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Summary

Zebrafish no tectal neuron (ntn) mutant obtained by
trimethylpsoralen (TMP) mutagenesis showed defects in
tectal neuropil formation and small eyes. We carried out
whole-genome subtraction between wild-type and mutant
zebrafish embryos using the representational difference
analysis (RDA) method. Nineteen subtraction products
enabled us to construct genetic and physical maps of the
ntn region. Direct selection of cDNAs using a YAC clone
encompassing thentn locus and RT-PCR analysis of
transcripts identified a 143 bp deletion in thecct3 gene
encoding they subunit of chaperonin containing TCP-1
(CCT). Injection of antisense cct3 morpholino
oligonucleotides into  zebrafish embryos induced
characteristic ntn phenotypes including defects in retinal
ganglion cell (RGC) differentiation and tectal neuropil
formation. Moreover, injection of cct3 mRNA successfully
rescuedntn mutant embryos. Our results suggest that RDA
is an efficient and widely applicable cloning strategy in
zebrafish genetics. The strong expression of tlket3mRNA
started in the entire embryos by 12 hpf and was sustained
thereafter, but there were no detectable abnormalities in

body patterning and neurogenesis imtn mutant embryos
at 30 hpf. The expression patterns of transcription factor
genesath5and brn3bthat are essential for the development
and maintenance of RGCs were indistinguishable between
wild-type and ntn mutant embryos, but those of early
and late differentiation markers of RGCs, nicotinic
acetylcholine receptor 3 and zn5, were diminished in
mutant embryos. Immunostaining of acetylated tubulin
also revealed the impairment of RGC neurite extension.
Thus, the ntn mutation of the cct3 gene impaired the
differentiation of retinal neuroepithelial cells to RGCs.
Similarly, the expression ofbrn3bwas normal in the tectum
of ntn mutants, but tectal neuropil formation was
abolished. These results suggest that thg subunit of
chaperonin CCT plays an essential role in retinotectal
development.
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Introduction

Zebrafish Danio rerio) is an excellent model organism with al.,

mutagenesis was lower than ENU mutagenesis (Amsterdam et
1999).

which to investigate gene function in vertebrates because 10 Investigate the molecular mechanisms underlying neural
external fertilization, ~transparent embryos and randonfi€twork formation, we developed a highly efficient mutagenesis
mutagenesis techniques facilitate phenotype-driven forwar@focedure using 48-timethylpsoralen (TMP) (Ando and
genetic analyses (Eisen, 1996). Large-scale screening Mfishina, 1998). In a pilot screen, we isolated and characterized
zebrafish mutagenized byN-ethyl-N-nitrosourea (ENU) two mutant lines with abnormalities in the nervous system. The
identified ~2400 mutations affecting development and'0 tectal neuron(ntr) mutation impaired the development of
behavior (Driever et al., 1996; Haffter et al., 1996). Howeverlectal neurons and eyes, whereas éumwakare mutation
molecular cloning of ENU-induced mutant genes will requireaffected the arborization of the trigeminal ganglion and Rohon-
positional cloning and/or candidate gene approachegeal’d sensory neurons. TMP is a DNA crosslinking agent that
(Postlethwait and Talbot, 1997), because ENU inducegan frequently induce small deletions in combination with UV
predominantly substitution mutations (Mullins et al., 1994;irradiation in Escherichia coliand Caenorhabditis elegans
Solnica-Krezel et al., 1994). Thus, availability of polymorphic(Sladek et al., 1989; Yandell et al., 1994; Liu et al., 1999). A
markers will be rate-limiting. In terms of cloning, insertion potential advantage of the method would be that one could isolate
mutagenesis with pseudotype retroviruses is a straightforwardutagenized genes directly by whole-genome subtraction using
approach to obtain mutated genes (Gaiano et al., 1996)MP-induced deletions as molecular tags. Representational
Hopkins and colleagues isolated more than 500 insertiondifference analysis (RDA) is a powerful subtraction method of
mutants (Golling et al., 2002), but the efficiency ofthe entire genome (Lisitsyn and Wigler, 1993).



1914 Development 131 (9) Research article

We have applied RDA to characterize the genomic region of Table 1. Primers for RDA
the TMP-inducedntn mutation (Ando and Mishina, 1998).
Successful isolation of tightly linked polymorphic markers by

