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Summary

The vertebrate inner ear arises from an ectodermal
thickening, the otic placode, that forms adjacent to the
presumptive hindbrain. Previous studies have suggested
that competent ectodermal cells respond to Fgf signals
from adjacent tissues and express two highly related paired
box transcription factors Pax2a and Pax8 in the developing
placode. We show that compromising the functions of both
Pax2a and Pax8 together blocks zebrafish ear development,
leaving only a few residual otic cells. This suggests that
Pax2a and Pax8 are the main effectors downstream of Fgf

signals. Our results further provide evidence thatpax8
expression and pax2a expression are regulated by two
independent factors, Foxil and DIx3b, respectively.
Combined loss of both factors eliminates all indications of
otic specification. We suggest that the Foxi1l-Pax8 pathway
provides an early ‘jumpstart’ of otic specification that is
maintained by the DIx3b-Pax2a pathway.
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Introduction

(Chiang et al., 2001; Li et al., 2002) are all required for otic

The vertebrate inner ear is the sensory organ that provides tRi&c0de specificatiorsox9aand to some extersbx9brequire
auditory and vestibular functions responsible for hearing anf9f Signaling for their proper expression in the preotic region,
balance. It develops from a transient embryonic structure, tHiéhereaslix3banddixabdo not. When Fgf3 and Fgf8 functions
otic placode, a thickening of head ectoderm adjacent to tHfd® removeddix3b and dix4b gene expression is unaffected
developing hindbrain. Through interactions with adjacenfluring induction and early patterning stages. Later expression
tissues, the otic placode develops into the otic vesicle th&f dIx3banddix4bin the otic anlagen is reduced when Fof
subsequently forms epithelial and neuronal cells of the innéfignals are blocked, but this is probably an indirect effect
ear (Noden and van de Water, 1986; Couly et al., 1993; Fritzs@qused by the loss ebx9afunction (Liu et al., 2003).
et al., 1997; Barald and Kelley, 2004). Fate-mapping experiments at mid-gastrula stages indicate
Studies in various species suggest that signals frodhat precursors of cranial placodes are arranged in an
the underlying mesoderm and adjacent hindbrain induc@nterpposterlor order at the Iater_al border of the prospective
ectodermal cells to form the otic placode (reviewed by FritzscAnterior neural plate (Kozlowski et al., 1997). We have
et al., 1997; Torres and Giraldez, 1998; Baker and BronneRreviously shown thadix3b anddix4b are both expressed in
Fraser, 2001; Whitfield et al., 2002). In zebrafish, Fgf3 anéfte gastrula stage embryos in this same region, a stripe
Fgf8 appear to have overlapping functions in otic placod€orresponding to cells of the future neural plate border;
induction. The genes are expressed in the future hindbrain i®xpression of both genes becomes restricted to cells of the
late gastrula stages, afgf3is also expressed at this stage infuture olfactory and otic placodes by the beginning of
the underlying mesendoderm. Loss of eitly8 or fgf8leads ~ somitogenesis (Akimenko et al., 1994; Ekker et al., 1992;
to a reduction in ear size and loss of bigf8 andfgf8together ~ Ellies et al., 1997). We also showed by fate mapping that a
results in near or total ablation of otic tissue (Phillips esubset of cells in the anterior part of ttix3b stripe later
al., 2001; Maroon et al., 2002; Leger and Brand, 2002)contribute to the olfactory placodes (Whitlock and Westerfield,
Furthermore, Fgf signaling is sufficient and necessary for 0ti¢000). Knockdown ofilx3banddix4b causes a severe loss of
induction, indicating a direct role for Fgf3 and Fgf8 (Phillipsotic tissue even in the presence of functional Fgf signaling
et al., 2004). In the mouse, Fgf3 and Fgf10 act as redundaf@olomon and Fritz, 2002; Liu et al., 2003), indicating that
signals during otic induction (Wright and Mansour, 2003;these genes are required to specify the competence of cells to
Alvarez et al., 2003). We have previously shown that Fgform the ear. Expression of the forkhead class winged helix
signals are required for the preotic expression of some, but nwanscription factorfoxil, is progressively restricted at late
all, of the transcription factors involved in otic induction (Liu gastrula stages to bilateral domains, including the presumptive
et al., 2003). For example, the four transcription factors DIx3lotic placode, and, subsequenthfpxil expression is
(Ekker et al., 1992), DIx4b (Stock et al., 1996; Ellies et al.downregulated prior to placode formation. Disruptioricod1
1997), Sox9a (Chiang et al., 2001; Yan et al., 2002) and Sox%ads to severe defects in otic placode formation and highly
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variable ear phenotypes (Solomon et al., 2003; Nissen et alequired to block the establishment of otic fate. Our results
2003), suggesting th&bxil also influences otic competence. integratepax2aand pax8 gene functions into the previously

In addition to these genes implicated in otic developmenknown genetic pathways that regulate otic placode induction;
some Pax genes that encode paired box transcription factdfexil and Pax8 mediate early Fgf dependent otic specification,
are expressed at the right time and place to be involved in otigchereas DIx3b and Pax2a mediate later Fgf signaling required
specification. The Pax gene family is subdivided into foufor maintained development.
distinct classes based on sequence similarities (Noll, 1993;
Mansouri et al., 1996). Th®ax2 Pax5 and Pax8 genes .
constitute one such class and encode highly relateMate”als and methods
transcription factors with similar biochemical activities Animals
(Pfeffer et al., 1998)Pax2-Pax5-Paxg8jenes have important Embryos were obtained from the University of Oregon zebrafish
roles in embryonic development and organogenesis of the eyfegility, produced using standard procedures (Westerfield, 2000) and
ear, kidney and thyroid (Dressler et al., 1990; Nornes et a|$,taged according to standard criteria (Kimmel et al., 1995) or by hours
1990; Plachov et al., 1990). The best-studtag2-Pax5-Pax8 post fertil_ization % 28°C (h). The wild-type line used wagg?B. The
gene function is in development of the midbrain-hindbrainies: N0 isthmus®* a null allele ofpax2a,and acerebellai**, a

boundary (isthmus). In the mouseax2 or Pax2 and Pax5 strong hypomorphic allele dfyf8, have been described previously

. . . . Brand et al.,, 1996) and we refer to the homozygous mutants as
depending on the genetic strain, tops a hierarchy of genes t 2a andfgf8, respectively. The mutation fioxil was described

func'tion together.to fo_rm the isthmus. Pax2 and Pax5 act U Solomon et al. (Solomon et al., 2003), and we refer to the

multiple stages in this process and are also required f®omozygous mutants dexil. Homozygouspax2a mutants were

maintenance dPax2(Urbanek et al., 1994; Torres et al., 1996; either scored by the loss of the midbrain-hindbrain boundary or by

Mansouri et al., 1998). Implantation of Fgf8-soaked beads intthe use of Pax2 antibody{Pax2; Covance); homozygotsxil

chick embryos showed further that Fgf8 acts in this positivenutants were scored by absencepak8 expression or by PCR

feedback loop maintainingax2 expression in the isthmus (Solomon et al., 2003). Homozygopax2a;foxil™ double mutants

(Martinez et al., 1999). In zebrafighax2ahas been shown to Were scored for both phenotypes.

functior) in this process; loss pax2aleads to failed formation .65 and markers

Of. the Isthmus_ (Brand et al, 1.996; Lun and Br'?‘”dv 1.998) pproved gene and protein names that follow the zebrafish

S'm"af to amniote embryos, maintenance but not induction omenclature conventions (http://zfin.org/zf_info/nomen.html) are

zebrafishpax2a depends on botlpax2aand fgf8 (Lun and  |,geq.

