU @f##37 strains
or sox9bis disrupted injef"37. Bulked segregant analysis differed at only three locations, all of them in introns. In two
(Postlethwait et al., 1994) of arp Fnapping cross revealed of those positiongef"37 had the same sequence as the AB
linkage to microsatellite markeal1760on the upper arm of wild-type strain, but in the other, the two wild-type strains
LG12 nearsox9athus ruling ousox9bon LG3 as a candidate. had a G, bujef"37had a T (Fig. 2A). The unique change was
We mapped jefW37 at higher resolution relative to a in the first base after the splice donor site of intron 1 in codon
Arg146, which alters arHphl restriction
endonuclease site, allowing identification
A. Genomic DNA of jefW37 heterozygotes by PCR.
Exon-1 Exon-2 Exon-3 Because nearly all introns have a G
In-2 . . . . -
sutR| immediately after the splice junction
(Mount, 1982; Zhang, 1998), this raised the

sox9a 5'UTR

Fig. 2.jefW37 alters a conserved splice site
sequence isox9aand inhibits message splicing.
(45 (A) The sequence afox9ain zebrafish wild-type
strains AB and TU, splice junction (arrow). An
The Loy @y LS Leu 11 in frame stop codon directly followed the Gto T

[ ECERAC TCTGGGAAAACTT TGGAGGTGAGTAAT T TCATTACAT L 37 X . .
I ACTCTGGGAAAACTTTGGAGGTGAGTAATT TCATTACAT change ifjefw37-(B) The primer pair f1/r1 in
Je“w.?.?.saxga ATCTGG AA.QCTTGGATG»QGTAATTCATT-QCA T eXOn1andintr0nlamplifiedabandofthe
P

A

Gly Lys: ‘Leu Tip: ‘Ser St _ expected size (544 bp) from wild-type (WT)

. ’ ‘ C. Quantitation genomic DNA and fronef"37 cDNA, showing

B. Primers in exon-1 and intron-1 tRNA  WT jef ™37 that intronic sequences sbx9awere present in

mutant cDNA. With normal splicing in wild-type

cDNA, there was no strong product of this size.

(C) RNase protection assays (RPA, upper panel)

ode " on RNA extracted from wild-type and

homozygougef™3” mutants 4 days old. tRNA

544 bp 166 served as a negative controdic, the internal
control. Probe for RPA is made from a 402 bp of

sox9acDNA amplified using primer pair f2/r2.

80 Quantifying band intensity (lower panel) shows a

drastic decrease of messaggeiV3” embryos.

(D,E) Thejefw37 allele behaves as a null when

50 heterozygous for the deletion allele b380. bh,

basihyal; bsr, branchiostegal rays; cb,

ceratobranchials; ch, ceratohyal; ch?, presumed

ceratohyal; cl, cleithrum; ed, endoskeletal disk;

co, scapulocoracoid; hs, hyosymplectic; m,

Meckel's cartilage; m/de? putative Meckel's

0 cartilage and dentary bone; op, opercule; pq,

Wt jef W37 palatoquadrate. Scale bar: 100.

M gDNA WT jef W37 sox9a —

D.jef™ g jet™37b380

»
Y
il
' ch?
ch? \
A S —

20

Relative amount

Ll
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possibility that the lesion blocks transcript splicing. Becauséhese were confirmed by PCR toje8v37/Df(LG12)dIx30380
the lesion immediately follows the second nucleotide inFig. 2D,E show that homozygoyefi"37/jefw37 animals and
codon 146 in the middle of the HMG domain, and an in-framdieterozygougefw37/Df(LG12)dIx3P380had the same severity
stop codon follows two codons downstream, a non-splicedf skeletal phenotype. We conclude tieft¥37 behaves as a
transcript should be translated into a truncated proteinull allele in the Muller test.

containing only half of the HMG domain. Such a lesion is

likely to lead to an ineffective protein. Molecular genetic nature of the  jefi2134 mutation

The jefi1134 mutation

The jef*37 mutation inhibits splicing An allele with a molecular lesion that deletes protein function
If the G- T transversion irjef"w37 causes thgef phenotype, would strengthen interpretation of the mutant phenotype. We
then it should disrupt the splicing séx9atranscripts. To test identified jefi1134 in an insertional mutagenesis screen
this prediction, we made cDNA from homozygojes™3”  (Amsterdam et al., 1999; Burgess and Hopkins, 2000). The
embryos and their homozygous wild-type siblings, andirus inserted into codon Leul47, 2 bp from therkd of exon
amplified various regions of thsox9agene (Fig. 2A). A 2 inside the HMG domain (Fig. 3), which would form a
forward primer, f1 in exon 1, and a reverse primer, rl in introtruncated Sox9a protein and probably destroy protein function.
1, should fail to amplify a product from mature wild-tygmx9a To confirm that the mutant phenotype @&f1i1134
MRNA because the mature message lacks intron 1. Unsplicedmozygotes is due to the viral insertiorsax9awe mapped
transcripts should give a band of 544 bp. The results showelde insertion site with respect to the mutant phenotype. We
that genomic DNA from wild-type animals (a positive control) mated a female heterozygous fef1134to the TAB14 wild-
gave a band of the size predicted for a fragment that includégpe strain and crossed the resultingpfFogeny to obtain an
the parts of exon 1 and intron 1, but cDNA from 4-day-old~> mapping population. We scored 66 iRdividuals for their
wild-type animals had only a faint band at this locationgenotypes by PCR. The mutant and wild-type alleles were
consistent with normal splicing. By contrast, cDNA extracteddistinguished by the forward primeil5R which binds in the
from 4-day-old homozygolysf*37 animals behaved like wild- insertion, and the forward primer t2a, which binds in intron-1
type genomic DNA (Fig. 2B), as expected if homozygoudqFig. 3). When these are paired with a common reverse primer
jefw37 embryos accumulated unspliced transcript. RT2, which binds in exon-2, the'l3R/RT2 primer pair

To learn the extent to whickox9amessage is reduced in amplified a band of 628 bp with mutant genomic DNA but no
jefw37 homozygotes, we prepared cDNA from 4-day-oldband with homozygous wild-type DNA. The t2a/RT2 pair gave
mutant and wild-type animals, and then conducted RNasa 237 bp fragment with wild-type DNA, and no band with
protection assays using as probe a regiosogPaamplified  mutant DNA (Fig. 3C). The results showed that of 45
by primer pair f2 and r2 that includes 110 bp of exon 1, all ophenotypically mutant Findividuals tested, all showed only
exon 2 (251 bp) and 40 bp in exon 3 (Fig. 2A). Thethe 628 bp band expected for homozygous insertions. Of 22
ubiquitously expressed housekeeping genernithine  phenotypically wild-type segregants tested, 14 showed both
decarboxylas€odc) provided an internal standard (Draper etbands expected for heterozygotes and eight showed only the
al., 2001). The results revealed theffv3?
embryos possessed only 28% ebx9¢ .
transcript compared with wild-type anime A GenomicDNA g, 4 Exon-3
We conclude that the mutation drastic
decreases the efficiency sbx9atranscrip
splicing.