Enzyme Name Sequence

the whole-genome subtraction method led to the constructio IR Egézgﬁlz %:é%:é%gé%%éi_%cmmmceCA'3
of genetic and physical maps of the zebrafish genomic region J Bgl24 5 ACCGACGTCGACTATCCATGAACA-3
responsible for retinotectal development. RT-PCR analysis of J Bgl12 5 GATCTGTTCATG-3
transcripts from thatn region identified a 143 bp deletion in m gg:ig g-éiggT/-\TA&TgTnggATCCGAGGGA/-\-3
the cct3gene encoding thgsubunit of chaperonm containing o, R Egoz4 5 AGCACTETCCAGCCTCTCACCGAGS
TCP1 (CCT, also called the TCP1 ring complex or TriC). R Eco12 EAATTCTCGGTGA-3
Injection of antisensect3 morpholino oligonucleotides into J Eco24 5ACCGACGTCGACTATCCATGAACG-3
zebrafish embryos induced characteristim phenotypes, J Ecol2 S5AATTCGTTCATG-3
including the degeneration of retinal ganglion cells and tectal H Ecoi‘z‘ gﬁi%%’fé%TchGGchTCCGAGGGAG‘3
neurons. Furthermore, injection ott3 MRNA successfully i qn R Hineisa 5 AGCACTCTCCAGCCTCTCACCGCAR
rescuedntn mutant embryos. These results revealed that R Hind12 5 AGCTTGCGGTGA-3
chaperonin  CCY¥ controls  specifically  retinotectal J Hind24 5ACCGACGTCGACTATCCATGAACA-3
development in zebrafish. Our results open a novel TMP J Hind12 SAGCTTGTTCATG-3
mutagenesis-RDA cloning strategy of zebrafish forward N :!”d24 3-AGGCAGCTGTCGTATCGAGGGAGA-3
) . . - ; : ind12 B-AGCTTCTCCCTC-3
genetics characterized by high efficiency and rapid cloning. gp4 R Spe24 5AGCACTCTCCAGCCTCTCACCGCAR
R Spel2 5CTAGTGCGGTGA-3
Materials and methods T CCCCTCeACTNTCCATGACAS
Strains and breeding of zebrafish N Sp624 5AGGCAGCTGTGGTATCGAGGGAGA-3
Zebrafish of the AB strain were raised and kept under standarg | gigggi g ig%igqr-(l;?%%;ggCTCTCACCGTT—3
conditions at ~28C (Mullins et al., 1994). Thetn mutant lingjt5 was R Xbal2 5 CTAGAACGGTGA-3
isolated by TMP mutagenesis previously (Ando and Mishina, 1998). J Xba24 5ACCGACGTCGACTATCCATGAACT-3
Thentnmutant embryos at 3 days postfertilization (dpf) showed small J Xbal2 5CTAGAGTTCATG-3
eyes and turbid tectum. Mutation carriers were identified by random N Xba24 8-AGGCAGCTGTGGTATCGAGGGAGT-3
intercrosses and were then outcrossed to wild-type zebrafish of the N Xbal2 3-CTAGACTCCCTC-3

AB strain. Mutant embryos were obtained by crossing heterozygous
fish. The transgenic zebrafish line carrying the nicotinic acetylcholine

receptor B3 (nAChR33) gene promoter-driven enhanced green

fluorescent protein (EGFP) expression vector (PAR-EGFP) has be@olymorphism (RFLP) sites of RDAjt5B430, RDAjt5B460 and
established previously (Tokuoka et al., 2002). Embryos were raised RDAjJt5E340 were cloned by vectorette-PCR using a GenomeWalker
28.5°C in embryo rearing solution (ERS) (Easter and Nicola, 1996)kit (Clontech), and primers were designed to identify cleaved
For microscopic observation, 0.2 mM phenylthiocarbamide wasmplified polymorphic sequences (CAPS): RDAjt5B430 RFLP site,
added to ERS at 12 hours postfertilization (hpf) to prevent melanocy®-TGGCGGTTCATTCTGCTGTGCGAC-3and 3-CGACAAGAC-

pigmentation (Westerfield, 1995). TTTTGTCAGGTAG-3; RDAjt5B460 RFLP site, 'SCAATACC-
GGCAACTTTCAAC-3 and 3-CAAGGACAAGAAATCATGCC-3;
RDA procedure and RDAJt5E340 RFLP site, '"BTCAAAATGCTCACTATA-

Genomic DNAs were prepared from pools of 40 mutant embryos an@TAACTGCTGTC-3 and B-AGTTTCGGCTTGGTTACGGAA-

40 wild-type siblings and RDA was performed essentially asTCTC-3. Mapping of YD1 and YH2 loci was carried out by PCRs
described (Lisitsyn et al., 1994; Lisitsyn and Wigler, 1995). Genomiasing primers flanking the deletions; YD1 locus,-GACA-
DNAs (1 pg of each) were digested wiBglll, EcoRl, Hindlll, Spé GTGGAAATGCGGCTAT-3 and B3TACCCATGTCTTCTGC-

and Xbd, and were PCR-amplified to generate amplicons. PrimeGTAG-3; YH2 locus, 5>GGCCAGAGTTTACATAGGGGT-3 and
sequences were designed according to the protocol (Lisitsyn attGGTTTTTGCTGTGTCTGCCTG-3 Radiation hybrid (RH)
Wigler, 1995) with some modifications on their cohesive endmapping was performed on the Goodfellow zebrafish T51 RH panel
sequences compatible for the restriction endonuclease (Table 1). T{iResearch Genetics) (Geisler et al., 1999) using the primers for the
iterative hybridization-amplification step was repeated three times fdRDAjt5E340 RFLP site and YD1 locus.