Brand, 1998; Reifers et al., 1998). Gene replacement in the

mouse has shown th&ax5 can functionally substitute for Immunocytochemistry

Pax2 indicating that the Pax2-Pax5-Pax8 proteins aréntibody staining was carried out as described previously

interchangeable (Bouchard et al., 2000). Combined, redundafesterfield, 2000) with some modifications. Primary antibodies were

gene function has also been shownRak2andPax8during  used in the following concentrations:Pax2 (Covance), 1:10@-

development of the mouse urogenital system (Bouchard et ap3b (Liu et al., 2003), 1:50; rabbit polyclonal IgGMyc (Santa

2002). Cruz Blotgchnology), 1:500. The following secondary antibodies
The relative roles of Pax2 and Pax8 in otic specification ar ﬁ:}%l:’::%gf:ﬂ;mgﬁss%g Imzlg(l:lt?;r4|§i30|(ol\é|§)leiw1%r0l_3g);i)éitgoat

still somewha'g unclea(PaXS is one of the Qarllest known .Alexa Fluor 488 (Molecular Probes), 1:100. Er;1bryos ’Were analyzed

markers of otic cells in vertebrates, showing onset of otigsing a zeiss Axiophot 2 microscope.

expression befordPax2 (Pfeffer et al., 1998; Heller and

Brandli, 1999; Hutson et al., 1999; Groves and Bronnerk situ hybridization and mRNA synthesis

Frasier, 2000). In mouse, loss &ax8 does not prevent cDNA probes that detect the following genes were udie@b (Ekker

expression oPax2or proper inner ear formation (Mansouri et et al., 1992)sox9a(Chiang et al., 2001)0x9b(Chiang et al., 2001,

al., 1998) and loss d?ax2has no effect on otic induction but Lietal., 2002)egr2b(previouslykrox2() (Oxtoby and Jowett, 1993);

variably affects formation of the cochlea (Torres et al., 1996 dg‘;iégg'g‘f‘saix‘;;ﬁ:-xdfggxlz)g?ﬂy;nﬁgtgraeﬁz r% sal't’hé'g;ﬁ)d gor

g)(?gt))rr::ssgd ?na){/r?e tp\),\rlgotlijca?(ezgigﬁmjgseig?egsgggt Egﬂer UTRs ofpax2awere amplified by PCR, subcloned into pBluescript,

. linearized withNotl andEcaRl, respectively, and transcribed with T7
levels several hours earlier thaax2b (Pfeffer et al., 1998). RNA polymerase. Probe synthesis and single or double-color in situ

Loss ofpax2a pax2bor both alters hair cell development but pprigization was performed essentially as previously described
does not hinder otic placode induction (Riley et al., 1999Thisse et al., 1993; Jowett and Yan, 1996; Whitlock and Westerfield,
Whitfield et al., 2002). Cells of the zebrafish otic placode als@000). We purified the in vitro synthesized mRNA and probes using
expresgpax8(Pfeffer et al., 1998); functional studies have notan RNeasy mini column (Qiagen GmbH). In vitro mRNA synthesis
previously been described. was performed using an SP6 RNA synthesis kit (Ambion). The
We show that Pax8-depleted zebrafish embryosph@a construct encoding dnPax2a-myc was generated by PCR amplification
mutants, have only mild ear defects. By contrast, Pax8 deplet&fthe pax2agene coding for the first 295 amino acids, which were
pax2a mutants fail to form a differentiated otic vesicle or innerfusfgér”'gna dm\?\/gg?r;beM{géigIt?:%erSFmi ?:1?2;?0'[?;0 tlh‘; %Sg;';’e;égr
ear, .althoth a few residual cells express genes characteri T | solution was delivered into the cytoplasm of one cell at the two-
of otic fate. These data demonstrate that Pax2a and Pax8 ha stage
similar functions required for the correct expressiosam©a ’
sox9bandpax2a and to a much lesser extedix3b. However,  Morpholinos (MOs)
pax8 and pax2a are regulated by two independent factors,we have described thx3b-MO, fgf3MOs andfgf&MOs previously
Foxil and DIx3b, respectively; removal of both factors is(Liu et al., 2003; Maves et al., 2002). Splice-blockjpax8MOs
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were: E2/12, 5GTGTGTGTTCACCTGCCCAGGATCT,; E3/13,'5  formation of the otic placode, and at low levels. It was therefore
GTGTGTACCGGTTGATGGAGCTGAC; E4/I14,'SCACAGCACT- not included in this report.

TACTCAGTGTGTGTCC; E5/I5, STTTCTGCACTCACTGTCA-

TCGTGTC; and E9/19, SACCGGCGGCAGCTCACCTGATACCA.  Residual otic cells express pax2a and pax8 in the

About 1-3 nl of MO-solution was injected into the cytoplasm of one-gbsence of Fgf3 and Fgf8 signaling

cell stage embryos. The concentration of fiax8 splice-blocking Previous studies have su
ggested that Fgf3 and Fgf8 play
MOs was Jug/ul each forpax8ES/IS andpax8EI/IS. overlapping roles in otic induction and that bgi#x2aand
pax8 require Fgf3 and Fgf8 signaling for their proper

