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SUMMARY

The transcription factor Pax6 is required for eye

morphogenesis in humans, mice and insects, and can

induce ectopic eye formation in vertebrate and invertebrate
organisms. Although the role of Pax6 has intensively been
studied, only a limited number of genes have been identified
that depend on Pax6 activity for their expression in the
mammalian visual system. Using a large-scale in situ
hybridization screen approach, we have identified a novel
gene expressed in the mouse optic vesicle. This gedecah
encodes a putative cytoplasmic Cad-binding protein and
coincides with Pax6 expression pattern in the neural

vesicle-expressed homeobox genRg, Six3, Otx2 and Lhx2
do not exhibit an altered expression pattern. Using gain-of-
function experiments, we show thatPax6 can induce
ectopic expression ofNecah suggesting thatNecabis a
direct or indirect transcriptional target of Pax6 In
addition, we have found that Necab misexpression can
induce ectopic expression of the homeobox ge@hx10, a
transcription factor implicated in retina development.
Taken together, our results provide evidence thalNecabis
genetically downstream ofPax6 and that it is a part of a
signal transduction pathway in retina development.

ectoderm of the optic vesicle and in the forebrain
pretectum. Remarkably, Necabexpression is absent in both

structures in Pax6 mutant embryos. By contrast, the optic  Key words: Necab, Pax6, Retina, Eye development, Mouse

INTRODUCTION controlling Drosophilaeye development (Halder et al., 1995;
Halder et al., 1998; Gehring and lkeo, 1999).

The eye originates from the diencephalic part of the In rodents, in vitro grafting experiments and conditional
prospective forebrain in avian and in mouse embryos (Coulgnutagenesis showed a cell-autonomous requiremeaiks

and Le Douarin, 1988). At the morphological level, the eyeluring lens placodes formation (Fujiwara et al., 1994; Ashery-
primordium is first revealed by the appearance of the optiPadan et al., 2000). Chimera aggregation studies also revealed
sulcus at 8.5 days post coitum (dpc), a neural ectoderm-derivadcell-autonomous function fd?ax6 during neural ectoderm
structure that will give rise to the neural retina and to the retinalevelopment, althougBaxémutants do form an optic vesicle
pigmented epithelium. At the neural plate stage, théHill et al., 1991; Grindley et al., 1995; Quinn et al., 1996;
presumptive eye field is defined by the expression pattern of@ollinson et al., 2000). In addition, recent experiments using
group of homeobox genes that includRexg Rx Otx2, Six3  conditional mutagenesis have revealed tRak6 is also
(Walther and Gruss, 1991; Oliver et al., 1995; Furukawa et altequired for the multipotent state of retinal progenitor cells
1997; Mathers et al., 1997) amdhx2 (G. B., unpublished). (Marquardt et al., 2001). Although much is known about the
Genetic ablation or spontaneous mutations in the mousele of Pax6during eye development in the mouse, few genes
revealed a requirement of these genes in early eyeave been shown to be dependentPam6 activity for their
morphogenesis (Hogan et al., 1986; Hill et al., 1991; Acamporexpression in the visual system.

et al., 1995; Matsuo et al., 1995; Mathers et al., 1997; Porter We report on the isolation of a novel mouse gene that is
et al., 1997), with the exception 8ix3 (for which currently  genetically downstream &fax6in the early developing retina.

no mouse mutant is availabl®ax6is a member of the paired- This gene has been named Necab (Neurondt Giading

box and homeobox-containing gene family (Pax) ofprotein; T. C. Sudhof, personal communicatioecab
transcription factors and is functionally conserved in bottexpression is detected in the neural ectoderm of the optic
humans and insects (Ton et al., 1991; Quiring et al., 1994yesicle and in the pre-tectum, where its expression is abolished
Because misexpression efelesfax6is sufficient to induce in Pax6 mutant embryos. Gain-of-function experiments
ectopic eye formation iBrosophilaimaginal discseyelesdias  revealed thatPax6 induces ectopic expression dfecab.
been proposed to function at the apex of the genetic casca@emarkably, we also found thidecabmisexpression induces
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ectopic expression dthx10 Our results show thaecabis  fluorescein-labelled RNA probes, first visualized with alkaline
genetically downstream olPax6 in the mouse retinal and phosphatase-coupled anti-digoxigenin antibody (1/2000) (Boehringer)

forebrain primordium and suggest that it has an activity irﬂndegT/BCLP substrate (Boelglrin_g;]eg iltwm‘: 9.5. L)Ccliesl:f%yzt?e filTSSt
re ulatln ene ex reSS|On antibo y, em ryOS were treated wit . gyCIne p . or

g g9 P minutes and fixed overnight in 4% PFA/PBS at 4°C. For the second

colour reaction, embryos were incubated with an anti-fluorescein-AP

antibody (1/2000) (Roche) and treated with the Fast Red

MATERIALS AND METHODS TRINAPHTHOL AS-MX phosphate substrate (Sigma). The DNA
. o fragments used to generate the riboprobe were as follows: Bik&b
Isolation of cDNA and gene localization cDNA (Oliver et al., 1995); 1.9 kNecabcDNA (clone 9066); and 800