Bglll, EcoRlI, Spé or Xbd amplicons and four times fadindlll ] ) ) )

amplicons. The resulting RDA products were digested with thé>enomic DNA library screening and cDNA cloning

corresponding restriction enzymes, agarose gel-isolated and clon®¥AC clones D04128 and H0145 were obtained by PCR screening of
into pBluescript Il SK(+) (Stratagene). Genomic DNA with respectivea zebrafish YAC library (Resource Center/Primary Databank,
restriction enzymes and amplicony® of each) were electrophoresed Germany) with the primers for RDAJt5E340 RFLP site and their
in 2% agarose gels and transferred to Hybohd®ydon membranes terminal sequences were determined as described (Zhong et al., 1998).
(Amersham). Membranes were hybridized with RDA products labele®AC 10J03 and BAC 18M9 clones were isolated from zebrafish BAC

using a random primed DNA labeling kit (Roche) as probes. and PAC libraries (Genome Systems) usifRRrlabeled RDAjt5B430
] ) and RDAjt5E340 as probes, respectively. The inserts of these clones
Genetic mapping were sized by pulsed-field gel electrophoresis using CHEF-Mapper

Genomic DNA was extracted from 93 pools of fimen mutant  (BioRad). For YAC clonality analysis, the blot was probed with the

embryos obtained from crosses of heterozygous fishu@genomic  32P-labeled YAC arm pRML plasmid.

DNA from each pool was digested wiBBglll, EcoRl, Hindlll, Spé Zebrafish genomic DNA in YAC D04128 clone purified by pulsed-

or Xba. Digested DNAs were PCR-amplified to generate amplicondield gel electrophoresis was biotinylated using a random primed DNA

as above. Southern hybridization analyses of amplicons with RDAabeling kit (Roche). A random primed zebrafish cDNA library was

products were performed. synthesized using RNA from zebrafish embryos at 36 hpf as templates
Genomic sequences flanking the restriction fragment lengtiSuperScript Choice System, Invitrogen) and PCR-amplified after



Chaperonin CCTy and retinotectal development 1915

ligation to adapters 'STAGTCCGAATTCAAGCAAGAGCAGA-3 (Nasevicius and Ekker, 2000) was injected into the yolk of one- to
and 3-CTCTTGCTTGAATCGGACTA-3. After preincubation with  four-cell stage wild-type or transgenic embryos carrying PAR-EGFP
2 pg sonicated zebrafish genomic DNA andud Haedlll-digested  using a microinjector (IM-300, Narishige). Distribution of
yeast genomic DNA, lug preamplified cDNA was hybridized with oligonucleotides in embryos was monitored under fluorescent
100 ng biotinylated zebrafish genomic DNA in YAC D04128 clone asmicroscopy. Fluorescence of EGFP was much stronger and easily
described (Del Mastro and Lovett, 1996). The sequences oféinel5 distinguishable from that of fluorescein. Fluorescence of EGFP-
3 regions of thecct3 cDNA were obtained by 'S5 and 3-rapid labeled retinal ganglion cell (RGC) axons was observed as described
amplification of cDNA ends (RACE) using a SMART cDNA kit (Tokuoka et al., 2002).

(Clontech), respectively. The entire coding sequencect¥ cDNA The 1.8 kbEcoRV-Spe fragment from pCRII-CCT3 was cloned
was cloned into pCRII vector (Invitrogen) by RT-PCR with primers,into theStu and Xba sites of pCS2+ vector (Turner and Weintraub,
5-TGTCCGGTACCGGTGATCTAAC-3 and B3-AAATGGATTT- 1994) to yield pCS-CCT3. Cappedt3mRNA was prepared from 1
CTGATGAGAACGTTGT-3 to yield pCRII-CCT3. The deletion pg pCS-CCT3 linearized witNotl using an mMessage mMachine kit
mutation in thecct3 mRNA was identified by sequencing RT-PCR (Ambion). We injected 110-270 pg mRNA into the cytoplasm of
products of mRNAs from ~200tn homozygous embryos and ~650 embryos produced by crossing heterozygous fish.

wild-type siblings at 50 hpf according to the protocol of the

SuperScript Choice System (Invitrogen). The mutation incitt8

gene was confirmed by PCR on 100 ng genomic DNAs from ~30fResults

wild-type siblings and ~10@tn embryos with primers flanking the ot _

143 bp deletion, 'SGCCATGCAAGTGTGTCGTAATG-3 and 5- 'gﬁg?rgi?i%%” of - ntn mutant locus by whole-genome
CTCAGAGAAGTGAGCACACGAATG-3. Genotyping of embryos

was performed using the same primer set. Zebrafishno tectal neuron(ntn) mutants isolated by TMP
. S mutagenesis showed degeneration of tectal neurons and eyes
In situ hybridization (Ando and Mishina, 1998). Thetn'> allele was of recessive