Results expression (Phillips et al., 2001; Maroon et al., 2002; Leger

) ] and Brand, 2002). However, we have shown that even in the
pax8 expression precedes and diverges from  pax2a absence of Fgf3 and Fgf8 signaling, some residual cells express
expression in the otic placode pax2a(Liu et al., 2003). We, thus, examined whether this is
In zebrafish, the otic anlagen exprgsx2a pax2bandpax8 also true fopax8
prior to formation of the placode. Expression [dx8 is We find that knockdown of Fgf3 and Fgf8 in wild-type

initiated at 85-90% epiboly and upregulated at bud stage [fambryos or knockdown of Fgf3 figf8~ mutants significantly

a detailed description, see Phillips et al. (Phillips et al., 2001)feducespax8expression in the preotic region, although weak
Strong expression persists until the 9- to 10-somite stage (Figesidual expression can still be detected (Fig. 11,J). This finding
1A,B), when the otic placode becomes morphologicallyis similar to the observations of Maroon et al. (Maroon et al.,
visible. Subsequentlyax8is rapidly downregulated (Fig. 1C) 2002), but contrasts with the results of Phillips et al. (Phillips
and we are no longer able to deteak8transcripts in the otic etal., 2001) and Leger and Brand (Leger and Brand, 2002) who
placode (Fig. 1D), in contrast to previous reports describing eeported complete loss gfax8 when Fgf3 and Fgf8 are
low level expression giax8until formation of the otic vesicle knocked-down by antisense morpholino oligonucleotide (MO)
at 18-somite stage (Pfeffer et al., 1998; Phillips et al., 2001)njection. Although the discrepancies between these studies
pax2aexpression begins in presumptive otic cells at the threenight be explained by incomplete effectiveness of the MOs,
somite stage. High levels gfax2acan be detected as the the Fgf receptor blocking drug SU5402 also led to differing
placode develops and expression is maintained throughout thesults: Leger and Brand (Leger and Brand, 2002) reported a
placode (Fig. 1A-D). After formation of the otic vesigiax2a  complete loss ofpax8 expression whereas Maroon et al.
transcripts become localized to the ventromedial region of th@varoon et al., 2002) found thaax8was unaffected. Thus,
otic vesicle and are eventually retained only in sensory hataken together, these results could indicate eitherptire® is

cells (Riley et al., 1999). To determine whether the samhbighly sensitive to Fgf signaling and only complete loss of the
population of preotic cells expresspax2a and pax8 we  Fgf signal leads to loss gbax8 expression or thapax8
double labeled for botpax2aand pax8from preplacodal to expression is regulated partly by some factor in addition to Fgf.
placodal stages. The preofiax8expression domain overlaps foxil™ mutants fail to initiatgpax8expression (Solomon et al.,
with pax2afrom the onset opax2aexpression untipax8is  2003; Nissen et al., 2003), suggesting that this forkhead-related
downregulated. The two domains share the same medial bordesinscription factor may be the other regulator pafx8

that abuts the hindbrain, but thax8domain extends farther expression. To test this interpretation, we examined whether
lateral than does thgax2adomain (Fig. 1E-H)pax2bis also  foxil acts independently of Fgf signaling. We found that
expressed in the preotic region overlapping vg#x2a(not  knockdown of Fgf3 and Fgf8 in wild-type embryos or
shown). However,pax2b is expressed later, just prior to knockdown of Fgf3 ifgf8 mutants has no significant effect

A 55|B 9§|C 10S/D ‘ 128|  Fig. 1. pax8expression partially overlaps wiffax2ain the preotic
. . region and, likgpax2a depends upon Fgf signaling. Expression
£l domains ofpax8(blue) andpax2a(red) coincide in the preotic
‘ ‘ ‘ ‘% "f “ ﬂ region (A-C) but diverge after formation of the placode (D). At five-
3 &

G @

somite (A,E) to nine-somite (B,F) stages, plax8domain
encompassgzax2abut also extends further laterally. By the 10-
somite stage, when the otic placode is formpax8expression
diminishes in the placode (C,G) and is completely absent from the
placode by the 12-somite stage (D,H) but is obvious just lateral to the
placode. The bilateral pairs of medial blue spots in D,H are hindbrain
neurons that expregeix8 (E-H) High-magnification views of
embryos shown in A-D. (1,J) Fgf 3 and Fgf8 depletion leads to a
severe reduction gfax8expression at the five-somite stage but not
to complete loss. In Fgf3- and Fgf8-depleted embryos, only weak
f2f8+ f2f3-MOs]  expression can be detected (J) compared with uninjected wild-type
L 58|  embryos (l). Expression @gr2b(red) in the hindbrain (1) is also

. reduced when Fgf signals are lost (J) (Maves et al., 2002).

-

pax8 + pax2a

WT of¥ + f2f3-MOs
] ] 58

(K,L) foxilis not dependent on the Fgf3 and Fgf8 signal. In wild-
type embryos at the five-somite stafpxjlis expressed in two

patches lateral to the neural plate (K) and depletion of Fgf3 and Fgf8
has no obvious effect doxil expression (L). Dorsal views, anterior
towards the top. Scale bar: 1201 for A-D,I-L; 40 pm for E-H.

pax8 + egr2b
L o

foxil + egr2b

¢ -8 3 ?'
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onfoxil expression (Fig.1K,L), supporting the hypothesis thatntrons, designed specific splice-blocking MOs (Fig. 2A), and
foxil expression is independent of Fgf signaling, but requirethjected the MOs alone and in various combinations. As a
for cells to respond to Fgf signaling (Nissen et al., 2003).  control for the efficacy of the MOs, we visualized the nuclear
) o o localization ofpax8 messenger by in situ hybridization; the
Pax2a and Pax8 function synergistically in otic most efficacious combination of MOs was used in this study
specification (Fig. 2A-C).
Becausepax8 mutants are not available, we used MOs to Injection of pax8MOs into wild-type embryos has only a
knock down gene function in a gene-specific mannesubtle effect: the morphological development of the otic
(Nasevicius and Ekker, 2000). In addition to their ability toplacode is delayed (Fig. 2F,J) compared with wild-type
block the translation of mMRNAs in the cytoplasm, MOs carembryos injected with control MOs or to un-injected wild-type
inhibit pre-mRNA splicing (Draper et al.,, 2001), thusembryos (Fig. 2D,H). Consistent with their eventual otic fates,
interfering with the transport of transcript from the nucleus tacells in the embryos injected withax8MOs express otic
the cytoplasm (Yan et al., 2002). This inappropriate retentiomarkers such as DIx3lgJaudin a(cldng and fibronectin 1
of transcripts in the nucleus can be used as an assay for Mfd1) (Fig. 2N,R; not shown), again showing only a slight
efficacy in the absence of an antibody to test for the productiodevelopmental delay compared with control embryos (Fig.
of a translated product (Yan et al., 2002). We used this splic@L,P). The lack of a stronger phenotype could be due to
blocking strategy fopax8because neither a Pax8 antibody norcompensation fopax8by pax2a pax2a mutants exhibit only
the sequence of thé rminus of thepax8 MRNA (Pfeffer et a weak neurogenic phenotype in the ear that probably results
al., 1998) was available. We determined the sequence of seveft@m reduced Delta signaling (Riley et al., 1999) but are