sox9a |5'UTR = — 3UTR

jefw37 behaves as an amorphic mutation
The molecular genetic analysisjef*"37 did

not rule out the possibility that soi ~ B:-¢DNA

message may be spliced normally Leu Leu Asn Glu
homozygous mutants. Coupled with AB S0X98 A CTCTGGGAAAARCTTTCGAGATTACTGAAC
remnant bilateral patches of cartilage ( RETCTEOEARAACTITEERACRTTACTERRC
1G), the protection assays made C. Linkage analysis for jef hi1134 D. RT-PCR assay

concerned thgefw3” might be a hypomory
rather than a null allele. The classical tes
a null allele is the Miller test: for a n
allele, the phenotype of a homozyg SLTRRT?
equals that of a heterozygote for Re-RT2
mutant allele and one deletion all
(Muller, 1932). To perform this test, \

WT iafti1134
ﬂﬂw -+ WT  jefi1134

~=— 528 bp F-R ~&— 527 bp
~&— 237 bp

F-R -=— 376 bp

: Fig. 3. Thejefi1134mutation results from a retroviral insertion istax9aand inhibits the
crossed females heterozygous fef**” to formation of mature message. (A) Primers relative to genomic structaox@d (B) A

a male heteggc))zygous for the del_e1 virus inserted into exon 2 in codon Leul47, two base pairs downstream of the
Df(LG12)dIx¥ “(Fritz et al., 1996), whic  intron/exon border in Arg146!I5TR indicates the position of a primer. (C) Amplification
removes a region of LG12 containiegx9¢  products of mapping primers (see part A). (D) Primers F and R amplified a band of 627
(data not shown). Fifteen of 56 offspr  bp from wild-type (WT) embryos, but a 376 bp band from homozyjgdiist34

examined showed jellyfish phenotype, an  embryos, showing that exon 2 (251 bp) was skipped in the splicjafji#34mutants.
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237 bp band expected for wild-type genomic DNA. ThusTranslation of the resulting transcript should add 15 out-of-
among 53 informative individuals, there were no recombinant§rame amino acids derived from exon-3 after Leu147. As a final
This places the insertion within 1.9+11 cM (95% confidencejest ofsox9aexpression in mutant embryos, we performed in
(Crow, 1950) of the lesion causing the mutant phenotypesitu hybridization experiments on wild-type and homozygous
Taken with the failure ofefi1134to complemenief tw37 we  jefi1134 embryos. The experiments showed reduced signal in
conclude that the viral insertion §ox9ais responsible for the the mutant embryos (see Figs 6, 7). Because the viral insertion

jellyfish phenotype irjefi1134 homozygotes. alterssox9amRNA in a way that would produce a truncated
. protein with a disrupted HMG bojefMi1134is highly likely to

The jefi1134 mutation inhibits production of mature be a null mutation.

message

If the insertion injefi1134 causes the mutant phenotype, it Inhibition of - sox9a function with morpholinos
could block the formation of matusmx9amRNA by one of ~Morpholinos against sox9a produce a phenotype similar
at least two mechanisms. First, because it is so close to tke/jef
splice acceptor site, it might cause the splicing machinery tdo confirm that reduction isox9afunction results in théef
skip exon 2 entirely. Alternatively, splicing might occur phenotype, we injected embryos with morpholino antisense
normally, but the message with the insert would be unstableligonucleotides targeted tsox9a Injecting homozygous
If the insertion inefil134causes skipping of the entire 251 bp wild-type embryos with 5.0 mg/ml of two splice junction MOs
exon 2, a primer pair in exon 1 and exon 3 (F/R, Fig. 3) woul¢ild and i2d) greatly reduced cartilage in the pharyngeal arches
yield a transcript 251 bp shorter than wild-type. To test thesgFig. 4E). Treating the offspring of heterozygge®v3’ males
possibilities, we prepared cDNA from mutant and wild-typeand females with sox9a MOs gave animals in three phenotypic
embryos and amplified the cDNAs. The results showed that idlasses. Some animals had hypoplastic but recognizable
wild type, the predominant band is the 627 bp wild-typecartilages (Fig. 4E); others had rudimentary first and second
product. In mutant animals, however, the predominant band &ch cartilage elements with two rather large blocks of cartilage
the 376 bp product produced by neatly skipping exon 2. Direaemaining at about the location of the ceratohyal (Fig. 4H); and
sequencing of wild-type and mutant PCR products from cDNAome animals had the typical homozyg@f$37 phenotype,
confirmed that ifefl1134 exon 1 splices directly to exon 3. with two small blocks of Alcian-positive material remaining
(Fig. 4K). Genotyping the animals for the
Hphl site polymorphism injefw37 pefore
Alcian staining showed that among 91
animals, the least severely affected class (20
animals, 22%) were all homozygous wild
type; the intermediate class (47 animals,
51%) were all heterozygotes; and the animals
with the severe phenotype were all
homozygougef37 (24 animals, 26%). These
genotypes were found in the ratio of ~1:2:1
as expected in the progeny of two
heterozygotes. We conclude that
heterozygougef animals are more sensitive
to sox9a MO than homozygous wild-type
animals. The series of phenotypes found in
these experiments suggests that the remnant
bilateral Alcian-positive regions injef
animals may be portions of the ceratohyal.
The pectoral fin skeletons of MO-injected
animals showed a similar pattern. Alcian
stained wild-type pectoral fins at 5 dpf (days

A -

WT control s

WT/jef™37 mo t

. W37, tw37
e +

jet " Vjef MO post-fertilization) showed a flat endoskeletal
disc, the basal scapulocoracoid of the
pectoral girdle, and the cleithrum, a long
straight bone (Fig. 4C) (see Grandel and
Fig. 4. Splice-directed morpholinos 8ox9aproduce a phenotype similarjed. Schulte-Merker, 1998). The scapulocoracoid
(A-C) Uninjected wild-type controls. (D-F) Homozygous wild types injected with MO cartilage was missing in homozygous and
i1d plus i2d. (G-I) Heterozygotes fi@f"37 injected with MOs. (J-L) MO injected heterozygousjef¥37 animals treated with

homozygougef37individuals. (A,D,G,J) Lateral view of 5 dpf animals, anterior
towards the left. (B,E,H,K) Ventral view of dissected cartilages, anterior towards the | .
(C,F,I,L) Right pe(ctoral an)d fin skeleton, proximal towards the left. bh, basihyal; bsr, ere nearly . no_rmal (Fig. 4LL). . The
branchiostegal rays; cb, ceratobranchials; ch, ceratohyal; ch?, presumed ceratohyal, Eapulocoracmq in the . pect(_)rgil fins _Of
cleithrum; ed, endoskeletal disk; co, scapulocoracoid; hs, hyosymplectic; m, Meckel's1OMOZygous wild-type animals injected with
cartilage; m/de? putative Meckel's cartilage and dentary bone; op, opercule; pq, the MOs was reduced to two small patches of
palatoquadrate. Scale bars: in J, ig®for A,D,G,J; in K, 10Qum for B,E,HK; in L, six to ten cells (Fig. 4F).