The 1.9 kb DNA fragments from clone 9066 was used to screen a 15yp Pax6cDNA (Walther and Gruss, 1991). The 1.2RkcDNA and

dpc total mouse embryo random-primeatl0 cDNA library 1.4 kbLhx2cDNA were amplified by RT-PCR based on the available
(GibcoBRL). Hybridization was performed at 65°C in Church’s sequences in the database and cloned into the PCRII vector (Clontech).
hybridization buffer. Membranes were washed four times with 40 mMrhe 800 bp Chx10 cDNA fragment was a gift from Roderick McInnes
sodium phosphate/1% SDS (pH 7.2) solutions at the samg@oronto) and the 900 bp Otx2 cDNA was a gift from Thomas Theil
temperature. Three independent clones were purified and sub-clongiisseldorf). For cryosectioning, embryos were cryoprotected in 30%
into pBSK+ EcaRIl). The human adult retina cDNA library sucrose/PBS overnight at 4°C, embedded in cryomatrix solution and
(Clontech) was hybridized with the same DNA fragment, but with thesnap-frozen in liquid nitrogen. Specimens were cut using a cryostat
hybridization and washes at 55°C. Fluorescence in situ hybridizatiofteica) at 14um, air dried, washed twice in PBS and mounted in 80%
(FISH) on metaphase chromosomes was performed using a 1.2 llycerol/PBS solution.

DNA fragment (from the humaNECABCDNA) and a 15 kb genomic

DNA fragment from the mousslecablocus (SeeDNA, Ontario). Embryos culture and electroporation

Double strand sequencing of clone 9066 was performed using a micTe full-length cDNA fragment of moudeax6 (Walther and Gruss,

capillary sequencer (Sequence Laboratories, Goettingen). 1991), mous&ix3(Oliver et al., 1995) and moudcab(clone 9075)
o were inserted directly into the eucaryotic expression vector pCS2+.
Antibodies Large DNA preparations were purified using the Maxi-prep filter

Three synthetic peptides were generated (Abl, AHRLLREPPPQGRAolumn system (Qiagen), treated with phenol/chloroform/isoamyl
(amino acids 13-26); Ab2, KPSHAVNESRYGGPT (amino acids 207-alcohol (pH 8.0), chloroform/isoamyl alcohol, precipitated and washed
221); Ab3, EGQISRLAELIGR (amino acids 252-269). Coupled with 70% ethanol. The DNA was resuspended in PBS at a concentration
peptides were injected into rabbits for immunization (Eurogentechof 5 pg/ul. Mouse embryos from the NMRI strain were isolated at
Belgium). Serum from the final bleeding was purified using affinityembryonic stages 8.5, according to the time of the vaginal plug.
resin columns, according to the manufacturer recommendatiorBissection was initially performed in PBS to isolate the conceptus. The
(Immunotech). Eluates were tested at different concentration osmbryos were transferred in M2 medium (Sigma) supplemented with
paraffin sections by immunohistochemistry using the ABC10% foetal calf serum (FCS)/10 mM glucose at room temperature. The
amplification kit (Vector). Average working concentration for the deciduas and Reichert's membrane were carefully removed, keeping the
primary antibodies was 1/50 (second eluate). For immunofluorescengelk sac and the ectoplacental cone intact. Embryos were transferred
on sections, 17.5 dpc mouse embryos were immersed in cryomatiito a microcuvette containing PBS and injected (Eppendorf injector,
solution (Shandon, Pittsburgh) and snap frozen in liquid nitrogenmodel 5242) with a capillary needle into the midbrain region. The
Embryos were sectioned at f#n with a cryostat (Leica), air dried embryos were electroporated (three pulses at 35 Volts) using a generator
on slides for 10 minutes, washed twice with phosphate-buffered salingwer supply (BTX, ECM 8300). Injected embryos were transferred
(PBS) and fixed for 10 minutes in 4% paraformaldehyde (PFA)/PB$to a 6 wells petri dish for cell culture containing 3 ml/well of 100%
(pH 7.5). After washes in PBS, sections were pre-incubated in 3%CS/10 mM glucose and cultured for 1 to 6 hours into a 5% CO
bovine serum albumin/0.1% Tween 20/PBS (1 hour), incubated witthcubator at 37°C. Cultured embryos were transferred into PBS,
the primary antibodies overnight at 4°C in the same solution. Aftetlissected out of the yolk sac and fixed overnight in 4% PFA/PBS (pH
washes with PBS, sections were incubated with a diluted (1/100@).5) at 4°C. Abnormal embryos (abnormal somitogenesis or no beating
goat anti-rabbit secondary antibody (Mobitec) for 1 hour at roonheart) were discarded. After fixation, embryos were storedG2C in
temperature, rinsed with PBS and visualized with a fluorescence00% methanol. For the culture of the explants, midbrains from 8.5 dpc
microscope (Olympus BX60). For the protein-fusion constiletab  embryos were isolated in PBS using sharpened tungsten needles,
cDNA fragment (clone 9075, amino acids 1-378) was inserted in thgansferred into a microcuvette containing the DNA construcfigfill
pcDNAS.1/V5-His B vector (Invitrogen) in frame with the C-terminal in PBS and pulsed three times (50 mseconds/pulse) at 70 Volts. Explants
V5/His epitope. COS cells were transfected (FUGENE, Roche) for 24vere mixed with rat collagen (80% rat collager,nodified Eagle’s

48 hours with théNecabV5/His construct, fixed with 4% PFA/PBS medium, 5% FCS, 2% L-glutamine, equilibrated with NaH@OpH

(10 minutes at room temperature), washed, incubated with the ant-5) and placed into a tissue culture net in a 24 wells petri dish. The
V5 primary antibody (1/500), washed and incubated with the goadollagen was allowed to polymerize for 10 minutes at 37°C and the

anti-mouse (Mobitec) secondary antibody (1/1000). explants were incubated for 24 hours (37°C, 5%)@®O1 ml of culture
. o solution (Optimem-Glutamax/F12 (3:1) (Gibco), 10mM glucose, 10%
In situ hybridization FCS, 1% penicillin/streptavidin). Explants were fixed in 4% PFA/PBS,

Embryos were dissected in PBS, fixed overnight in 4%washed in PBS, dissected out of the collagen polymer and processed
paraformaldehyde at 4°C and embedded in Paraplast (Monojefdr in situ hybridization.