The entire coding sequence of the zebrafish3b/poudflwas inheritance and fully penetrant. If TMP mutagenesis induces
obtained by RT-PCR using primers-GGGTCGCAAATATGA-  deletions in the zebrafish genome a&ircoliandC. elegans

TGATG-3 and 3-ATGATTCCACATCCCCTTTG-3, and was cloned  (g|adek et al., 1989; Yandell et al., 1994; Liu et al., 1999), it
into pCRII vector to yield pCRII-BRN3B (GenBank Accession \yqid he possible to directly clone deleted DNA segments by

Number AB122025). We carried out whole-mount in situ ; 0
hybridization with antisense RNA probes prepared with a DIG RNASUbtraCtlon between pooled wild-type and mutant genomes.

labeling kit (Roche), paraffin-embedding and sectioning of WholeAIter_natlvely, such Whole_-geno_me subtraction may_allow us to
embryos as described previously (Mori et al., 1994: Jowett, 1999PPtain DNA segments tightly linked to tmén locus if there
Deparaffinized sections were counterstained with 0.5% Methyl GreeWere enough RFLPs in the AB strain genome. We subtracted
for 10 minutes. Probes faith5/lakritz dix2, hix1, krox2Q myod ntl, ~ the mutant genome from the wild-type sibling genome by the
pax2a/noi (previously pax2.), shh and zashl mRNAs were as RDA method (Lisitsyn and Wigler, 1993). Zebrafish genomic
described previously (Masai et al., 2000; Akimenko et al., 1994; SeDNA was digested with various 6 bp recognizing restriction
et al., 1999; Oxtoby and Jowett, 1993; Weinberg et al., 1996; SChU"ﬁ@-ndonudeaseS, and five enzymes that produced DNA
and Weinberg, 1994). selected. We prepared PCR-amplified DNA fragments
Stainings (amplicons) of genomic DNA from pools of 4@in mutant

Whole-mount immunostaining of zebrafish embryos with anti-er.nbryos and 40 wild-type S!bl!ngs using eaciBolll, EcoRl,
acetylated tubulin antibody (Sigma) were carried out as previousiindlll, Spé and Xbal restriction enzymes. Whole-genome
described (Hammerschmidt et al., 1996) except that Alexa 488 anfubtraction was carried out using the amplicons from the wild-
mouse IgG antibody was used as secondary antibody. Immunostainitigpe genome as the tester and those frormthenutants as

of cryosectioned embryos using a monoclonal antibody zn5 (Oregaiine driver. After three or four rounds of the subtractive
Monoclonal Bank) was performed as described (Masai et al., 2003)wbridization amplification, difference products became
Terminal deoxynucleotide transferase-mediated dUTP nick-endetectable as clearly seen bands in agarose gels from respective
labeling (TUNEL) was carried out in cryosections according to theymplicons (Fig. 1A). We thus successfully obtained six RDA
manufacturer's protocol - (ApopTag  Apoptosis ~ Detection  Kit, o4y cts from th@glll amplicons designated as RDAjt5B430
Serologicals Corporation). (B430), RDAjt5B440 (B440), RDAjt5B460 (B460),

Dechorionated embryos were soaked in ERS containipg/ml . \ )
Acridine Orange (Sigma) or 10QM Bodipy-ceramide (FI C5, RDAjt5B470 (B470), RDAjtSB610 (B610) and RDAjtSB630

Molecular Probes) and 2% DMSO for 30 minutes in the dark. ThéB630); five products from thecaRl amplicons designated as
embryos were washed, anesthetized by 0.02% 3-aminobenzoic adkdPAItSE230 (E230), RDAjtSE340 (E340), RDAjt5E420
ethyl ester (tricaine, Sigma) and embedded in low-melting(E420), RDAjtSE550 (E550) and RDAjtSE560 (E560); two
temperature agarose gels during microscopic observation. The eyeroducts fromHindlll amplicons designated as RDAjt5H400
and tectum of Bodipy-ceramide-stained embryos were scanned §H400) and RDAjt5H480 (H480); one product from B
confocal microscopy. amplicons designated as RDAjt5S610 (S610); and five
products from thXba amplicons designated as RDAjt5X300
(X300), RDAjt5X350 (X350), RDAjt5X430 (X430),

. . . ) RDA|jt5X520 (X520) and RDAjt5X600 (X600). Southern blot
;I(’)h?hgus;ilsggtlirééarggseigu?sor_pfg I|tr(1)o gl%?ntlﬁlcelezoéfgjé%mnggln : ntalr¥|ybr|d|zat|0n analysis of genomic DNA fronin mutants and

(nucleotide residues are numbered from the putative translation¥{ild-type siblings showed that each RDA product hybridized
initiation codon, GenBank Accession Number AF506209) (Golling etVith two fragments in the wild-type genome, but with only the
al., 2002) was obtained from GeneTools. The antisense or contrtdrger one in the mutant genome digested by the corresponding
oligonucleotide at a concentration ofug/ul in 1x Danieau buffer  restriction enzymes (Fig. 1B). Two hybridizing fragments were