100um for C,FI,L. To determine the efficacy of splice-

O, but the endoskeletal disk and cleithrum



Fig. 5.Morpholino antisense
oligonucleotides directed against
sox9ainhibit splicing and transport
of sox9atranscript. (A) RNase
protection assays sbx9atranscript
in 28 hpf wild-type animals injecte:
at the one-cell stage with 2 nl of
different concentrations of MO,
normalized againsidc. (B) RNase
protection assays sbx9atranscript
in animals 28 hpf or 4 dpf either
treated (+) or not treated (—) with £
ng MO, normalized againsdc
Graphs show the amount of RNA

sox9a

ode

100
801
GO}

40 |

A. Dose-response

MO (mg/ml)

0 25 50 75

-b--'

B. Developmental time course

28h 4d
sox9a MO — + = ¥ ‘

sox8a

ode

100

80

60

40

20

Zebrafish sox9 and cartilage development 5071

C. Intracellular localization of sox9a transcripts
WT jer™s? WT MO

R

N\ Y

present as a percent of untreated 20| !
controls. (C) Transcript fosox9a L L
accumulates in the cytoplasm in w - -

type, but in the nucleus in splice-directed MO injected embryos at 28 hefVif embryos, transcript is visible both in the cytoplasm and in
the nucleus. Dorsal views, anterior is upwards. Equal amounts of MO directed against the donor sites for intron 1 abdr2: $6§len.

Se=me . »
- '»,‘I";’ e

directed MOs to inhibit transcript splicing, we injected one-therefore call this gengef (sox93 according to zebrafish
cell embryos with MO il1d and i2d. Solutions contained equahomenclature guidelines (http://zfin.org/zf_info/nomen.html).
quantities of both MOs at final total concentrations of 2.5, 5.&econd, the failure of the splice-junction MOs to enhance the
and 7.5 mg/ml, and we injected about 2 nl into each embry@henotype ofjef%37 homozygotes is consistent with the
We quantified the results in RNase protection assays conductederpretation ofjef"37 as a null allele. Third, the results
on RNAs collected from either 28 hpf (hours post-fertilization)suggest that both mutant allelesjef are more effective at
embryos or 4-day-old larvae. Thadc gene served as an knocking downsox9a activity than are the MOs, perhaps
internal control. The results showed that embryos injected withecause the morpholinos are less effective at blocking a late
even the lowest dose tested showed levels of spiogfla phenotype. And fourth, the accumulation of transcript in the
transcript only about 20% of normal at 28 hpf (Fig. 5A). Tonucleus with splice-directed morpholinos can provide an assay
determine how long in development the morpholino wouldor morpholino efficacy independent of phenotype.
have an effect, we compared the inhibition of splicing in 28 _ _ _
hpf embryos to that in 4 dpf animals for the intermediate dos&n essential role for  sox9a in chondrogenesis
of MO. The results showed that by 4 dpf, the amount oThese results show thaf (sox93 is essential for the formation
normal-sized transcript had increased to about 55% of thaf cartilages in the neurocranium, pharyngeal arches and
found in untreated controls (Fig. 5B). We conclude that thespectoral appendages, but do not reveal which step in cartilage
MOs provide a significant inhibition of transcript splicing in formation requires the gene.j#f (sox93 is required for the
the first day of embryonic life, but by day 4, the effects of theanigration of crest cells, cranial crest, as marked dby?
MOs on transcript splicing had begun to wane, presumably dwexpression (Akimenko et al., 1994), should be aberrant in
to dilution of the MOs associated with cell proliferation. homozygougef3”embryos. In situ hybridization experiments
L o ) ] showed thatlix2 andsox9aare expressed in the same groups
Inhibiting splicing with morpholinos alters the of cells in 30-somite stage wild-type embryos (Fig. 6 and data
intracellular distribution of sox9a transcript not shown). In homozygoyesf"37 andjefi1134embryossox9a
In normal wild-type animalsox9atranscript accumulates in the transcript is weakly detected at this stage (Fig. 6C,E), but the
cytoplasm (Fig. 5C). Does the mutation in the splice-donor sitexpression pattern aflx2 is unperturbed (Fig. 6D,F). These
or a splice-inhibiting MO hinder the transport of transcript to theesults suggest thabx9ais not required for the specification
cytoplasm? By the two-somite stage (Fig. 5C), the cytoplasm aff cranial crest or for the migration of crest cells into the
presumptive cranial placode cells accumulated substantipharyngeal arches.
guantities osox9atranscript in wild-type embryos. By contrast,  To determine if postmigratory cranial neural crest is properly
the difference in transcript amount between the cytoplasm argpecified injef mutants, we examined two markers of ventral
the nucleus of the corresponding cellei3”embryos is rather postmigratory crestdhand and epha3 (Miller et al., 2000).
small (Fig. 5C). Wild-type animals treated with the spliceExpression of these genes at 36 hpf showed no distinguishable
junction MOs ild and i2d showed no appamsa9atranscript  alterations inef mutants (data not shown). Thus, at least the
in the cytoplasm, but accumulated substantial quantities ofentral postmigratory pharyngeal arch cresfeihmutants is
transcript in the nucleus. We conclude that MOs directed againgtoperly specified with respect to these two markers.
a splice junction can block the transport of transcript from the The expression afol2almarks differentiating chondrocytes
nucleus to the cytoplasm. The inappropriate localization oih zebrafish (Yan et al., 1995) a@dl2alis essential for proper
transcript can provide an assay for MO efficacy in the absena@hondrogenesis in mammals (Vandenberg et al., 1991). To
of an antibody to test for the production of a translated producatletermine whethgef (sox93 is essential focol2alexpression
The MO results allow several conclusions. First, thdn pharyngeal arches, we compared the expression domains of
similarity of sox9aMO andjellyfish phenotypes supports the sox9aandcol2alin wild-type embryos, and tested whether the
conclusion thafef mutations disrupt the function ebx9awe  expression otol2alwas altered irjef (sox93 homozygotes.
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Fig. 6. Activity of sox9ais not required for the specification or
migration of cranial neural crest. (A,B) Wild type (WT) embryos.
(C,D) Homozygougefw37embryos. (E,F) Homozygoyjesfil134
embryos. (A,C,Exsox9aexpression. (B,D,F)Ix2 expression. All
animals were 24 hpf. Dorsal views, anterior towards the left.