Scientific). Sections (1@im) were cut and dried onto chromalum-

gelatin slides. All the steps of high-stringency hybridization and

washing were carried out as described previously (Kessel and GIU$SESULTS

1991)35S-labelled RNA probe using SP6, T3 or T7 RNA polymerase
were done with Boehringer enzyme according to the directive of th . o
company. Exposure time for the radioactive RNA in situ hybridizatio so.latlon and (.:haracterlzat.lon of  Necab o

was 15 days. For double whole-mount in situ hybridization,Using a previously described large-scale in situ screen for
preparation were hybridized with digoxigenin-labelled andgenes expressed in the developing mouse embryo (Neidhardt
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et al., 2000), a novel cDNA of 1.9 kb (clone 9066) showingalso observed immunoreactivity in the corneal epithelium,
expression in the optic vesicle was isolated. This cDNAwhich is likely to be an unspecific signal sindéecab
fragment was used to screen a 15.5 dpc mouse embryo cDNkpression was not detected in this structure by in situ
library. Three independent clones were isolated, sequenced amgbridization. By immunofluorescence at 17.5 dpc on eye
compared to the clone 9066. It was found that clone 9066 hactions, we observed immunoreactivity with all three
a 200 bp non-coding insertion between exon 1 and 2. lantibodies in the inner region of the neural retina, including the
addition, a second independent clone from the in situ scregyanglion cell layer (Fig. 1C, part Ill). Fluorescence signal was
(clone 9075) was isolated, which turned out to be identical tdetected in the cytoplasm. All three antibodies were very
clone 9066, but without the insertion. The nucleotide sequenaensitive to variations in fixation procedures. Western blot
indicates the presence of two in-frame putative start codoremalysis of whole embryo protein extracts with Abl and Ab3
closely matching the Kozak consensus sequence (Fig. 1A). Tkbowed a main immunoreactive band at 45 kDa, which
5" untranslated region is extremely rich in GC nucleotides andorrelated with the predicted molecular weight of the protein
is contiguous to a CpG island in the genomic sequence (n@tot shown). Ab2 was not immunoreactive on Western blots.
shown). Conceptual translation of the nucleotide sequencB confirm the observed results with the primary antibodies,
predicted a 389 amino acid protein of 45 kDa. Using clongve overexpressed a fusion protein with a C-terminal V5/His
9066, we subsequently also screened an adult human retiepitope in COS cells. Immunofluorescence imaging with a
cDNA library and recovered two independent clones. Sequen@®nfocal microscope revealed a cytoplasmic localization of the
analysis confirmed the homology of the human cDNAs withfusion protein (Fig. 1C, part IV). Western blot analysis of
the mouse 9066 clone. Because the human composite cDNAsotein extracts from the transfected cells (using the anti-V5
were missing the corresponding mouse exon 1 and part of exantibody) revealed a 45 kDa band (not shown). Therefore,
2, we used BLAST search in the Human Genome Projecatsing two different approaches, we identified Necab to be
database aiming for an extension of the sequence availabfgedominantly a cytoplasmic protein.

Through the homology with the mouse 9075 clone and human . . ]

exon 2, we identified the missing Begion of the human Necab coexpresses with Pax6 in the developing

cDNA, except for a small gap at the end of exon 1. Translatiofiptic vesicles, pretectum and olfactory placodes