A Pax8 partial transactivation /
paired domain octapeptide  homeodomain inhibitory domain
protein structure o - _
genomic structure W/%W [ I\/I\/I 3§ [ [0 [
morpholinos E2/12 E3/I3 "E4/14° ES5/I5 E9/19
WT pax2a WT + pax8-MOs pax2a+ pax8-MOs
D \ . E 1T o i 1 'ﬂ‘:\ G A
aa s “‘ & : .
i . “"
) o 3) A i TR e\ Y
an 3 ' ; - ok o
iy
0
=
(]
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Fig. 2. Pax2a and Pax8 have overlapping functions in ear development. (A) Schematic map showing the genomic gtax@(aétef
Pfeffer et al., 1998), the protein domain structure and the positions of the splice-blocking morpholinos. Black arrowsDdi#td and
E9/19, the most efficacious combination used in this study. The white arrows E2/12, E3/I3 and E4/14 show positions oftineeosipdice-
blocking MOs that yielded only weak or no phenotype. The sequence of the first exon (?) is possibly incomplete. The Efita@ndf
E9/19 pax8MOs combination is visualized by in situ hybridization (B,C). (B) In wild-type embryos at the one-somit@at@imnscripts in
the preotic region are localized primarily in the cytoplasm leaving the nuclei relatively clear. (C) In E5/I5 anphE®N®Ds injected
embryos pax8transcripts are localized mostly in nuclei leaving the cytoplasm free of signal. (D-S) Knockdown of Pax@armmutants has
a severe otic phenotype. Wild-type embryos (D,H,LpBXx2a mutants (E,I,M,Q) angax8MO-injected wild-type embryos (F,J,N,R) are
similar, but, in contrast tpax2a mutants, are depleted of Pax8 (G,K,0,S). The otic vesicle is abgeax&MO-injectedpax2a mutant
embryos and cannot be detected at 22 h (G) or 50 h (K). However, DIx3b (L-ClaadP-S) are present pax2a mutants depleted of Pax8.
(D-O) Side views, anterior towards the left, dorsal towards the top; (B,C,P-S) dorsal views, anterior towards the top. Zijate fmx B,C;
200pum for D-G; 75um for H-K; 60pum for L-O; 100um for P-S.
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otherwise relatively unaffected (Fig. 2E,I,M,Q). Injection At the 12-somite stage, when the placode is morphologically
of pax8MOs into pax2a mutants produces a different and visible in wild-type embryos, we detect sox9aexpression in
highly penetrant phenotype, including severe disruption of otipax2a mutants injected witpax8MOs (Fig. 3D). Thesox9a
development. Most of the injectgghx2a embryos (79%, duplicate,sox9h is also expressed from preplacodal to vesicle
44/56) do not form an otic vesicle (Fig. 2G,K), although a fewstages, although it is initiated later in development (Fig. 3E,G).
(12/56) form an extremely small vesicle that lacks otoliths (noLike sox9a sox9bexpression is compromised at preplacodal
shown). Nevertheless, analysis of the otic markers, DIx3lstages ipax2a mutants depleted gfax8(Fig. 3E) and absent
cldnaandfnl reveals the presence of residual otic cells, evemt the 12-somite stage (Fig. 3H).

in embryos with no visible otic vesicles (Fig. 20,S; not shown). dIx3bexpression is less affected by loss of Pax2a and Pax8
Thus, pax2a and pax8 have overlapping and, apparently, knockdown. By the end of gastrulation, a band of cells
synergistic functions required for formation of the earexpressedix3bsurrounding the neural plate, particularly in the
although removal of both gene functions is insufficient toregion that corresponds to the future otic placode (Fig. 3lI).

eliminate all otic cells. dIx3b expression persists throughout the placode until
) ) ) formation of the otic vesicle (Fig. 3K). Ipax2a mutants
Pax2a and Pax8 are required for maintenance of otic injected with pax8MOs, the dix3b expression domain is
sox9a, sox9b and pax2a expression, but neither smaller, but the concentration of cells in the region where the
induction nor maintenance of  dIx3b expression placode would normally form can still be recognized (Fig. 3J).

To study the placement gfax2a and pax8in the genetic In contrast tosox9aand sox9h dix3b expression can still be
pathway regulating otic development, we examined theletected in some cells pax2a mutants depleted qfax8at
expression of several otic markers at preplacodal, placodal atiie 12-somite stage (Fig. 3L) and even at the stage when the
vesicle stages. We concentrated on the transcription factwesicle would form in normal embryos (Fig. 20). Previously,
genessox9a sox9banddIx3b(Yan et al., 2002; Chiang et al., we have shown that loss of Sox9a leads to strong reduction of
2001; Akimenko et al., 1994), that are essential for formatio®Ix3b in the preotic domain (Liu et al., 2003) and because the
of the ear (Liu et al., 2003). We also examingalx2a phenotype of these embryos is essentially the sampex@a
expression that is reduced rax2a mutants at later stages mutants depleted of Pax8e conclude that reduction dix3b
(Brand et al., 1996). gene expression in the preotic domain in the absence of Pax2a
Loss of Pax2a, together with Pax8 knockdown, affeax®a and Pax8 is presumably due to concomitant reduction of
andsox9bexpressionsox9ais broadly expressed in the preotic Sox9a.
region at the three-somite stage (Fig. 3A) and expression is Maintenance ofpax2a expression depends strongly on
maintained in the placode (Fig. 3C) and in the vesicle (ndPax2a or Pax8. Ipax2a mutantspax2atranscription initiates
shown). In pax2a mutants injected withpax8MOs, the normally and we cannot distinguish between wild-tyyzex2a
expression okox9ais reduced in extent and level (Fig. 3B). mutants andpax2a mutants injected withpax8MOs at

Fig. 3. Pax2a and Pax8 are required for maintenance of otic cell
fates. Pax2a and Pax8 are required together for preotic expression of
sox9a(A-D), sox9b(E-H) andpax2a(M-P) but not ofdIx3b(I-L).

Cells of the presumptive otic placode expresedain wild-type

embryos at the three-somite stage (A) at higher levels thaax2e
mutants aftepax8MOs injection (B). At the 12-somite stag®x9a

is expressed throughout the otic placode in wild-type embryos (C)
but no oticsox9aexpression can be detecte¢pax2a mutants

7351 depleted of Pax8 (D). (E-H) Tre®x9aduplicate sox9h shows

g _ similar behavior. In wild type at the five-somite stagge9bis
‘ & I expressed in the preotic region and neural crest (E). The neural crest

pax2a + pax8-MOs
3 S

WT pax2a + pﬂ.\‘!i—M(}:I WT
A 3S|B 3S[C

sox%a

expression is unaffected pax2a mutants injected witpax8MOs,

but expression in the preotic domain is reduced (F). At the 12-somite
: stage sox9his expressed strongly in the otic placode in wild-type

: embryos (G) but is absentpimx2a mutants injected witpax8MOs

(H). dIx3bexpression is strong in cells of the future otic placode in

wild-type embryos (l) at the five-somite stage and this domain is

smaller but still recognizable pax2a mutants aftepax@MOs

. . ' injection (J). At the 12-somite stagx3bis expressed throughout

sox9h

|L 128)

|
=1
7|
%

dlx3b

the otic placode in wild-type embryos (K) butgax2a mutants with

. ' a knockdown of Pax8, only a few residual cells expdbs3b (L).