Phenocopy by antisense morpholino oligonucleotides and
phenotypic rescue by RNA injections
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Fig. 1. Whole-genome subtraction betwesn mutant
embryos and wild-type siblings by RDA. (A) Analysis of
RDA products by agarose gel electrophoresis. Driver and
tester amplicons were prepared by digestion of genomic
DNA from wild-type andhtn mutant embryos usingglll,
EcoRl, Hindlll, Spé andXbd restriction endonucleases,
respectively. Lane M, 100 bp DNA ladder as size markers;
lane D, driver amplicons; lane T, tester amplicons; lanes 1-
4, RDA products of the first, second, third and fourth rounds
of subtraction, respectively. (B) Southern blot hybridization
analysis of genomic DNA using RDA product E340 as a
probe. Genomic DNAs from a wild-type fish of AB strain
(lane 1), wild-type siblings (lane 2) anth mutant embryos
(lane 3) were digested witbcoR| and hybridized to E340
probe. The sizes of markers in kb are indicated on the left.
Black and white arrowheads on the right indicate the 3.1 kb
and 0.3 kkEcaRI-digested DNA fragments representing
polymorphic alleles, respectively. (C) An example of
amplicon Southern blot hybridization analysis. Amplicons
were prepared froBglll-digested genomic DNA from

pools of five wild-type (lane 1) ertn mutant (lanes 2-10)
embryos. Blots were hybridized to B460 (upper) or B470
(lower) probe. Black and white arrowheads indicate
fragments in the amplicons hybridizing to B460 and B470
probes, respectively. (D) Amplicon Southern hybridization
mapping of thentnlocus using polymorphic RDA products.
Amplicons prepared from 93 pools of fire mutant

embryos were hybridized to respective RDA products.
Black and white boxes indicate the presence and absence of
amplicons hybridizing to RDA products, respectively. The
numbers of pools containing recombinant(s) are given
below. (E) Genetic and physical maps of the zebratish
region on the linkage group 16. Numbers in the genetic map
(upper) indicate genetic distances in cM between the
markers. Physical map around tite locus is shown below
with markers. Distances in the map are approximately to
scale. Short horizontal lines below the physical map
indicate YAC, PAC and BAC clones. BAC clones, 82P21,
72A23 and 105K9, were isolated by screening with
C18orfl-like cDNAs as probes. B18S is a marker derived
from the Sp6 end of BAC 18M9.

also present in the genome of the AB strain. These
results suggest that all the RDA products resulted from
RFLPs between the wild-type andtn mutant
genomes, rather than deletions in the mutant genome.
We thus obtained polymorphic markers linked to the
ntn locus by genetically directed RDA.

We then genetically selected polymorphic markers
close to thentn locus by Southern blot hybridization
analysis of amplicons prepared from genomic DNA of
465 ntn mutant embryos. Genomic DNAs isolated
from 93 pools of five mutant embryos were digested
with the five restriction endonucleases used for RDA
and amplicons were prepared. Blots of 93 amplicons
were hybridized with the RDA products (Fig. 1C). The
numbers of hybridization positive amplicons in the 93
amplicons were one for B460, H480, X300, X350 and
X430; two for B440, B470, B610, B630, E230, E420,
E560, S610 and X520; four for H400; six for X600;
and eleven for E550. The genotyping of 93 mutant
embryo pools revealed the positions of the
polymorphic markers relative to th&n locus (Fig.
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1D). No recombinants among timn, B430 and E340 loci and had five regions common to the CCT subunit proteins
were found in 465 mutant embryos. The genetic mappin¢Kim et al., 1994), the N- and C-terminal equatorial ATPase
localized thentn locus between the B440/E230/E560 anddomains, two intermediate domains and the apical substrate-
B460/H480/X300/X350/X430 loci. binding domain (Fig. 2A). Thect3 transcript in the mutant
We further determined the genotypes of 482 mutant embryos completely lacked a putative ATPase motif and the
embryos for the B430 and E340 loci using CAPS markergeading frame was shifted by the deletion. There were no
There was one recombination event betweemthand B430 mutations within the coding sequences of three other candidate
loci, the calculated genetic distance being 0.12 cM (95%ene transcripts.
confidence interval, 0.00-0.64 cM). However, we found no We studied the expression of tlet3 gene by in situ
recombination events between th# and E340 loci. Thus, hybridization analysis (Fig. 2D). No transcripts were
among isolated polymorphic RDA markers, E340 was theletectable in one-cell, shield and 90% epiboly stage embryos
marker closest to thetn locus. at 0.2, 6 and 9 hpf. At 12 hpf, strong hybridization signals for
We next screened zebrafish genomic libraries with E340 d@ke cct3 mRNA appeared in the entire embryos. T¢w3
a probe and obtained two YAC clones and one PAC clone (FignRNA was detected throughout the body at 24 hpf, and the
1E). YAC H0145 contained a terminal sequence of BAC clonérain, eyes and somites showed strong hybridization signals.
18M9 obtained by screening with B430 as a probe. Byt 36 hpf, hybridization signals for thect3 mRNA were
comparing the 2.4 kb terminal sequences of YAC D04128 andbserved in the entire brain and somites.
the 2.9 kb terminal sequences of YAC HO0145 with the -
corresponding genomic sequences of wild-typeranchutant  Identification of the  ntn mutant gene
embryos, we found 28 bp and 107 bp deletions inntime The characteristic phenotypes wtin mutant embryos were
genome, designated as YD1 and YH2, respectively (Fig. 1E¥elective impairment of development of the eyes and tectum
Genotyping of 432itn mutant embryos by PCR using primers at ~40 hpf (Ando and Mishina, 1998). At later stages (4 dpf),
flanking the deletions in respective YAC ends identified on@tn mutants can be macroscopically distinguished from their
recombination event out of 864 meioses betweemthend  wild-type siblings as having small eyes and turbidity in the
YH2 loci and one between timn and YD1 loci. We detected developing tectum (Fig. 3A). There appeared no other
ten recombinations between th@n and B460 loci by abnormalities even at this stage except for small pectoral fins
genotyping 4321tn mutants using B460 CAPS marker. Thus,and some underdeveloped jaw skeletons nin mutant
the relative order of markers around then locus on the embryos.
chromosome was B460-YH24+VE340-YD1-B430 (Fig. 1E). At 36 hpf, Acridine Orange staining (Abrams et al., 1993;
These analyses localized thim locus within a 0.24 cM region Furutani-Seiki et al., 1996) showed strong signals selectively