of the nucleotide sequence also predicted a 389 amino aditsing in situ hybridization we determined tiNgcabstarts to
protein. A homology search using the Advance Blast anthe expressed at 8.5 dpc in the optic sulcus and in the pre-tectum
PsiBlast programs for the whole sequence database alf@ig. 2A). At 9.0-9.5 dpc, strong expression was observed in
revealed the existence of a highly related sequence frothe optic vesicle and in the pre-tectum, with a striking
macacus (Fig. 1B). Alignment of the human and mouse amin@semblance to thieax6 expression pattern in these structures
acid sequences showed an overall identity of 83% and @&ig. 2B-E). Necab expression also spreads at the midline
similarity of 88% (which is approximate considering theposition in the roof of the midbrain, starting at 9.5 dpc (Fig.
possible mistakes in the N-terminal region of the humar2B,F; Fig. 3E), in contrast tBax6 On examining sections of
sequence). The human and macacus sequences were m@fedpc embryos, we observed thatNleeabexpression pattern
related to each other than to the mouse sequence, with emthe optic vesicle mimicked the gradient expression pattern of
identity of 94.5% (when removing the 10 amino acid gap irfPax6in this structure. Both genes are expressed in the entire
the macacus sequence at position 298-307). A homologyeural ectoderm, but with stronger expression in the laterodistal
search in the database for conserved functional domaimsgion of the optic vesicle (the future ciliary margin) (Fig.
revealed the existence of a putative EF-hand*®Gmding 2G,H). This is in contrast t&x and Six3 both of which are
domain (Fig. 1A) between amino acids 71 and 121 (CABP-likénighly expressed in the retinal plate (the future neural retina)
domain). The identified gen®ecal is homologous to two (Fig. 2I; Fig. 4C (inset)) and 1chx2, which is mainly expressed
other genes in the database (Accession Number AF193755 (matthe inner region of the optic vesicle (Fig. 2J). At 10.5 dpc,
Stipl), AF193756 (human STIP1) and AF193759 (humarNecabexpression is detected in the olfactory placodes, like
STIP3)) and is orthologous to rat Stip2 (Accession NumbePax6 (Fig. 3C,D). At 12.5-13.5 dpdJecabis expressed in the
AF193757). They constitute a novel gene family encodingetinal-pigmented epithelium (rpe) and in the neural retina, with
putative CA&*-binding proteins. Chromosomal mapping by strong expression in the ciliary margin (Fig. 2K; Fig. 3G). In
FISH (see Methods) showed the localization of huMB@AB  the brain, the Necab gene is active in the pre-tectum, the
on chromosome 16923 (Fig. 1D). The mouse gene was fourgpbithalamus (not shown), whePax6is also expressed, and in
to map on chromosome 8E1 (Fig. 1D), a region that ishe dorsal thalamus, whelPax6is not expressed (compare Fig.
synthenic to human chromosome region 16¢q22-g24. Based && with 3F). In the neonatal eyRgecabexpression becomes
the predicted translation product of the mouse cDNA, wdighly restricted to the iris and to the ciliary margin of the retina,
generated three different peptides (see Materials and Methodsith low levels of expression in the inner portion of the neural
for immunization in rabbits in order to raise antibodiesretina (Fig. 3I). When compared witPaxg and Lhx2 (not
against Necab. The purified sera were first tested bghown), we observed that all three genes were coexpressed in
immunohistochemistry on paraffin sections. All three immunehe ciliary margin of the retina (Fig. 3J,K). In the adult mouse,
sera (Abl, Ab2, and Ab3) gave immunoreactivity in the retinathe ciliary margin of the retina, which is at the junction between
retinal pigmented epithelium (Fig. 1 C, part I) and olfactorythe neural retina and the iris, has been shown, to contain a
placodes (not shown). Immunoreactivity was also observed isubpopulation of pigmented cells with stem cell properties
the Rathke’'s pouch and in the infundibulum: the futurg(Tropepe et al., 2000). It is therefore possible that early retinal
pituitary (Fig. 1C, part Il). No immunoreactivity was observeddeterminant genes are also involved in retina stem cells
in the lens and in the mesenchyme surrounding the eye. Weaintenance in the mature eye.
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CCECEGECAGTCCCCTECCTCCACTCTTEECCEECCAGETAECEEATEECTEEACACTEGAGCACGTEECTCEGEETCCEAGTAGCCCCCCCACCCCAGGCACTAGCEAECCCOECAGETCT 240

A CGEEGACGEEEECACAATCCOGGGECCCCCACCCTCCTCCACACCCGCCCTAAGTTCTGCETGAACGAAGC CATCCCCCTCGGEGECCETEGCCAGGETCCGETCGCTGEGGCCCCGCGTCC 120
GECCEGEEECOGEGAEGEGAGCEECECECEGECEEECEEECECEEECAGEEEAECEIGCEEEEGECECEECCEEGCGEEEETCEECEGECAAGATETECEAGCEEECEECECECCTETECAGE 360

M C ER AARL CR 10

GCCEECACECACAGGCTECTCCAGEAGCCACCECOECABEGCOACAECECTEEGCEEGCTECTECECTGEETEGECECCAGGAT ACCCCETGCACCECTCETCCCCEACATCCCC 480

A'G A HRL L ERET PP PFQGRALOGOGILULZEREW®WV G AZSRMNMNOGTET?P&RAZPILYVY PDITDP 50
NWWWC@CMNMMMWWQWNCWMMM;W; JGGAAGCTETCCCT GAGTTTCAACTC 600

8 A D PG P G P AAB R GGTAY ILD R 3 50
ncrmmm‘mccsrcmnWmcmemmﬂm@wmmmmmmmmwm 720
r K L CDY P VEERMDNM 130

mmmuanmmmﬁccrc C(.‘IGGAGR(.‘.I'I'I‘GMC mﬂmmmmmmmmmmmm CAGTTTGTGACACGC B840
D Y BERD YL AGSBDLZE2TILHNESYLEXANOGTYTEKI XY TYEOGSaSsS NVDQPVTR 170
TTCCTTCTGAAGGAGACAGCCAATCAGATCCAGTOGCTGCTCAGCTCTETEEARAGTGCTETAGAAGCCAT CGARAGAACAGACCAGCCAGATCCGACAGGACCACTGCARACCCAGCCAT 960
F L L X BT AN Q I Q EL L 8 £ Y BE 8 AV E A TIBREAOQTOGBE QI R QQDBEBHCEKT®PSBSH 210
GCOGTCAACGAGAGCCGCTACGGAGGCCCTACTCCTCCCTACATCCCCAACCACAAGCTTGTEGECCCCEGEAGCCGATGAAGAGCCTGCCTGTGGCCACA CCAAAGGA ivelee] 1080
A YN R ARY GG PT R E2EY I FAHEX LY K P EREPNMNEEL Y ATa R P EKEER DG 250
CT CAGATAAGCCEETTGECAGAGCTAATTGGAAGACTGEAGAGCAAGACCCTCTCETTTGACCTGCAACAGCECCTCTCOEATGAAGAAGGCACCAACATGCACCTECAGCTG 1200
L E G QI 8 R L AEVLTIUGERIULTES S KTZLSUPFDILOGQOGQZERULSEBDETEU GT U NMTHILG QL 290
GTCCAGCAGGAAATEGCCATETECCCTGAGCAGCTEACTEAGTTCTTEGATTCCCTGAGACAGTACCTCCEEAGCACGECTGAAGAAAGGAACTECTTCCATGTTGCCGCAGTGAGGATS 1320
Yy REQ BN X VY ¢ P B Qg B 3 R F LDS DL RG?YLEBS TAESRER?ERHNGPFREY KAV RN 330
GCAGATGGCCTAACCTTCGTCATCTACGAGTTCTGGEAGACAGAGGAGGAGTGEGAAGAGGCACCTECAGAGCCCTGTETGCARAGGCCTTCCGACACGTCARAGGTTGACACGCTGAGCCAG 1440
ADGSGLTEFEVIYRERT WETERENEXERIELOOG®S PP VYV CEKEADPFRIEIYEKYDTIL: S Q a7o
CCTGAAGCACTCTCCCAGATCTCCGTGCCAGCTGCCTGETGCACCTCTGECCEGAGACTGACCCCTCCCTGTTARGARAGCCCTACTCTCGTGCCCTGCCCCTTCTTGTARAGGGCAACACT 1560
P BEAL B8 QI 8Y P A AMNWCTEBE G RTD*> k1]