E d L pax2aexpression is strong in the otic placode of wild-type embryos
- = = at the 12-somite stage (M) but expression is severely reduced in

M 2SN 1251Q 7 2nfP o pax2a mutants aftepax8MOs injection (N). At 22 h, when the otic

- . - 3 . vesicle has formed in wild-type embry@sx2aexpression is
9 b B restricted to the ventromedial region (O) but is completely absent in
i Y > pax2a mutants depleted of Pax8 (P). Expressioagi2b(red) in

P . rhombomeres 3 and 5 is unchangedawr2a mutants aftepax8&
. ? ! MOs injection (N) in comparison with uninjected wild-type embryos
— (M). Dorsal views, anterior towards the top. Scale bar: .t20

pax2a + egrl
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preplacodal stages (not shown). However, there is seveof the dominant-negative form of Pax2a affects expression of
downregulation ofpax2ain pax2a mutants injected with sox9asox9banddIx3b, similar to loss opax2atogether with
pax8&8MOs by the 12-somite stage (Fig. 3N) apax2ais  Pax8 knockdown. By contragiax8MO injection intopax2a
completely lost by vesicle stages (Fig. 3P). Labelingfdé8 mutants has only a mild effect on initiation @ax2a

or fgf8 expression anagr2b or mafb (previously valenting expression, whereas injection ofpdx2a-mycblocks pax2a
expression, both downstream targets of Fgf signaling (Maveaduction. This discrepancy could indicate that pag8MOs

et al.,, 2002), reveals that expression fgf3 or fgf8 and are only partially effective in blocking Pax8 function, or
patterning of the hindbrain occurs normallypax2a mutants  alternatively that a Pax protein other than Pax8 is required for
depleted of Pax8 (Fig. 3N, and not shown). These results

indicate that Pax2a and Pax8 act synergistically downstream A

Fgf3 and Fgf8; when Pax2a and Pax8 functions are bot Pax2a S i

compromised, otic induction is weaker and otic fate is no paired domain _ octapeptide inhibitory domain

maintained, even in the presence of normal Fgf signaling. N . S
N dn ) 185 193

sox9a, sox9b and pax2a, but not dix3b, are Pax2a™'myc

transcriptional targets of Pax8

Because we see some residual specification of otic cells
Pax2a and Pax8 knockdown embryos, we were concerned tt
some Pax protein function remained. Structure-functior
analyses have shown that proteins of the Pax2-Pax5-Pa
family have overlapping biochemical activities; their DNA-
binding specificities are highly similar and they can substitut
for each other (Bouchard et al., 2000). Thus, to block al
Pax2-Pax5-Pax8 function, we generated a dominant-negati = aMve D'
form of Pax2a (dpax2a-my¥ by replacing the C-terminal P
transactivation-inhibitory domain with six Myc epitope tags
(Fig. 4A). We injected mRNA from thipax2avariant into
wild-type embryos and analyzed subsequent otic developmet Phie
To assess the effectiveness ofpax2a-my¢ we examined fr L 25
eng3expression in injected embryos. Expressioreng3 a ' R« E’
downstream target of Pax2a in the midbrain-hindbrair
boundary region, is initiated at the one-somite stage in wild
type embryos (Fig. 4B) but is never activated in stroaxPa
mutants (Lun and Brand, 1998). In pdix2a-mycmRNA- 4s
injected embryos, we identify regions expressing the variar a=Myc F' . merge
protein by the presence of the Myc-epitopes. In these region : i
eng3transcription is severely reduced or completely abser
(Fig. 4C). The nuclear localization of the Myc-epitopes and thi
severe downregulation @&ng3show that this Pax2a variant = -
enters the nucleus and competes with the endogenous Pa a G" B Tinérge
Pax5-Pax8 proteins for binding sites. We expect that, owing t :
its abundance, this construct is able to out compete tF
endogenous proteins and act in a dominant-negative fashior
Injection of dmpax2a-myc strongly affects initial otic
development. Expression of batbx9aandsox9bis severely
reduced or absent in the presence of the Pax2a varia 9. 4. Pax2a and Pax8 are required for induction of otic cell fates.

interfering with expression not only in the preotic domain bu A) Schematic map of protein domain structure of Pax2a and the

also in the neural crest and neural tube (Fig,@DE,E").  gominant-negative variant, dnPax2a-myc. In dnPax2a-myc, the 295
Becausepax8 is the only member of the Pax2-Pax5-Pax8N-terminal amino acids are fused in frame with six Myc-epitopes.

family known to be expressed in the preotic region at this earfyhe numbers indicate amino acids of the domains (Lun and Brand,
developmental stage, our result suggests that the dominang9s). (B,C) dnPax2a-myc acts in a dominant-negative fashion. At
negative Pax2a construct interferes with Pax8 function and thtite three-somite stageng3(blue) is expressed in the isthmic region

Pax8 is required for correct early otic expressioam@aand  (B), whereas in wild-type embryos injected wittpdr2a-mycthe

sox9b In addition pax2atranscription is affected in the preotic Side expressing the transgene shows reduced emgg(blue)
domain of these injected embryos but not in the isthmus (Fi@]xpress'on (C). The distribution of the Myc-epitope (brown)
dicates the localization of the Pax2a variant in nuclei. Expression

4FF’) _|nd|cat|ng that oticpax2a but not 'Sthm'CanZ?‘ of dominant-negative Pax2a leads to downregulaticsor®a
expression depends on Pax2-Pax5-Pax8 proteins at this stagep, D"), sox9b(E, E,E") andpax2a(F,F,F") but has only slight
By contrastdix3b expression is less affected in the presencegiects ondix3b(G-G). (D-G) Fluorescence imagesmMyc

of the dominant-negative form of Pax2a; the predix3b  antibody labeling; (DG') fluorescence images of MRNA in situ
domain is slightly reduced, presumably owing to lossos®a  hybridization probes; (D-G") merged fluorescence images. (B)G
but can still be easily recognized (Fig.'4& ). Thus, injection  Dorsal views, anterior towards the top. Scale bar: 0

nierge



Pax8 and Pax2a regulate ear development 5097

initiation of pax2a expression. Analysis of the transcript expressing cells in the preotic region is delayed and patchy
structure ofpax8(B. Riley, personal communication) shows (Solomon et al., 2003; Nissen et al., 2003). Previously, we have
that pax8is subject to alternative splicing, producing someshown that DIx3b is required for the correct temporal onset of
transcripts that are not targeted by th@sx8MOs; thus, pax2aexpression in the preotic region (Liu et al., 2003). Thus,
incomplete depletion of Pax8 is likely. Nevertheless, theseeduced expression of DIx3b could explain the delayed and
results together demonstrate that Pax8 function is required fpatchy expression gfax2ain foxil~ mutants. To determine
correct otic expression &ox9a sox9h andpax2aand, to a  whether the residual patchy Pax2a is co-expressed with DIx3b,

much lesser extendlIx3hb we used double fluorescent antibody labeling (Fig.)6IHd

) . wild-type embryos at the 12-somite stage, all cells of the otic
Pax8 and Fgf control otic expression of  pax2a placode express Pax2 and DIx3b (Fig."§l-In foxil- mutants,
synergistically all otic cells that express DIx3b are also Pax2 positive and