between YH2 and YD1 markers. in the tectum of mutant embryos, suggesting apoptotic cell
) ) death (Fig. 3B). In fact, staining with Bodipy-ceramide, which
Transcripts from the  ntn region was freely distributed in the interstitium between cells and

Using YAC D04128 as a probe, we isolated ~300 cDNA clonedelineated cellular membrane (Cooper et al., 1999), revealed
by screening a cDNA library prepared from zebrafish embryopatches of cell-free space probably reminiscent of engulfed
at 36 hpf. Sequence analysis suggested that these clom=ad cells in the tectum of mutant embryos at 46 hpf (Fig. 3C).
encoded at least three genes. The first group of 26 cDNA clonEsirthermore, the tectum of the mutant embryos at 48 hpf was
and zebrafish ESTs (EST269466, fb13f04, fc26d03, fc72f0Rardly stained by antibody against acetylated tubulin (Fig. 3D),
and fe18d09) from the database of the Washington University marker protein of mature neurites (Chitnis and Kuwada,
zebrafish EST project encoded thiesubunit of zebrafish 1990), as described previously (Ando and Mishina, 1998).
chaperonin CCT, which shared 87%, 86%, 85%, 70% and 58%eurites in the retinal ganglion cell layer were poorly
amino acid sequence identities with ¥enopus laevisnouse, developed and the bundle of the optic nerve was faintrin
human, Drosophila melanogasterand yeast counterparts, mutants (Fig. 3E). However, the staining patterns of other
respectively (Chen et al., 1994; Kubota et al., 1994; Dunn angeurons such as axons of the anterior commissure neurons,
Mercola, 1996; Walkley et al., 1996a; Walkley et al., 1996bhindbrain neurons, trigeminal ganglion cells and dorsal
Walkley and Malik, 1996). The second group of five cDNAlongitudinal fascicles were comparable between wild-type and
clones encoded a putative protein that had 69% amino acidutant embryos (Fig. 3D,E).
sequence identity with human C18orfl, a transmembrane To examine whether the mutation in thet3 gene was
protein with a LDL receptor type A domain (Yoshikawa et al.,responsible for tha@tn phenotypes, we injected an antisense
1998). A putative protein encoded by the third group of sevemorpholino oligonucleotide complementary to i3 mRNA
cDNAs showed 32% amino acid sequence identity with mousgequence encompassing the translation start codon into the
semaphorin 6C precursor (Kikuchi et al., 1999). One cDNAwild-type embryos. The injected embryos showed small eyes
contained a single open reading frame, but there found ret 4 dpf (Fig. 3F) and Acridine Orange staining in the tectum
proteins homologous to the putative protein. The rest of that 36 hpf (Fig. 3G). Bodipy-ceramide staining revealed loss of
cDNA clones contained (CA)n dinucleotide repetitivetectal cells (Fig. 3H). Anti-acetylated tubulin antibody
sequences of various length and were not characterized furthenmunostaining demonstrated that the formation of tectal
By RT-PCR analysis of mRNAs, we found a 143 bp deletiomeuropil and optic nerve was impaired in the embryos injected
in the CCTy subunit genedct3) transcript from the mutant with an antisense morpholino oligonucleotide (Fig. 3lI,J).
embryos (Fig. 2A,B). The deletion was present irctt8gene  Injection of a control morpholino oligonucleotide with the
of mutant embryos, but not in the wild-type gene (Fig. 2C)inverted antisense sequence exerted little effect on the
They subunit of zebrafish CCT consisted of 543 amino acidgevelopment of the tectal and retinal neurons (Fig. 3F-J). These
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Fig. 2.1dentification of an internal A Equatorial  Int Apical Int Equatorial
deletion in thentnmutanicot3gene  zeprafisn CCTyprotein [T N T
and expression of theet3mRNA in i o
wild-type embryos during Zebrafish cct3 cDNA
development. (A) A 143 bp internal