present injef (sox93 mutant embryos (Fig. 6), the severe
reduction of differentiated (Alcian-positive) cranial cartilage
seen later ifef (sox9g mutant larvae is due either to the failure
of prechondrogenic condensation formation or to the failure
of condensation progression into differentiated cartilage. To
distinguish between these possibilities, we mated heterozygous
jef (sox93 males and females, and labeled the resulting
embryos with the vital fluorescent dye BODIPY-ceramide.
This dye fills extracellular spaces, thus labeling cell outlines,
and has the powerful advantage of allowing histological
identification of nearly every cell type in live preparations
(Cooper and Kimmel, 1998). We examined live developing
BODIPY-ceramide-stained larvae at multiple time points from
48 hours, when no pharyngeal cartilage differentiation had
occurred in wild types (Schilling and Kimmel, 1997), until 76
hours, when the primary scaffold of the larval pharyngeal
skeleton had chondrified. At 48 hours, wild type and mutants
for both mutant alleles ofief (sox93 had precartilage
condensations in the first two pharyngeal arches (Fig. 8A-B
and data not shown). Although at this stage no differentiated
(Alcian-positive) pharyngeal cartilage was present (Schilling
and Kimmel, 1997), the primordia of the major cartilages in
the first two arches were readily identifiable in wild type and
mutant (Fig. 8A-B). For example, the hyomandibular foramen
was present, as was the rudiment of the symplectic (Fig. 8A-

The results show that the neurocranium, pharyngeal arches adg. By 54 hours, differentiation had begun in wild type

pectoral fins co-expres®l2alandsox9ain wild-type embryos

(Schilling and Kimmel, 1997), but had failed to occur in

(Fig. 7A,B,G,H), althougttol2al shows additional expression jef (sox93 mutants (data not shown). Concomitant with
in the presumptive precursors of the cartilage capsule of the edifferentiation, in wild-type embryos chondrocytes organized

and eye. In mutant animalkspx9aexpression is reduced (Fig. into orderly stacks (data not shown) (Kimmel et al., 1998).
7C-F), andcol2alexpression appears in only small regions of By 76 hours, cartilages in the first and second arches of wild-
the pharyngeal arches (Fig. 7I-L). Ventral groups of cells in theype embryos were well-formed, whergas(sox9g mutants

first and second arches retaoi2alexpression. The expression had failed to undergo three major morphogenetic processes.
in the second arch may correspond to the remaining bilaterBirst, jef (sox93 mutants failed to form stacks of chondrocytes
Alcian-positive patches found later in mutant animals (see FigFig. 8C-D and data not shown), but cells in wild-type
1C,G,K,0). These results show that in much of the pharyngeptecartilage condensations oriented themselves with their long
arch skeleton, the expression obl2al depends onsox9a axes parallel to each other (Fig. 8G,Kimmel et al., 1998).
activity. The only pharyngeal cartilages to differentiatgeh(sox93
mutants, the small bilateral nodules of disorderly cartilage that
: _ 1S | form in the ventral second arch (see Figs 1, 4) lacked orderly
mutants, but cartilage differentiation and stacks of chondrocytes. Second, the precartilage condensations
condensation morphogenesis fail to occur in jef (sox93 mutants failed to separate into individualized
Because migratory and postmigratory cranial neural crest aregions. For example, the prominent dorsal/ventral joint that

Prechondrogenic condensations formin  jef (sox9a)

col?at

o
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“
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Fig. 7. Activity of sox9ais necessary for the SOXQ&'
expression ool2alin most developing cartilage A G

of the neurocranial, pharyngeal and pectoral e ov

skeleton. (A-F) Expression ebx9a. WT

(G-L) Expression otol2al (A,B,G,H) Wild- ;"t_.d "

type animals. (C,D,l,J) Homozygous mutant _2

jefw37embryos. (E,F,K,L) Homozygous mutant CO

jefil134empryos. Photographs are a montage I

with focus on the pharyngeal cartilages, and the . fw37 ‘-2 — 2
pectoral girdle. All animals are 68 hpf. 1 and 2, fef 4 :

first and second pharyngeal arches; co, f**' ’—ed w -

scapulocoracoid; ed, endoskeletal disc; ov, otic . 15 2

vesicle. (A,C,E,G,|,K) Lateral views, anterior E F = K

towards the left. (B,D,F,H,J,L) Ventral views, ] Lo

anterior towards the left. Scale bars: in K, 100 jef hi1134 o _ed

um for A,C,E,G,|,K; in L, 10Qum for '4 -

B,D,FH,J,L. F
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Fig. 8. Prechondrogenic condensations fornjeii{sox9g mutants,

but differentiation and morphogenesis fail to occur. Confocal
micrographs (lateral views shown as negative images, anterior
towards the left) of live wild-type (A,AC,C) andjefw37 mutants
(B,B',D,D"), stained with BODIPY-ceramide. Cells appear white and
interstitial space appears black. (The pharyngeal cavity does not
retain the dye, so it also appears white in'G-Bt 48 hours, in wild
types (A,A) andjef mutants for both alleles (BBand data not
shown), prechondrogenic condensations have formed. The original
images (A,B') are pseudo-colored (A,B) to highlight the first (blue)
and second (yellow) pharyngeal arch precartilage condensations.
Red, first aortic arch; green, adductor mandibulae muscle; pink,
constrictor dorsalis premyogenic condensation. At this stage, a
contiguous condensation prefigures the dorsal and ventral pharyngeal
cartilages, as seen best for the second arch in this focal plarig. (A-B
In the second arch precartilage condensation, the symplectic
rudiment (white asterisk) and hyomandibular foramen (black
asterisk) are apparent in wild types geitmutants (A-B). By 76

hours, individuated and precisely shaped dorsal and ventral first and
second pharyngeal arch cartilages with highly ordered stacks of
chondrocytes have formed in wild types (G,©riginal images

(C',D') are pseudocolored (C,D as in A,B) with overtly differentiated
cartilage in wild types colored purple in the first arch and orange in
the second arch cartilages. Stacking, individuation, and proper
shaping do not occur jef mutants (D,D). The precise boundary of
the first and second arch is not visiblgghmutants and is
approximated in the pseudocolored panel (D).jE®Y37, five

mutants and 15 phenotypically wild-type siblings were examined; for
jefi1134 nine mutants and 21 phenotypically wild-type siblings were
examined. ch, ceratohyal; e, eye; hs, hyosymplectic; M, Meckel’s;
pqg, palatoquadrate (see Fig. 1).