Recent studies implicate combined functions of Fgf3 and Fgf’hen DIx3b expression appears in two or more smaller
in otic pax2ainduction (Phillips et al., 2001; Maroon et al., patches, Pax2 expression is affected in an identical manner
2002; Leger and Brand, 2002). In addition, Pax2a and Fgf8 a(€ig. 6J-J).

both required to maintajpax2aexpression in the isthmus (Lun  To place Foxil in the genetic pathway regulating otic
and Brand, 1998; Reifers et al., 1998). To test whether Paxspecification, we examined whethéwxil is required for

also acts together with Fgf signals to promaqiax2a correct expression of the two Sox9 genesfokil™ mutants,
expression, we injectepgax8MOs into fgf8~ mutants.pax2a  both the size of the expression domain and the level of
expression ifigf8 mutants alone shows normal timing, but theexpression ofsox9ain the preotic region are significantly
size of the otic expression domain is significantly reducededuced at the three-somite stage (Fig. 6B) in comparison with
(Fig. 5A,B) (Phillips et al., 2001), and the otic vesicle is
subsequently smaller (Fig. 5D,E) (Phillips et al., 208di8" —
mutants depleted gfax8show an even stronger reduction of [ w8 35|§ L =
pax2aexpression in the preotic region (Fig. 5C) and form ar _

even smaller ear (Fig. 5F). This observation suggests that Fg
and probably Fgf3 act through and in parallel with Pax8 t(|3

promote propepax2aexpression. . ‘ ‘ ’

Sfoxil®

Foxil is required for patterning of otic placode

precursors

The forkhead domain transcription factor, Foxil, has bee
implicated as a regulator gfax2a and pax8 (Solomon et
al., 2003). foxil~ mutants display highly variable otic
morphologies, initiation of otigpax8 fails and otic pax2a
expression is severely delayed. Eadik3b expression is
unaffected infoxil~ mutants, but concentration aflx3b-

WT Sfif8+ pax8-MOs
A ‘i C -

Y /|t

bt

Fig. 6.Foxil is required for
patterning of otic precursors.
The expression pattern of
sox9a(A-D), sox9b(E-H),
DIx3b and Pax2 (1,J) are
perturbed irfoxil™ mutants.
At the three-somite stage,
sox9aexpression is strong in
cells of the future otic
placode in wild-type embryos
(A) but severely reduced in
foxil~ mutants (B). At the 12-
somite stagesox9ais

B
ID(F E
- AN
' expressed throughout the otic placode in wild-type embryos (C) in
contrast tdoxil™ mutants of the same age that have only a few cells

, . »
expressingox9a(D). (E-H) Loss offoxil affectssox9bdifferently.

Fig. 5. Pax8 mediates the early Fgf-dependent inductiqgragfa At the five-somite stagspx9bexpression is reduced in the preotic
expression. Irigf8 mutant embryos at the five-somite stage, the region infoxil™ mutants (F) compared with wild-type embryos (E)
preoticpax2aexpression is reduced in size (B) compared with wild- but by the 12-somite stagex9bexpression irioxil~ mutants has
type embryos of the same age ()8 mutant embryos after Pax8  recovered (H), although not to wild-type levels (G).'{IEIx3b and
depletion show an even further reduction of prepdic2aexpression  Pax2 proteins coincide in the otic region. In wild-type embryos at the
(C). The defects in Pax2a expression are later manifested in a sligh12-somite stage, DIx3b and Pax2 are co-expressed in cells
reduced ear ifgf8~ mutant embryos (E) or more severely reduced  throughout the otic placode (1)L The overlapping pattern is also
ear infgf8 embryos depleted of Pax8 (F) in comparison with wild-  present irfoxil- mutants at this stage (J)Bhowing that expression
type embryos at 50 h (D). (A-C) Dorsal views, anterior towards the of one correlates with expression of the other. (A-H) Dorsal views,
top; (D-F) side views, anterior towards the left, dorsal towards the anterior towards the top; (I)Xbide views, anterior towards the left,
top. Scale bar: 120m for A-C; 180um for D-F. dorsal towards the top. Scale bar: 120 for A-H; 50um for 1,J.

x-Pax2 ]

pax2a (58)

DIC (50h)
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wild-type embryos (Fig. 6A). These reductions are even morwild-type embryos by morphology (Fig. 2D,E,H,I) or by gene
significant than inpax2a mutants injected wittpax8MOs  expression (Fig. 2L,M,P,QJfoxil™ single mutants are highly
(compare with Fig. 3B). Ifoxil~ mutants at the 12-somite variable; some mutants develop a small lumen with only one
stage,sox9ais variably expressed in the otic region; tightly or no otolith, whereas others have small split lumens, each with
aggregated patches of cells express high levels of sox9a (Faysingle otolith (Solomon et al., 2003; Nissen et al., 2003). The
6D), but the total number abx9aexpressing cells is reduced foxil mutant allele we used typically forms a small lumen with
in comparison with wild-type embryos (Fig. 6C). Td@x9a one otolith (Fig. 7B,G) and consistently retains some
duplicate,sox9h has a similar expression patternfoxil~  expression of the otic markers Dix3#gnaandfnl (Fig. 7L,0;
mutants. At the five-somite stage, we detect very low levels afot shown).
sox9bexpression in the preotic region (Fig. 6F), even lower foxil;pax2a double mutants never show any
than inpax2a mutants depleted of Pax8 (compare with Fig.morphological sign of otic specification (Fig. 7C,H) and the
3F). By the 12-somite stagesox9b expression somewhat otic markers DIx3b andnl are lost (Fig. 7M; not shown).
recovers irfoxil™ mutants (Fig. 6H), although not to wild-type Labeling forcldnaexpression, however, reveals the presence
levels (Fig. 6G). of some residual ‘otic’ cells that can be distinguished from
Together, these results show that in the absence of Foxtldnaexpressing cells of the anterior and posterior lateral
function, and hence also in the absenc@af{8 expression, line placodes by expression levels and position (Fig. 7P). At
only weak induction of oticox9aandsox9boccurs, and otic the 12-somite stag&xil ;pax2a double mutants are similar

pax2aexpression is restricted to DIx3b-positive cells. to pax2a mutants injected witlpax8MOs: they lacksox9a
o _ andsox9bexpression and have reduatig3bexpression (not
Pax2a acts partially independently of Foxil shown).pax2aexpression, however, is more severely reduced

Our analysis ofoxil™ mutants, dominant-negative Pax2a andor completely lost in thdoxil";pax2a embryos compared
pax2a mutants depleted of Pax8 suggest that Pax2a mayith pax2a mutants injected witlpax8MOs (compare Fig.
provide a Foxil-independent pathway for otic specification. T?U with Fig. 3N). Thus, embryos with compromised Foxil
test this hypothesis, we generatéoxil;pax2a double and Pax2a show an even stronger loss of otic specification
mutants and analyzed them for otic specification. The ears tfian pax2a mutants depleted of Pax8, although a few
pax2a single mutants are virtually indistinguishable from residual cells still assume an ‘otic’ fate. These results further

WT Sfoxil® Sfoxil™; pax2a” WT+ dixib-MO Sfoxil™+ dix3b-MO
A ¢ B C D _ T E =
Us /’r ; ) R L N}
B e \ \ 5 ,
3
v = R R . e B
= 7 F =N 5
]
24 n.d n.d
3
N ; e : 1o R
£5 \ : :
S . 1
’ \ 1 9 J
S T U v W
“8 8§17 ¢8| X
' - . E .