CCTTTTCTAGAGACTTTGETARACTGCTETCT TTTCAATATACTARATCARAGGACTGETAACTTCCCCCTECTETETEGECACAGAGECEECCCATCCCCTEETATTCCCCACACCTGACT 1680
CAACCTGGCAGAGGAGGCCAAGGTTAGTAGGGATGECTTCCCAGGCCAACCTTCCATCCACAGCTTCCCACCCCAGCCAGCCTCTGEGCATCCCTGACTCTGAATAGCTGAGGCCCAGTAG 1800
GECCCACCTCTEATAGACAGECCTETTCCTCTACTTCCATCCTCTETEATEGCCCECTACCTAGTAGGAGCTGTEGACCCTETAGTACCCAACCTAGGCTTGAGEAGAGCCCAGETCCCCA 1520
GCATCACGCTAGGCCCACAGCCACCAART AARGTCTGGCTAGGAR 1965

LI ST}-’RPGPP}W’
DIFRRADEN.

HUMAN

16423

MOUSE

Fig. 1.Necabencodes a phylogenetically conserved mammalian protein. (A) Nucleotide sequence and amino acid translatioiNetatouse
cDNA. Necabencodes a 389 amino acid protein (dark blue) with an EF-hatteb@aling domain (in pale blue). A polyadenylation signal is
present at position 1944 to 1953 of the nucleotide sequence. (B) Alignment of MossasculuysAccession Number AF411253), macacus
(Macaca fascicularisAccession Number AB046031) and humbioifho sapierjsNecab amino acid sequence. Red, amino acid identity in all
shown sequences; blue, amino acid identity in two out of three species; green, amino acid similarity; black, divergenice. dtid atretch

in bold of the human sequence represents possible mistakes in the predicted translation p&iBeDNA. (C, part )
Immunohistochemistry with Ab1 antibody at 10.5 dpc (coronal sections) showing immunoreactivity in the retinal-pigmenteohrefipleg|

and in the neural retina (nr). No signal is detected in the in the lens (Is) or in the surrounding eye mesenchyme. l{@meroidactivity of
Ab1l in the Rathke’s pouch (Rp) and in the infundibulum recess (inf). (C, part Ill) Immunofluorescence at 17.5 dpc (cragsastictiidrl
antibody. Predominant immunoreactivity is found in the cytoplasm of the ganglion cells (arrowheads). (C, part IV) A Netapév/iusion
protein is localized to the cytoplasm in COS cells. (D) FISH on metaphase chromod&@ésis localized to human chromosome 16923
andNecabis localized to mouse chromosome 8E1.

Necab is downstream of Pax6 Hogan et al., 1986). Although the optic vesicle is morphologically
In Paxémutant embryos, the optic vesicle initially forms (Fig. 4A) abnormal, it contains cells that exprd%x§ as demonstrated
but does not progress to the optic cup stage (Grindley et al., 199%ing an antp-galactosidase antibody PaxécZ'acz embryos
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Fig. 2. Necabco-expresses witRax6in the developing optic

vesicles and in the pre-tectum. (A-D) Whole-mount in situ
hybridization showingNecabexpression in the optic sulcus, optic
vesicles (black arrowhead) and pretectum (white arrowhead).

(C,D) Frontal and top views of the embryo, respectively, showing the
sharp expression domain l&cabin the pretectum. (B)lecab

mimics Pax6expression pattern in the embryonic forebrain.

(F) Necabexpression is detected in the midbrain at 10.5 dpc, in
contrast tdPax6 The arrowhead shows the forebrain/midbrain
boundary. (G-JNecabis expressed in a gradient manner in the optic
vesicle (cross sections). Strong expression is observed in the
presumptive ciliary margin region (G), similarRax6(H). By

contrast, (I)Rxexpression is predominant in the retinal plate (RP)
and (J)Lhx2expression is predominant in the inner portion of the
optic vesicle (arrowheads). (l)ecabexpression is detected in the
retinal-pigmented epithelium (rpe) and is predominant in the ciliary
margin (cm) of the neural retina (nr), likaxé (L). fb, forebrain; hb,
hindbrain; Ip, lens placodes; Is, lens; mb, midbrain; ov, optic vesicle;
prt, pre-tectum; rp, roof plate of the midbrain.