deletion in thecct3transcript. The 1200 ! 1210 1220 1230 1240 1350 1360
zebrafish CCY subunit is wt ...GTCCTGCTGGACCCATATCTGCTGCCGGGTGETGGCGCAGTGGAG. - . . . . ACACTCATCCAGAACTGTGG. . .
schematically shown above; the BTN - - c C . v A R R e
equatorial, apical and intermediate ' Putative ATPase motif |

regions are indicated in boxes. The . e —

nucleotide sequences of a putative R S s e

ATPase motif in the wild-type (wt) ar :
mutant (tn) cct3transcripts are Show  ntn . . . GTeCTGCCTCATCCAGAACTETGE . . |

below. The 143 bp deletion . VL BH P EL W
corresponding to the nucleotide % &
residues 1205-1347 of the zebrafish g X o2 &

cct3transcript is in the coding Mot = o= e
sequence for a putative ATPase motl
of CCTy. The deletion causes frame:
shift and aberrant termination of
translation. (B) RT-PCR analysis of t
cct3gene transcripts from pools of
~1190 wild-type embryos of the AB
strain (AB), ~650 wild-type siblings
(wt) and ~200 mutannfn) embryos
with (+) or without (-) a reverse D
transcriptase using primers flanking
143 bp deletion. Lane M shows 100
DNA ladder as size markers. Black ¢
white arrowheads on the right indica
the 221 bp and 78 bp PCR products
representing intact and deleted
transcripts, respectively. (C) PCR
analysis of genomic DNA from pools
of ~100 wild-type embryos of AB
strain (AB), ~300 wild-type siblings
(wt), ~100 mutantr{tn) and three
individual mutant (N151, N150 and
S20) embryos using primers flanking
the 143 bp deletion. Lane M shows
100 bp DNA ladder as size markers.
Black and white arrowheads on the
right indicate the 221 bp and 78 bp PCR products representing the intact anda¢Bgedes, respectively. (D) Whole-mount in situ
hybridization analysis afct3mRNA at 0.2 hpf (one-cell stage), 6 hpf (shield stage), 9 hpf (90%-epiboly stage), 12 hpf, 24 hpf and 36 hpf. A
section through the retina was shown for embryos at 36 hpf. mhb, midbrain-hindbrain boundary; ov, optic vesicle. Scélgivars: 10

kb

results suggest that suppression of @€G3xpression by the wild-type phenotypes, which was consistent with a
the antisense morpholino oligonucleotide induces theecessive mode of inheritange? test,P=0.70). In 100 mock-
characteristic phenotypes ofh mutant embryos. injected embryos showing wild-type phenotypes, there were no
We next injected wild-typect3 mRNA into one-cell stage embryos wittcct37—genotype at thatnlocus. All the embryos
embryos derived from crosses of heterozygous (+/-) fish taith wild-type phenotypes had genotypes of eitt&B'’+ or
examine whether thect3 gene could rescuaitn mutant  cct3”- at thentn locus. The development of the eyes at 3 dpf
embryos. The injected embryos were stained with Acridingvas normal in the embryos that did not show an increase in
Orange for testing theaitn mutant phenotypes (Fig. 3K). Acridine Orange staining in the tectum. These results suggest
Among 77 embryos injected witbct3 mRNA, only four that injection ofcct3 mRNA rescuedtn mutant embryos.
embryos (5%) showed strong Acridine Orange staining in the The gene encoding nACIR is an early differentiation
tectum at 36 hpf and 73 embryos (95%) appeared normaharker of RGCs (Matter-Sadzinski et al., 2001). To examine
which deviated significantly from recessive inheritangé ( the differentiation of RGCs, we crossed the heterozygtus
test, P<0.001). The genotyping of embryos with wild-type fish with a transgenic zebrafish carrying the nAGBRjene
phenotypes revealed that 11 of 73 embryos wet®’~at the  promoter-directed EGFP expression vector (Tokuoka et al.,
ntn locus. The genotype at then locus of 20 embryos was 2002). Crossing of doubly transgenic fish with heterozygous
cct3* and that of remaining 42 embryos was3'~. Among  ntn fish yielded homozygous mutant embryos with EGFP-
137 mock-injected embryos, 37 embryos (27%) showentthe labeled RGCs. Expression of EGFP signalsitim embryos
mutant phenotypes (Fig. 3K) and 100 embryos (73%) exhibiteishjected with cct3 mRNA indicated the restoration of
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ntn
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Fig. 3. Phenocopy of thatn mutation by a
cct3antisense morpholino oligonucleotide
and phenotypic rescue nfn mutant

cct3 embryos by thect3mRNA injection.