Fig. 7.Foxil and DIx3b mediate convergent pathways of otic developméioixilin mutants, otic tissue is reduced (B,G,L,O,T) compared with
wild-type embryos (A,F,K,N,S) assessed both by morphology (A,B,F,G) and markers, including DIx3kel(f&fN,O) andpax2a(S,T).
foxil";pax2a double mutants show no morphological sign of an otic vesicle (C,H) and no expression of DIx3ipéBatt)), although

some residual ‘otic’ cells can be detected witina(P). Injection ofdIx3b-MO into wild-type embryos leads to reduction of overall ear size
(D,1) that is preceded by reduced expressioddriia(Q) andpax2a(V). In foxil- mutant embryos depleted of DIx3b, all otic specification is
absent as indicated by morphology (E,J) and transcriptioldoé (R) andpax2a(W). (A-M) Side views, anterior towards the left, dorsal
towards the top; (N-W) dorsal views, anterior towards the top. Scale bgqun2@fr A-E; 75um for F-J; 60um for K-M; 100pum for N-W.

n.d., not done.
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support our interpretation that Pax2a acts synergistically witbetween these two interpretations because no antibody against
Pax8 in otic specification and demonstrate that the majoritiPax8 is currently available.
of otic cells specified in the absence of Foxil are Pax2a The otic phenotype gfax2a mutants depleted of Pax8 is

dependent. similar to embryos depleted of both Fgf3 and Fgf8. Previous
] . studies have shown that knockdown of Fgf3 and Fgf8 in wild-

Foxil and DIx3b mediate convergent pathways type embryos or knockdown of Fgf3 igf8” mutants causes

required for otic development a synergistic loss of otic tissue, indicating tfgf8 and fgf8

Our observation that a few residual cells express otic markeescode overlapping functions required for otic specification
even infoxil ;pax2a double mutants suggests the possibility (Phillips et al., 2001; Maroon et al., 2002; Leger and Brand,
that an additional factor participates in otic specification2002; Liu et al., 2003). The failure of otic tissue formation in
DIx3b is a likely candidate. To test this possibility, wethe absence of Fgf function is preceded by a strong reduction
compromised DIx3b function using morpholino injection. of pax2aandpax8expression (Phillips et al., 2001; Leger and
Reduction of DIx3b in wild-type embryos impairs completeBrand, 2002). Furthermore, compromising Fgf signals leads
maturation of the otic vesicle and most embryos form a smalléo an absence abx9aexpression and significant reduction of
vesicle with only one otolith (Fig. 7D,l) (Solomon and Fritz, sox9b expression in the preotic region (Liu et al., 2003),
2002; Liu et al., 2003) and reduceldnaexpression (Fig. 7Q). similar to the Fgf dependence of Sox9 Xenopus(Saint-

By contrast,foxil- mutants injected withllx3b-MO show no  Germain, 2004). By contrast, eadyx3b (Leger and Brand,
morphological signs of otic specification (Fig. 7E,J) and no otiQ002; Liu et al., 2003) anfbxil (Fig. 1) expression is less
expression otldna (Fig. 7R). In wild-type embryos depleted affected by loss of Fgf signaling and effects dhx3b

of DIx3b, otic specification is delayed as indicated by delayedxpression are caused at least in part by reduced levels of
onset and reduced expressiorpak2a(Fig. 7V). However, in  sox9aat early stages and by reduced levels of sox9a&axiab
foxil™ mutants injected witkllx3b-MO, otic pax2aexpression at later stages (Liu et al., 2003). Together, these observations
is undetectable (Fig. 7W). Taken together, these results shdaad to the conclusion thpax2aandpax8act downstream of
that removal of the two factors, Foxil and DIx3b, leads to &gf3 and Fgf8, but upstream ebx9aand sox9h and that
complete absence of otic specification. Pax2a and Pax8 are mediators of Fgf signals during otic
placode induction (Fig. 8). Recent experimentsXanopus
have led to the suggestion that Sox9 may act upstream of Pax8,

Discussion o . although the results reported do not rule out the possibility that
Pax2a and Pax8 synergistically mediate Fgf Sox9 and Pax8 interact to maintain each other’s expression
induction of the otic placode (Saint-Germain et al., 2004).

Previous studies have suggested that Pax2, Pax5 and Pax8 o o
have overlapping functions (Urbanek et al., 1994; Torres dtax8 helps initiate and Pax2a maintains Fgf
al., 1996; Mansouri et al., 1998; Bouchard et al., 2002). T#ependent pax2a expression
define the roles opax2aand pax8in otic induction, we The persistence and probably initial induction Edx2a
analyzed the knockdown gfax8 by morpholino injection expression depend upon Fgf signaling and Pax function.
into wild-type embryos and intpax2a mutants. Our results Normal activation opax2arequires Pax8 in cooperation with
show that removal of both Pax2a and Pax8 together preverfgf8 (Fig. 5) and, becaugax8expression is not maintained
the formation of the otic vesicle and leads to a substantial logdter the placode forms (Fig. 1), long-term maintenance of
of otic tissue (Fig. 2), whereas neither the single null mutatiopax2aexpression is probably supported by Pax2a activity. This
of pax2anor the knockdown opax8alone is sufficient to interpretation is consistent with studies in mouse, chick and
block otic placode induction. This result demonstrates thatebrafish that indicate a positive feedback loop in the isthmic
Pax2a and Pax8 have overlapping functions in oticegion that requires Pax2 and Fgf8 activity for maintenance of
development. Pax2 expression (Urbanek et al., 1994; Torres et al., 1996;
Otic vesicle formation irpax2a mutants is virtually the Mansouri et al., 1998; Martinez et al., 1999; Brand et al., 1996;
same as in wild-type embryogax2a mutants show a weak Lun and Brand, 1998; Reifers et al., 1998). The presence of a
neurogenic phenotype, probably owing to reduced Delthigh-affinity Pax2-Pax5-Pax8-binding site conserved among
signaling (Riley et al., 1999). This result indicates that in thénuman, mouse arfdguin the upstream promoter sequence of
absence of Pax2a, Pax8 is sufficient for most aspects of otilke Pax2 gene is consistent with the auto-regulatory function
development, even though there are differences in thef Pax2 (Pfeffer et al., 2002). This element is also conserved
expression patterns of these two Pax genes. Specifigal8, in the zebrafisipax2apromoter (data not shown). Despite the
is expressed prior tpax2a, and in contrast tpax8 pax2a  importance of Pax protein fpax2aexpression, induction may
transcription continues after the otic placode becomesccur in the absence of Pax activity. foxil~ mutants
morphologically visible (Fig. 1) until it is subsequently (Solomon et al., 2003; Nissen et al., 2003) (Fig. 7), whax8
restricted to sensory hair cells (Riley et al., 1999). The presenegpression is undetectable in the preotic regipax2a
of the pax2aduplicate,pax2h cannot account for the absenceexpression nevertheless appears, although delayed and
of a more dramatic phenotype because depletion of Pax2a avariable. These observations may suggest that when Pax8 is
Pax2b together leads to no loss of otic structures (Whitfield eeduced, longer exposure to Fgf is required to inchaoe2a
al., 2002). These observations suggest either that Pax8 proteixpression. Consistent with this interpretation, we find that
is stable and can provide sufficient function at later stages aftembryos injected with the dominant-negative Pax2a construct
transcription has ended or that Pax2-Pax5-Pax8 function is nobmpletely lack oticpax2aexpression (Fig. 4), presumably
required after placode formation. We are unable to distinguishecause Pax function is more effectively blocked.
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Foxil-Pax8 and DIx3b-Pax2a mediate two phases of