C A > (n=6). However, expression in the midbrain was maintained. Thus,
i X o R g Necabexpression irPax6 mutants is only affected wheRax6
expression is normally found.

Pax6 can induce ectopic expression of  Necab

Previous overexpression experiments in medaka aXdrinpus
embryos have revealed that the midbrain region of vertebrates is
competent to form retinal tissue when under the influence of Six3,
o i Six6 (Optx2) or Pax6 transcription factors (Loosli et al., 1999;
Necab  125dpc Paxé /' Chow et al, 1999; Bernier et al, 2000). Using DNA
electroporation, we tested whetHesix6 could induce ectopic
(Fig. 4A (inset); St-Onge et al., 1997). We tested for expressiaexpression ofNecabin vivo in the midbrain region of 8.5 dpc
of Otx2 Rx Six3 Lhx2andNecahin thePaxémutant background mouse embryos. Embryos were electroporated, cultured for 6
at 9.5 dpc (Fig. 4B-F) by whole-mount in situ hybridization. Onlyhours, and processed for double in situ hybridization (Fig. 5A).
Necabexpression was affected Rax6 mutants (Fig. 4F). In the Using a DIG-labelledNecabriboprobe (in blue), we detected
optic vesicles and in the pre-tectudgcabexpression was absent endogenous expression in the optic vesicles and in the pre-tectum

cm |

L rpe

Fig. 3.Necabcoexpresses witRax6
in the olfactory placodes, the iris ar
the ciliary margin of the retina.
(A-D) Radioactive in situ

hybridization at 10.5 dpc (coronal - e _

sections) showing co-expression of | m
NecabandPax6in the retinal- N & { -
pigmented epithelium (rpe), the Gl A _s op
neural retina (nr), the olfactory YA y {9'_ Ppoa® " F
placodes (op), the forebrain (fb) an g “ Sy I.P

the pre-optic area (pod)ecabis also
expressed in the dorsal portion of t
midbrain (A, arrows). Arrowhead in
B indicates the lens pit. (E,Recab 3 . .
is expressed in the dorsal thalamus ~ § . . \ g em . ..%
(dt), the roof plate of the midbrain } ‘ ! | Aot
(rp), and at low level in the A emet a X
hypothalamus (ht), (coronal sectior A 53 “

13.5 dpc). (G,HNecabandPax6 e
expression is detected in the distal  FNIYer1s)

portion of the retina (cm) and in the
future iris (white arrowhead). The black arrowhead indicates the cornBiec@pis expressed in the ciliary margin (cm) and iris (17.5 dpc),
and at low level in the ganglion cells layer (gc). (I\N€cabandPax6are co-expressed in the ciliary margin and in the iris (white arrowhead)
(17.5 dpc). Is, lens; vt, ventral thalamus.

& nr
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(Fig. 5B). In addition, a few ectopitecabexpressing cells were eye development, impeding the elucidation of the genetic
observed in the lateral portion of the midbrain. By contrast, theascade. To this end, we have identified a novel gene expressed
expression domain of thBax6 transgene (in red) was much during early eye developmemecabis expressed in the optic
broader, but colocalized withecabpositive cells (Fig. 5C). To sulcus and in the pretectum at 8.5 dpc, thus about 6 to 12 hours
see whether this effect was specificPax6 activity, embryos later thanPax6 In the neural ectoderm of the optic vesicle,
were electroporated with%ix3expression vector, cultured for 6 Necabco-expressed with Pax6, both genes showing a unique
hours and tested fdlecabexpression. In all embryos tested expression pattern not observed with other retinal markers. In
(n=12), ectopic expression bfecabwas not observed (Fig. 5G- Pax6 mutant embryosNecabexpression is lost in the optic
). To test whether the limited activation décabby Pax6was  vesicles and in the pretectum, indicating thdg¢cab is
due to a restriction in cellular competence to expiessabor  downstream oPax6 Using gain-of-function experiments, we
was simply dependent on time, we electroporatedPdset  have shown thaPax6is able to induce ectopic expression of
construct in 8.5 dpc mouse midbrain explants and cultivated thehhecal further supporting the notion thilecabis within the
for 24 hours. By in situ hybridization, we observed that most oPax6 genetic pathway. Finally, we have found thNe¢cab
the explants were expressing the transger2X; Fig. 5D). After misexpression can induce ectopic expression Chix1Q
the second colour reactidPax6positive cells revealed to be also suggesting that it might be involved in regulating gene
positive forNecabexpressionr=22; Fig. 5E). Control explants expression.
(n=8), cultured for 24 hours but not electroporated, were negative ) ] .
for both the transgene and fecabexpression (Fig. 5F). We Necab is genetically downstream of ~ Pax6 in the
concluded thaPax6could induce ectopic expressionNgcabin retina
vivo but that it requires at least 6 hours to induce this activity. To our knowledge Necabis the first described gene that