Chondrogenesis and muscle patterning

Signals from the cranial neural crest are required to pattern the
mesodermally derived muscles of the pharynx (Noden, 1983;
Schilling et al., 1996). Cranial neural crest gives rise to muscle
connective tissue (Kontges and Lumsden, 1996), which could
be one source of this signal. Alternatively, cartilage precursors
or the cartilages themselves might signal muscle patterning.
Given the widespread expressionsok9ain cranial crest and
the severe defect in cartilage differentiation jéfi (sox93
separates the upper and lower jaw (palatoquadrate amdutants,jef mutants might have defects in muscle patterning
Meckel's, Fig. 8C-D) in wild-type embryos was undetectable from one of these sources. To test this possibility, we cloned
in jef (sox9g mutants. Thirdjef (sox93 mutant precartilage and mapped a fragment of the muscle gttire (GenBank
condensations failed to transform into the specific shapes @iccession Number AY081167) (Xu et al., 2002) to use as a
their wild-type counterparts. For example, the symplectianarker for muscle cells. A single molecule of Titin (the largest
region of wild-type embryos formed a long, orderly rod ofprotein known) spans half the length of a sarcomere (Labeit
cartilage, whereas this region jef (sox9g mutants was and Kolmerer, 1995). We report here the mapping of the
deformed into a jumbled region of mesenchyme (Fig. 8C-D zebrafishtn gene to LG9 at 109.8 cM on the heat shock panel
For both mutanfef (sox93 alleles, the phenotypically wild- (Woods et al., 2000), a region of conserved synteny with the
type siblings (which should have included both heterozygotel®sng arm of human chromosome 2, the site of the huRidh
and wild-type homozygotes) were indistinguishable fromgene. Expression ottn showed a full complement of
one another. Thus, at this single-cell level of analysis, npharyngeal muscles jaf animals homozygous for either allele
evidence for heterozygous phenotype in either allele wa@ig. 9). Although the positions and shapes of muscles were
seen, consistent with the lack of a detectable heterozygosfightly distorted, presumably because of the absence of
phenotype by Alcian staining. cartilage-derived skeletal elements for muscle insertions, the
These data show thgf (sox93 function is not required for pattern-forming process was normal jef mutants. We
formation of pharyngeal precartilage condensations, butonclude thajef(sox93 activity is not required to pattern these
rather for subsequent differentiation of cells within theanterior pharyngeal muscles.
condensations. Furthermoref (sox94 function is required
for three morphogenetic processes: formation of orderly stackEarly bone formation is largely unaffected in
the individualization of cartilages and the shaping of specifigef(sox9a) mutants
skeletal elements. Mice heterozygous for &ox9 mutation exhibit expanded
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jof W37 jef hi1134

Fig. 9. Muscle and bone ijef mutants. Expression ¢ifin

in wild-type (A) and homozygousf'37 (B) andjefhi1134 & imp ima ®

(C) animals at 3 dpf reveals normal patterning of cranial o b Y
muscles. Compiled stacks of confocal micrographs of wild- f'h_ &
type (D) and gefw3’ mutant (E) stained with calcein. Most s, ‘.{ -
dermal bones (op, bsr, cl) are relatively unaffectgdfin s ""'._
mutants, whereas the dermal dentary (de) and cartilage lk =

replacement fifth ceratobranchial bone (cb5) are severely §b]
reduced. Teeth (te) are present, as are tiny remnants of bo
at the base of the teeth. Bone development occurs on
schedule without enlarged ossification centejsfin
mutants. am, adductor mandibulae; bsr, branchiostegal ra
chb5, fifth ceratobranchial; cl, cleithrum; de, dentary; hh,
hyohyoideus; ih, interhyoideus; ima, intermandibularis
anterior; imp, intermandibularis posterior; op, opercle; sh,
sternohyoideus; te, teeth; tvl, transversus ventralis. Scale
bar: in A, 100um for A-C.

ossification centers that prematurely ossify (Bi et al., 2001). Tgene can cause CD (Wagner et al., 1994), and similar mutations
learn whethejef (sox9g mutants show these phenotypes, wedisrupt many other genes in humans (Freddi et al., 2000; Sironi
examined larval bone developmenjen(sox9g mutant larvae et al., 2001; Targovnik et al., 2001) and in zebrafish (Lun and
using the fluorescent dye calcein (Du et al., 2001) (C. KBrand, 1998; Childs et al., 2000). A quantitative assay for
unpublished). Despite the severe cartilage defe@$ (®0x99  sox9atranscript and in situ experiments confirmed that the
mutants, most major cranial and pectoral fin bones appeareautation in jef"37 severely inhibits splicing of theox9a

on schedule and were only slightly reduced in sizéefn transcript. The insertion allele results in the skipping of exon
(sox9a mutants (Fig. 9E, and data not shown). The second, and the predicted subsequent translation of a short protein
arch dermal opercles and branchiostegal rays appeared woncated within exon 3.

schedule inef (sox99 mutants and were mildly reduced. The ) .

blade of thejef (s0x93 mutant opercular bone was reduced Two jef (sox9a) alleles behave as null mutations

ventrally and displaced anteriorly towards the eye. Thdo infer the role of a gene from its mutant phenotype, it is
cleithrum in the fin girdle was present (Fig. 9, see also Figessential to know whether the alleles investigated lack all
1D,H,L,P), as were pharyngeal teeth (Fig. 9). By contrast, thieinction of the gene. This is relevant here because, first, the
fifth ceratobranchial bone, which is a cartilage replacememhammalian mutants retain one nornfaOX9 allele and,
bone (Cubbage and Mabee, 1996), was strikingly absgetft in second. because the zebrafish mutants retain a small patch of
(sox9g9 mutants. Tiny remnants of bone were present adjacertician-positive material in the location of the second arch. The
to the teeth ofjef (sox99 mutants, perhaps the bone of zebrafish phenotype could result either from residual activity
attachment of the teeth or the severely reduced remnant of thésox9afrom the mutant allele, or from activity of a different
fifth ceratobranchial bone. Small remnants of bone were alsgene. We conclude that the tyef (sox93 alleles are likely
present inef (sox99 mutants in the position of the wild-type null alleles because: (1) the viral insertionjéffi1134 causes
dentary, which normally forms in the lower jaw. Examinjefy the skipping of exon 2, which should result in a truncated
(sox93 mutants at earlier time points (days 3 and 4) revealegrotein; (2) animals heterozygous fef"37 over a deletion do

no evidence for precocious bone development or enlargawbt have a more severe phenotype tjed37” homozygotes;
ossification centers (data not shown). The early larval lethalit{8) morpholinos that affect wild-type and heterozygous
of jef mutants thwarts analysis of ribs and other later-forminggmbryos do not make thefW37 phenotype more severe; and
skeletal structures, as well as frustrating the analysis of gon#d) the phenotype ofefw37/jefhil134 heterozygotes have the
morphogenesis. same phenotype as either homozygote.