otic specification Hindbrain Preotic Domain
Our results are consistent with those of Nissen et al. (Nisse B

et al., 2003) and Solomon et al. (Solomon et al., 2004) ar “‘y.’ N
suggest that Foxil is required for the initial Fgf-dependen Fgf3 | Py Dix3b-db
induction ofpax8 In foxil™ mutants, early expression sdx9a Fofg vt J [ 'H'

and sox9bis also severely affected (Fig. 6), similar to the ) Pax , J
effects of Pax8 depletion ipax2a mutants. However, unlike e Pax2a J,
embryos lacking both Pax2a and Paf@&il~ mutants later ' \ ><~=_ P
recoversox9aandsox9bexpression (Fig. 6). This recovery is Sox9a

due to Pax2a (Fig. 7); once expression begins, Pax2a prote | (Sox9b)
maintains its own expression and activates downstiea®@

target genes. Thus, it is likely that variability in the onset o Competence Factor Induction —>
pax2aexpression, in the absence of Foxil and, hence, Pa Inducing Factor Maintenance —»

(Fig. 8), produces the highly variable phenotypefmfil™

mutants. SUPPO”'”Q_ this interpretatidoxil ,an_ZJ douk_)le_ Fig. 8.Pax8 and Pax2a function synergistically in otic specification,
mutants exhibit consistent, more severe reduction of ofic tissygwnstream of the Foxi1 and DIx3b transcription factors. Two-phase
(Fig. 7). model summarizing genetic interactions during otic placode

Our data indicate that Pax2a and Pax8 participate in the sann€uction. Cells of the future otic placode are able to respond to Fgf
otic developmental pathway: Foxil and Pax8 mediate thsignals, emanating from the hindbrain, owing to the competence
initial Fgf dependent induction that includes initiation of factor Foxil (green) and induce Pax8 (red arrows) during an early
DIx3b-dependent pax2a expression. Pax2a subsequentlypPhase of development (85% epiboly). Pax8 is among the first factors
maintains its own expression. This model contrasts somewh‘é’fpr‘is'_sed(ﬁlnd its act|v)|ty is required Ior the Sxprossiof of Soxt9a that
from previous suggestions (Riley and Phillips, 2003) primarily"&/Mains (DL€ arrows) expression ot a second pair of competence
based on studies in mouse where loggoaf1 (Hulander et al., factors, DIx3b and DIx4b, in the preotic domain. Together with Fgf

; . ignals and Pax8, DIx3b-4b is required for the proper initiation of
1998; Hulander et al., 2003) or Pax8 (Mansouri et al., 199 ax2a in a second, later phase of development (three-somite stage).

does not prevent otiPax2expression or early patterning and once expressed, Pax2a functions with Pax8 in an overlapping
morphogenesis of the otic vesicle. This apparent discrepangyanner. Pax2a maintains its own expression and establishes a

in Foxil function between zebrafish and mouse may be dymsitive feedback loop through Sox9a and DIx3b that maintains

to temporal differences in development. Otic induction inexpression of these factors even after the placode has formed and otic
response to Fgf signals occurs over a much longer time perié#x8 expression has stopped. Later in development (as indicated by
in mice than in zebrafish, which provides more time for cellparentheses), expression of Sox9b probably also helps maintain this
in mammalian embryos to respond to Fgf signals, even in tHR&thway.

absence of Pax8. Analysis B&dx2Pax8double mutant mice

will be necessary to test this interpretation definitively. present although delayed foxil~ mutants (Solomon et al.,
2003; Nissen et al., 2003). Inhibition of both factors, Foxil and

Foxil and DIx3b provide competence to respond to DIx3b, completely blocks otic specification even in the

Fgf signals presence of functional Fgf signaling (Fig. 7). By activating

Our results also provide further insight into Fgf-dependent anBax8, Foxil thus provides competence to otic precursor cells
-independent processes and the mechanisms underlyitg respond to early Fgf signaling; DIx3b and Pax2a
competence in otic development. Previously, we haveubsequently maintain this competence (Fig. 8).
demonstrated that loss of either Fgf3 and Fgf8 or loss of DIx3b,
DIx4b and Sox9a results in nearly complete loss of otic tissue, We thank Sandra Brown for technical assistance; Andreas Fritz and
although a few residual cells express otic markers includingIruce B. Riley for sharing unpublished results; Andreas Fritz and
pax2a fnl and cldna (Liu et al., 2003). Loss of both Fgf obert M. Nissen for materials; and Katharine E. Lewis, Kate F.
: V e rald and Tanya T. Whitfield for critical reading of the manuscript.
signals, and all three of these transcription factors completely, . :
T S . . h k ted by NIH DC04186 and HD22486. S.H.
blocks all indications of otic induction, suggesting that Fgf- 1S Work was supporied by an s a

- L . recipient of a Feodor Lynen fellowship of the Alexander von
dependent and Fgf-independent processes of otic induction a§imnoldt foundation. D.L. was supported by a postdoctoral

synergistically. We propose that induction of otic fate by Fgfellowship of the Canadian Institutes of Health Research. Dedicated
signals takes place only when cells are competent to responé,José A. Campos-Ortega, who died on 8 May 2004.

and that this competence is provided by Foxil and DIx3b (Fig.

8). A direct role for Foxil and DIx3b in competence needs to

be demonstrated, for example by ectopic expression arReferences
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