) ) ) coincides withPax6expression in the developing optic vesicle
Necab overexpression can induce ectopic and in the pretectum andFex6dependent for its expression.
expression of Chx10 The importance of this discovery is highlighted by the
Although the biochemical function oNecab cannot be observation thaDtx2, Rx Lhx2 and Six3 expression is not
predicted at the moment solely based on its amino acidffected by thé€ax6mutation. A previous report has shown that
sequence except for its €abinding activity (T. C. Sudhof, the expression of another homeobox gene expressed in the optic
personal communication), we tested using electroporation
whethemMecabwould induce the ectopic expression of
homeobox gen€hx10(Liu et al., 1994).Chx10is the
gene mutated in the ocular retardation (or) mouse
(Burmeister et al., 1996). Homozygous mutants
microphthalmic and have a thin retina with no optic ne
We choseChx10 as putative target foNecab activity
because its expression is first detected at 9.5 dpc
neural ectoderm of the optic vesicle, thus about 1 day
thanNecab We microinjected and electroporatedecak
expression vector (see Materials and Methods) ir
midbrain region of 8.5 dpc embryos and cultured ther
a period of 6 hours. Using in situ hybridization,
observed ectopic expressionGiix10in the lateral regio
of the midbrain, wher€hx10is not normally expresst
and before endogenoudhx10 expression in the retir
(Fig. 5J). By revealing the transgene expression doi
we observed that ectop@hx10expression was present
only a subset of transgenic cells (Fig. 5K). O
experiments using the same conditions revealed
Necabmisexpression did not induce ectopic expressic
Pax6(not shown). In addition, we did not obsengtux1C
activation byPaxémisexpression after 6 hours of embr
culture (not shown).Chx10 activation was howewv
observed whenPax6 was electroporated in midbre
explants that were cultured for 24 hours (not shc
These results suggest tigcabmight have a function i

regulating gene expression during retina developme ) . )
Fig. 4.Necabis downstream oPaxé (A) X-gal staining showingax6

expression in the spinal cord, forebrain and optic vesicles.
Immunofluorescence showifiggalactosidase-positive cells in the optic
vesicle of @Paxémutant embryo (Inset). (B-F) In situ hybridization showing
) . that, in contrast t®©tx2(B), Six3(C), Lhx2 (D) andRx(E), Necab

Pax6plays a central role in regulating eye developr expression is absent in the optic vesicle and in the pretectBaxémutant

in mammals. However, few genes are known tc embryos (arrowhead, F). Wild type, +/+; heterozygeasémutant, +;
dependent orfPax6 activity for their expression durir  homozygousax6émutant,~/-.

DISCUSSION



primordium,Six6(Optx3, is alsoPax6independent (Jean et al.,
1999). The hypothesis thisecabis strictly dependent oRax6

Necab is genetically downstream of Pax6 3993

options exist that do not require nuclear translocation of Necab in
order to induce gene transcription. For example, the cytoplasmic

for its expression in the optic vesicle is also strengthened by o@z2*-sensitive protein calcineurin can regulate gene transcription

result showing tha®ix3misexpression could not induce ectopic
expression oNecabunder the same experimental conditions
showing thatSix3alone is not sufficient foNecabactivation.

by inducing the nuclear translocation of NF-AT transcription
,complex via its phosphatase activity; see review by Crabtree
(Crabtree, 2001). Similarly, RNA injections Xenopusmbryos

However, Pax6 cannot be the only transcription factor thatf the Wnt transmembrane receptor frizzled (Xfz3) resulted in

regulatedNecabactivity asNecabexpression is also detected in
body areas outside tHeax6 expression domain, such as the
midbrain and the trigeminal and spinal ganglia (not shown).

Necab can induce gene expression

We showed that ectopic expressioiNetalis sufficient to induce

the expression o€hx1Q This result correlates well with the
relatively earlier expression bfecabin the developing retina and
suggests thallecabmight regulateChx10expression. However,

ectopic gene expression and in the formation of ectopic eyes,
showing that signal transduction pathways can regulate gene
expression during eye development (Rasmussen et al., 2001).

Necab is part of a novel gene family

Necabis part of a novel gene family that is conserved in
mammals. The gene family is composed of three members, all
containing a putative EF-hand €ainding domain. This G-
binding domain appears to be functional (T. C. Sudhof, personal

Necabnull mouse mutants are not microphthalmic (G. B. anccommunication). AlthougiNecabexpression was restricted to
P. G., unpublished) suggesting either functional redundancy witthe nervous system and some epithelial derivatives (e.g. the

the otheiNecabfamily members or thatlecabhas a more subtle
function during eye development. In addition, care should be tak
in deciphering direct genetic interaction between genes wh
using overexpression experiments, as eye-specific genes fi
complex regulatory network, as demonstrated in the fly, the fi
and the frog. Regardless of this, our results demonstrabécibaid
misexpression can induce the transcription of a retina specific gi
in vivo. How this is achieved at the molecular level is present
not known. Immunolocalization experiments revealed that Nec
is mainly present in the cytoplasm. Interestinglyal Eya2and
Eya3genes, the mouse orthologuespé absenin Drosophila
also encode cytoplasmic proteins (Xu et al., 1997; Ohto et ¢
1999). Co-transfection experiments revealed that Eya prote
could be translocated into the nucleus by direct interaction w
Six2, Six4 and Six5 proteins (Ohto et al., 1999). Although Ey
proteins are mainly cytoplasmic and do not have a DNA-bindir

"

(=}

domain, overexpression @ya alone in Drosophila has been %

shown to induce ectopic eye formation (Bonini et al., 1997). It &

therefore possible that a similar mechanism appliesléoal if &

it could act as a transcriptional co-activator. However, many otkc,.'L E F SVl
=
()