Splice-directed morpholinos provide an independent

DISCUSSION assay for efficacy

Animals injected with splice-directed morpholinos displayed
These experiments identifgf as a mutation isox9a,one of  a weaker phenotype at day 4 than did homozygef(s0x99
the two zebrafish orthologs of the hun&DX9gene. Evidence mutations, presumably because of to the rebound of transcript
for this conclusion comes from the sequencingamafrom splicing as evidenced by the RNase protection assays. MO-
animals homozygous for either of tjef alleles, one induced treated animals accumulatedx9atranscript in the nuclei of
by ENU and the other by retroviral insertion. The ENU-sox9aexpressing cells, apparently because of a defect in
induced mutation changed a conserved G immediatelranscript transport. We have also observed this phenomenon
following the splice junction (Mount, 1982; Kreivi and for splice-directed morpholinos againsox9b (Y.-L. Y.,
Lamond, 1996). Mutations of this nucleotide at theunpublished). Although it is well known that MOs can inhibit
corresponding site in the second intron of the hu®@@&X9 splicing (Schmajuk et al., 1999; Draper et al., 2001), to our
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knowledge this inhibition had not previously been shown tet al., 1996; Hageman et al., 1998). Althougbx9a is
retard the transport of transcript to the cytoplasm. Our novedxpressed in the zebrafish testis, aoxbis expressed in the
finding provides an assay for MO efficacy independent of angebrafish ovary (Chiang et al., 2001), consistent with a role
phenotypic change. This assay or the RNase protection assay, sex determination, the late determination of sex in
is generally more convenient than an assay for the efficacy aebrafish has so far precluded the investigation of sex
a translation-inhibiting MO because probes to measurdetermination irjef (sox99 animals. Because both male and
nucleic acid quantity are much more readily available thafemale animals heterozygous fef (sox94 become sexually
probes to measure the quantity of a specific protein, whichature adults of both sexgsf (sox99 appears not to have
often requires a specific antibody. Furthermore, as pointea fully penetrant dominant effect on sex determination in
out by Draper et al. (Draper et al., 2001), splice-directeaebrafish.

morpholinos may allow one to distinguish between the effects ) ) ) ]

of different splice variants, and to distinguish between thé&rechondrogenic condensations formin  jef (sox9a)

functions of maternal and zygotic transcript. mutants

) ) The formation of prechondrogenic condensatiorjefifsox93
Evaluating jef (sox9a) mutants as a model for mutant zebrafish suggests thsox9ais not required for
campomelic dysplasia condensation formation in zebrafish. The opposite conclusion

People affected with CD are heterozygous for a mutation iwas drawn for mouse. Because cells homozygous Sox8
SOX9 and display a syndrome of clinical features thatmutation failed to contribute to condensations in genetic
include bowing of the tibia and femur, hypoplastic scapulamnosaics, Bi et al. (Bi et al., 1999) concluded t8ak9was
absence of a pair of ribs, cleft palate and a small jaw (Houstaequired for formation of condensations. These differences
et al., 1983; McKusick, 1990; Foster et al., 1994; Wagner anight reflect: (1) species differencesS3@X9function; (2) the
al., 1994; Kwok et al., 1995; Mansour et al., 1995; Cameropresence of duplicate@®x9 genes in zebrafish; and/or (3) the
et al., 1996; Hageman et al., 1998). Zebrafish homozygouwdfference in experimental paradigms used. Althoygh
for jef (sox93 mutations mimic at least two of these (sox93 mutant cells form condensations in the context of a
phenotypes, but show them in more severe form. In humarstally mutant environment, they might not contribute to
and mice (Bi et al., 1999; Bi et al., 2001) heterozygous focondensations when transplanted into a wild-type host, as was
SOX9mutations, the scapulas and jaws form, but they arfound with mouse. Mosaic analyses in zebrafish could test this
small and thin. By contrast, the corresponding elements ipossibility.
zebrafishjef (sox9g9 mutants, the scapulocoracoid cartilage Support for the idea that differences in experimental
and the first and second arch derivatives, are almogiaradigms could explain the contrasting conclusions on the
completely gone. requirement oSOX9for condensation formation comes from
Why is the zebrafiskox9amutant phenotype more severe analysis of the zebrafiskalentino mutant. Embryos that
in these aspects than the mammali®&DX9 mutant lack val (maft) activity make hindbrain tissue between
phenotypes? This question is significant because we needrfttombomeres 4 and 7, yet in genetic mosaves, (mafb
know whetherSOX9is essential for development of these mutant cells are excluded from this territory in a wild-type host
elements or whether it merely facilitates completion of theséMoens et al., 1996). Thus, by analogy, homozyg8as9
cartilages. ManysOX9mutations in mammals are likely to mutant mice, like sox9a mutant zebrafish, might form
be null activity alleles rather than dominant negativeprecartiiage condensations even though mutant cells are
mutations, judging from their predicted effect on the proteingxcluded from these domains in a mosaic. A mammalian
(Foster et al., 1994; Wagner et al., 1994; Kwok et al., 1995henotype analogous to that seen in zebrgkfhsox93
Mansour et al., 1995; Cameron et al., 1996; Hageman et aimutants might be thelL-Sox5; Sox6double mutant in
1998; Bi et al., 1999; Bi et al., 2001). Thus, the heterozygotemouse, where condensations form, but no overt cartilage
probably have about half the normal amoun8@X9activity  differentiation occurs (Smits et al., 2001). A conditional allele
in tissues in which the gene is expressed. Homozyggfus of mouseSox9has been made (Kist et al., 2002), which should
(sox93 animals should completely ladox9activity in all ~ facilitate phenotypic analysis of skeletal development in
cells in whichsox9ais expressed in the absencesok9b  homozygousSox9mutant mice.
Before hatching, the time during which thef (sox93 The simultaneous failure of chondrocyte differentiation and
phenotype becomes apparestiix9ais expressed strongly in morphogenesis of condensations jef (sox93 mutants
the first and second arches and in the scapulocoracoid, kaiggests thagef (sox93 regulates both morphogenesis and
sox9bis not expressed in these cells (Chiang et al., 2001). Wdifferentiation, and provides another example of specification
therefore conclude thaSOX9 activity is essential for and morphogenesis going hand-in-hand (see Kimmel et al.,
chondrogenesis of the arches, neurocranium an#001la; Kimmel et al., 2001b). These morphogenetic processes
scapulocoracoid, and that mammals show a weak phenotypee separable from differentiation: the zebrafigbetail [ppt
becausesOX9activity is reduced, but not completely lost, in (wnt5g] mutation (Piotrowski et al., 1996; Rauch et al., 1997,
the mammalian heterozygous genotypes. The evolution ¢dlammerschmidt et al., 1996) disrupts chondrocyte stacking but
duplicated zebrafish genes has thus allowed analysis of nultet differentiation. Thus, differentiation does not require
activity embryos not yet available for the ortholog instacking. Likewise, individuation of cartilage elements occurs
mammals. in ppt (wnt5g mutants (Piotrowski et al., 1996), suggesting
Many individuals with CD have XY sex reversal (Houstonthat thejef (sox99-dependent morphogenetic processes are
et al., 1983; McKusick, 1990; Foster et al., 1994; Wagner distinct aspects of morphogenesis under regulation of separate
al., 1994; Kwok et al., 1995; Mansour et al., 1995; Camerotoci.
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The failure of differentiation and morphogenesisjéfi  could also signal to the pharyngeal musculature. The presence
(sox9a mutants correlates in time and space withdbk®al  of a normal pattern of differentiated pharyngeal musclgsfin
expression defect, and raises the possibility ¢tbi2almight  (sox93 mutants shows that signals from CNC to the
be involved in one or both of these processes. Because COL2Arrounding mesoderm occur independentlyjedf (sox93
is a major component of differentiated cartilage matrixfunction. Muscles ifef (sox99 mutants are shorter and thicker
(Vandenberg et al., 1991), perhaps zebrafidBalis required that their wild-type counterparts, suggesting that elongation of
for cartilage differentiation, and the failure to activatd2al  the muscles might require stiff, differentiated cartilage.
expression underlies the near complete absence of cartilage inThe precocious ossification and expanded ossification
jef (sox93 mutants. The lack of Col2a might also underlie thecenters in heterozygouSox9 mutant mice motivated the
morphogenetic defects jef (sox9g mutants — it is possible characterization of bone formationjef (sox9g mutants. Our
that cells require a normal extracellular matrix in order tacalcein labeling confirms observations of bone (Piotrowski et
exhibit stacking cell behaviors. It would be interesting toal., 1996), and further demonstrates that cranial and pectoral
see if exogenously supplied Col2a could rescue eithéfin bones form relatively normally jef (sox9g mutants, with
morphogenesis (e.g. stacking) or differentiatiofeinsox93  the exceptions of the dentary and fifth ceratobranchial bone, a
mutants. cartilage replacement bone (see Cubbage and Mabee, 1996)