Fig. 5.Pax6can induce ectopic expressionNgcab

(A) Schematized view of the electroporation procedure. Mouse
embryos are microinjected with a needle containing the DNA
solution (in blue) and electroporated. (B,C) Double whole-mount in
situ hybridization (8.5 dpc), 6 hours after electroporation wkhx6
expression vector. (B) Ectopic expressioNetabis detected in a

subset of cells (blue arrowhead). Endogenous expression is detected

in the pretectum and optic vesicle (white arrowheads). (C) The
expression domain of tHeax6transgene (red arrowhead) is broader
but overlaps ectopidecabpositive cells. (D-F) Double in situ
hybridization (8.5 dpc) on midbrain explants. (D,E) Twenty four
hours after electroporation withRax6expression vector, cells
expressing the transgene (in red) are also expreSgiogb(in blue).
(E) Control explants (no electroporation) cultured for 24 hours and
hybridized with both probe$G,H) Double in situ hybridization (8.5
dpc), 6 hours after electroporation witls&3expression vector.
Transgene expression is present (red arrowhead) but ebteqid
expressing cells are not detected. (I) Cross section at the hindbrain
level of the embryo in G, showing that the transgenic cells do not
expressedNecab (J,K) Six hours after the electroporation diecab
expression vector, ectopic expressioCbk10is detected in the
midbrain region (J) where transgenic cells are present (K). Red
arrowhead, transgene expression; blue arrowhead, ectopic expres
of the target gene; white arrowhead, endogenous expression.

&uV-Necab-SV40

bt
v

CMV-Six3-5V40

6 hours



3994 G. Bernier and others

olfactory placodes) by in situ hybridization, we also observedrindley, J. C., Davidson, D. R. and Hill, R. E.(1995). The role of Pax-6
strong expression in the dermomyotome with our polyclonal in eye and nasal developmebevelopmeni2], 1433-1442. _
antibodies, Suggesting crossreactivity with the other Necabaalder, G., Callaerts, P., Flister, S., Walldorf, U., Kloter, U. and Gehring, W.

famil b It is thus likelv th f 1N b . J. (1998). Eyeless initiates the expression of both sine oculis and eyes absent
amily members. It is thus likely that one of iNecabgenes Is during Drosophila compound eye developmBetvelopment 25 2181-2191.

involved in early myogenesis. Characterization of the expressiaiuider, G., Callaerts, P. and Gehring, W(1995). Induction of ectopic eyes by
pattern of the other members should highlight possible targeted expression of the eyeless gene in DrosoBhiknce67, 1788-1792.
functional redundancies of this gene family during developmentlill. R. E., Favor, J., Hogan, B. L., Ton, C. C., Saunders, G. F, Hanson,

. . - I. M., Prosser, J., Jordan, T., Hastie, N. D. and van Heyningen, {1991).
In conclusion, we have reported on the isolation of a novel ouse Small eye results from mutations in a paired-like homeobox-

gene expres_sed_in the mouse (_)ptic vesi_cle using a convention&ontaining geneNature 354, 522-525.
large-scale in situ screen. This gene is a component of th®gan, B., Horsburgh, G., Cohen, J., Hetherington, C. M., Fisher, G. and
genetic cascade governedRax6during eye formation. In the Lyon, M. F. (1986). Small eyes (Sey): a homozygous lethal mutation on

; ; ; chromosome 2 which affects the differentiation of both lens and nasal
near future, the combination of whole genome projects and oflol‘,chooles in the mousa. Embryol. Exp. Morphob?, 95-110.

DNA chip microarray analysis should lead to the identificationjean b Bernier. G. and Gruss, P(1999). Six6 (Optx2) is a novel murine

of the complete set of genes regulatedRax6 during eye Six3-related homeobox gene that demarcates the presumptive
morphogenesis. However, functional characterization of each pituitary/hypothalamic axis and the ventral optic stillech. Devs4, 31-40.

of these genes will be requn‘ed in order to deC|pher thgessel, M. and Gruss, P. 1991). Homeotic transformations of murine

. PR - vertebrae and concomitant alteration of Hox codes induced by retinoic acid.
molecular mechanisms &ax6activity in the developing eye. 67, 89104,

. . B Liu, I. S. C., Chen, J., Ploder, L., Vidgen, D., van der Kooy, D., Kalnins,

‘We thank Michael Kessel and Hendrik Kndtgen for useful v | and Mcinnes, R.(1994). Developmental expression of a novel murine
discussions, Roderick Mclnnes and Thomas Theil for prowdmg homeobox gene Qhx1Q: evidence for roles in determination of the
cDNA, Petros Petrou and Martin Wagner for technical help. Clones neuroretina and inner nuclear layeuron13, 377-393.
9066 and 9075 were isolated in project 01KW9603/9 funded by theoosli, F., Winkler, S. and Wittbrodt, J. (1999). Six3 over expression
German Human Genome Project from the German Ministry of initiates the formation of ectopic retin@ene_s DE\'/l3, 649-654.. )
Education and Research. This work was supported by the Mafarquardt, T. Ashery-Padan, R., Andrejewski, N., Scardigli, R.,
Planck-Society and by EU Contracts B104-CT96-0378 QLG3-2000- Guillemot, F. and Gruss, P.(2001). Pax6 is required for the multipotent

: . . state of retinal progenitor cell€ell 105, 43-55.
%O;r?sél\\zvég/.flasllgwsstkzlairpl)(?é\é\ilgirenstr PhD fellowship recipient and G. BMathers, P. H., Grinberg, A., Mahon, K. A. and Jamrich, M.(1997). The

Rx homeobox gene is essential for vertebrate eye developiante387,
603-607.

Matsuo, |., Kuratani, S., Kimura, C., Takeda, N. and Aizawa, S(1995).
Mouse Otx2 functions in the formation and patterning of rostral l&ewkes
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