SOX9regulates not onfCOL2A1, but other downstream that appears to be surrounded by perichondral bone in wild-
targets as wellSOX9positively regulates expression@bH2  type 5-day-old zebrafish larvae. The absence of the fifth
(Panda et al., 2001), which may mediate jbk(sox93-  ceratobranchial bone jef (sox93 mutants could be explained
dependent stacking, individuation or shaping of pharyngeaf perichondral ossification requires a cartilage template. The
mesenchymal cells. Comparing expression of cadherin genefgntary bone, a dermal bone (see Cubbage and Mabee, 1996),
col2aland orthologs of otheBox9downstream targets jppt  is intimately associated with Meckel's cartilage in wild type.
andjef mutants might suggest which genetic pathways underlierhaps the reduction of the dentaryein(sox9g mutants is
stacking behavior and which cartilage differentiati®®X9 also secondary to the cartilage defect. Weaker alleles of
also regulates cell cycle genes (Panda et al., 2001), providirgbrafishef (sox93 might allow analysis of bone development
another potential mechanism for the differentiation andgast the early larval stage of currently available alleles.
morphogenetic defects jaf (sox9g mutants. Mitotic activity Because dermal bones appear without a cartilage template,
is enriched at the second arch dorsal/ventral joint, and wais might not seem surprising that most dermal bones form
proposed to partially drive the extension of the symplectimormally injef (sox93 mutants. The widespread expression of
cartilage (Kimmel et al., 1998). This region of the second arckox9ain postmigratory CNC, however, suggests that CNC
condensation never extendsjef (sox93 mutants, possibly osteocyte precursors might expressx9a Expression of
because mitotic behavior of cells within the precartilagesox9a like that ofdIx2 in the zebrafish pharyngeal arches,

condensation is defective. appears to include the entire CNC population within each arch.
. ] ) The dIx2-expressing postmigratory CNC forms a cylinder

Pharyngeal muscle and bone differentiates in the surrounding the central cores of paraxial mesoderm (Miller et

absence of differentiated cartilage al., 2000; Kimmel et al., 2001a). This population presumably

Cranial neural crest (CNC) patterns the pharyngeahcludes precursors of both the cartilage and bone skeleton,
musculature according to Noden’s experiments transplantingased on existing fate maps (Couly and Le Douarin, 1988;
presumptive first arch CNC into the position of presumptiveSchilling and Kimmel, 1997; Kontges and Lumsden, 1996).
second arch CNC (Noden, 1983). Although recentlyThus, the absence of a major bone defect suggestgethat
reinterpreted to be due to the organizing effects of #sox93 function in the pharyngeal skeleton might actually be
transplanted isthmus (Trainor et al., 2002), the conclusiorequired only in a subset gbx9aexpressing postmigratory
remains that the transplant non-autonomously induced ho&NC cells, the chondrocyte lineage. Fate-mapping experiments
second arch muscles to adopt patterns appropriate to the fivgtl determine whether chondrocytes and osteocytes share a
arch muscles. Further evidence for an instructive role of CNGneage in the CNC, and whether the chondrocyte lineage is
comes from the zebrafish mutanitinless(chw), which lacks  uniquely perturbed ifef (sox9g mutants.

both differentiated pharyngeal cartilage and muscles (Schillin o

et al., 1996). Wild-type CNC cells, when transplanted intoS0x9 and gene duplication

homozygoushwmutant hosts, induced local differentiation of Xenopus embryos treated with a morpholino antisense
pharyngeal muscles (Schilling et al., 1996). A third studyoligonucleotide that inhibits the production of Sox9 protein
revealed severe ventral muscle defects in pharyngeal archesladk neural crest progenitors, suggesting that Sox9 is essential
suc (edn) mutants, although mutant cells contributed tofor the specification of neural crest in frogs (Spokony et al.,
normal ventral muscles when transplanted into a wild-type ho&002). By contrastneural crest specification is apparently
(Miller et al., 2000). These results support the idea thatormalin individuals with CD, because they make cranial crest
signaling from the CNC patterns the pharyngeal archierivatives, but just have hypoplastic skeletons, and in the
mesoderm. The populations of CNC which participate in thisbsence ofox9afunction in zebrafish, because the expression
signaling, however, remain unidentified. The CNC-derivedf dIx2 is normal, the cranial crest migrates on schedule, and
muscle connective tissue (Kontges and Lumsden, 1996) isprecartilage condensations form. How can we understand these
candidate for this activity. The widespread expressicor®a differences? We hypothesize th@OX9 may play multiple
raises the possibility thgf (sox9g might function in a CNC- essential roles in cranial crest development, and that these may
derived connective tissue lineage. The skeletogenic CNGe revealed by further analysis of the t&#@X9duplicates in
derivatives, some of which are perturbegkifi{(sox99 mutants,  zebrafish. As demonstrated by the workX@mopugSpokony
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et al., 2002), Sox9 protein plays an early role in creshmores, A, Force, A, Yan, Y.-L., Joly, L., Amemiya, C., Fritz, A., Ho, R.
specification, and as revealed by our experiments on zebrafisiK.. Langeland, J., Prince, V., Wang, Y.-L. et al. 1998). Zebrafisthox
and work with mousesoxgplays a later role in chondrocyte clusters and vertebrate genome e_vqutheanSZ 1711-1714.
differentiation that includes the regulation afl2al and the Amsterdam, A, Burgess, S. Goling, G., Chen, W. B. Sun, Z. X.

I . . g - Townsend, K., Farrington, S., Haldi, M. and Hopkins, N.(1999). A
morphogenesis that accomplishes stacking. Because the@arge-scale insertional mutagenesis screen in zebrafishes Devi3,
antisense methodology blocked the early step of crest2713-2724. _
specification inXenopus,it was not possible to determine Be\'/{} %h'\gr'ﬁ L&ur;'g,&olé.&]\;\:]h%atlg,msb CF-; E'g;;nb'é}aeﬂ?f’”k Ss-véggv?)K-
whethgrSox9ls requwed for the later morphoggnetlc ro'les. SCSXQ diréctly re’gulates thé tyf)e-ll éollagen gexat. Genéth, 174-178.
Zebrafish has two Orth0|093 &OX9that have_dlverged N Bj, W, Deng, J. M., Zhang, Z., Behringer, R. R. and de Crombrugghe, B.
sequence and expression pattern. thgene is expressed _(1999).Sox9is requir_ed for cartilage formatioNat. Genet22, 85-89.
early in the neural crest of the head and body axis, like th@& W. Huang, W., Whitworth, D. J., Deng, J. M., Zhang, Z., Behringer,
Xenopus Sox§ene (Chiang et al., 2001; Li, 2002). We predict R R: and de Crombrugghe, B(2001). Haploinsufiiciency oBoxdresults

.. indefective cartilage primordia and premature skeletal mineraliz&ton.
that s_ox9bmay be necessary for the neural crest specification nay. Acad. Sci. USAS, 6698-6703.
function revealed irKenopugSpokony et al., 2002), and that Blader, P. and Strahle, U(1998). Developmental biology: casting an eye over
sox9ais necessary for the later step, as revealed byefthe  cyclopia.Nature395 112-113. _ _
(sox93 mutations studied here. In the haploinsufficientBurgess. S. and Hopkins, N(2000). Use of pseudotyped retroviruses in
lian mutants, the level 8DX9activity is likely to be zebrafish as genetic taddethods EnzymoB27, 145-161.

mamma ’ . y : y Cameron, F. J., Hageman, R. M., Cooke-Yarborough, C., Kwok, C.,
half the normal level, and this may be sufficient for the early Goodwin, L. L., Sillence, D. O. and Sinclair, A. H(1996). A novel germ
role in neural crest specification, and for much, but not all of line mutation in SOX9 causes familial campomelic dysplasia and sex
the later role in cartilage morphogenesis. feve:jsda'-HUFT- N||30L G‘i‘”_et% 162%‘3630# i | 005

The genome duplication that occurred in the ancestry o(facr'ﬁe a, R, Descalzi Cancedda, F. and Castagnola, 1995).

. ) . ondrocyte differentiatiorint. Rev. Cytol159 265-358.
zebrafish (Amores et fil-: 1.998_' Postlethwait et al-'- 1998) Wahiang, E., Pai, C.-l., Wyatt, M., Yan, Y.-L., Postlethwait, J. and Chung,
followed by nonfunctionalization so that zebrafish retains B.-C. (2001). Two sox9 genes on duplicated zebrafish chromosomes:
dup|icate orthologs of about 30% of tetrapod genes izgrizsgion of similar transcription activators in distinct sies. Biol.229,
(POStIethvéaItl.et al., 2000)'|:Because TUTSSSFI%na:IZ?Uonlgng hilds, S Weinstein, B. M., Mohideen, M. A. P. K., Donohue, S.,
preserve aup 'C_ate genes ( orce et a " ! tQ tzfus, . Bonkovsky, H. and Fishman, M. C.(2000). Zebrafistdracula encodes
ancestral functions may assort to different duplicate copies.ferrochelatase and its mutation provides a model for erythropoietic
The expression patterns ebx9aand sox9b(Chiang et al., protoporphyriaCurr. Biol. 10, 1001-1004. .
2001) show overlapping subsets of the tewaiBOX9 = CoMerl, Canp D fead C M, Pislor . 5, Drscol. 7 ¢ Denny
exprgssmn p_attern (Sp0kony ?t al., 2002; W”ght, et ,al" 1995)’ bénding properties ’of the post-meiotic:';llly expressed Sry-related protein
consistent with the hypothesis of subfunctionalization. Such sox.5.Nucleic Acids Re2, 3339-3346.
subfunctionalization can reveal gene functions that are hiddetvoper, M. S., D'Amico, L. A. and Henry, C. A.(1999). Analyzing
by analysis of morpholino-injected animals or knock-out mOIrng@feggCl%%“;g;aviors in vitally stained zebrafish embiethods
H H H ol. Blol. - .

.mUtatlons In tetrapods because the abser.]ce ofan early fu.nCtI&f((l)per, M. S. and Kimmel, C. B.(1998). Morphogenetic cell behaviors
in a cell lineage may prec'_Ude the detection of later funCt'O_nS- during early teleost development.Motion Analysis in Living Cellged. D.
As has been the case with Nodal genes, where analysis oR. Soll), pp. 198-219. New York: Wiley-Liss.
zebrafish co-orthologs ddodal revealed an early function in Couly, G. and le Douarin, N. M.(1988). The fate map of the cephalic neural
the induction of mesoderm. and a previously obscured |aterprimordium at the presomitic to the 3-Somite stage in the avian embryo.

. R . . DevelopmeniO3 101-113.
function in neural plate patterning (Feldman et al., 19985 F (1950). Genetic NotesMinneapolis: Burgess Publishing.

Sampath et al., 1998; Rebagliati et al., 1998; Blader an@ubbage, C. C. and Mabee, P. M(1996). Development of the cranium and
Strahle, 1998; Nomura and Li, 1998). Such may be the casepaired fins in the zebrafisthanio rerio (Ostariophysi, cyprinidae)J.
with sox9a and sox9b as well. In particular, the early  Morphol.229 121-160.

; ; ; ; ; de Crombrugghe, B., Lefebvre, V. and Nakashima, K(2001). Regulatory
expression obox9bin cranial crest may provide protein that mechanisms in the pathways of cartilage and bone formagiam. Opin.

might persist and partially compensate for the lossoaPa Cell Biol, 13, 721-727.
function, even thoughox9his not expressed in post-migratory Draper, B. W., Morcos, P. A. and Kimmel, C. B.(2001). Inhibition of
crest. Further analysis sbx9bcan test these possibilities. zebrafishfgf8 pre-mRNA splicing with morpholino oligos: A quantifiable

method for gene knockdowenesis30, 154-156.
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