mRNA Broken lines demarcate the tectum (tec).
(A) Dorsal view of wild-type (wt) and
mutant tn) embryos at 4 dpf. An asterisk
indicates the turbid tectum. White and black
arrowheads indicate small eyes with

mock protruding lens and poor pectoral fins,

respectively, in the mutant embryo. An arrow
indicates the reduced jaw. (B) Acridine
Orange staining of wild-type (wt) and mutant
(ntn) embryos at 36 hpf. An arrowhead indicates significant staining signals in the tectuntrofrartant embryo. (C) Confocal optical
section images of the tectum of Bodipy-ceramide-stained wild-type (wt) and mutgrerqbryos at 46 hpf. An arrow indicates patches of
dead cells. (D) Confocal composite images of anti-acetylated tubulin immunostaining of wild-type (wt) andnmm)tantk{ryos at 48 hpf. An
arrowhead indicates absence of staining signals in the tectum of the mutant embryo. (E) Confocal composite images @fthantetina
acetylated tubulin immunostained wild-type (wt) and mutatri) @mbryos at 48 hpf. An arrow indicates decreased numbers of RGCs and their
axons in the mutant embryo at 48 hpf. (F) Dorsal vieact8 antisense and control morpholino oligonucleotide-injected embryos at 4 dpf.
White and black arrowheads indicate small eyes with protruding lens and poor pectoral fins, respectively, in the antesesebingatAn
asterisk indicates the turbid tectum. An arrow indicates the reduced jaw. (G) Acridine Orange staicti®gntisense and control morpholino
oligonucleotide-injected embryos at 36 hpf. An arrowhead indicates significant staining signals in the tectum of the esdisehsebryo.

(H) Confocal optical section images of the tectum of Bodipy-ceramide-stait@antisense and control morpholino oligonucleotide-injected
embryos at 48 hpf. An arrow indicates patches of dead cells. (I) Confocal composite images of anti-acetylated tubulin iimmguofast3
antisense and control morpholino oligonucleotide-injected embryos at 48 hpf. An arrowhead indicates the absence ofrsitsrimthsig
tectum of the antisense-treated embryo. (J) Confocal composite images of the retinae of anti-acetylated tubulin immwicst&ining
antisense and control morpholino oligonucleotide-injected embryos at 48 hpf. An arrow indicates decreased numbers of iRG@s@m t
in the antisense-treated embryo at 48 hpf. (K) Acridine Orange stainaatBanRNA- and mock-injectedtn embryos at 36 hpf. An
arrowhead indicates the absence of staining signals in the tectum of theriteat@tryo. (L) Expression of nACHI gene promoter-driven
EGFP incct3mRNA- and mock-injectedtn embryos at 48 hpf. An arrowhead indicates the recovery of fluorescent signals in RGCtof a
mRNA-injectedntn embryo. (M) Genotyping of a wild-type sibling (lane d3t3mRNA- (lane 2) and mock-injected (laner3h embryos

using primers flanking the 143 bp deletion in ¢b8gene. Lane M shows 100 bp DNA ladder as size markers. Black and white arrowheads on
the right indicate the 221 bp and 78 bp PCR products representing the intact anccd&eguks, respectively. ac, anterior commissure
neurons; dIf, dorsal longitudinal fasciculus; p, pituitary gland; rgc, retinal ganglion cells; teg, tegmentum; tg, trigemgiial.gScale bars:

50 pm.

development of RGCs (Fig. 3L). In control mock-injectedphenotypes were confirmed to bet3”~ at thentn locus by
embryos, no EGFP signals appeared in the retina. GenotypBE€R using the primers flanking the deletion in ¢bt gene
of ntn embryos injected witltct3 mRNA showing wild-type  (Fig. 3M).
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ntn embryos, there were no differences in the expression

A B
: e patterns of the homeobox gerx1l (dbxla — Zebrafish
' g P . Information Network) in the midbrain (Fig. 4QJIx2 in the
» : gt telencephalon and diencephalon (Fig. 4Kjpx20 (egr2b —
W‘t — — wt —

Zebrafish Information Network) in rhombomeres 3 and 5 (Fig.
4E), andpax2ain the midbrain-hindbrain boundary (Fig. 4G).

The expression patterns diik2 in the pharyngeal arches (Fig.
"' ' »= G 4D), shhin midline structures (Fig. 4Fpax2ain the optic
- stalk, otic vesicle and pronephric duct (Fig. 484, in the
atn - zashia ntn  zashib ntn hix1 notochord (Fig. 4H) anthyodin the myotomes (Fig. 41) were
F - also comparable between wild-type and mutant embryos. Thus,
LN J the development of zebrafish embryos appeared to have
* proceeded normally until 30 hpf without the GCSubunit.
~ To examine the role of thect3 gene more precisely, we
analyzed retinotectal developmentritn mutant embryos by
Bodipy-ceremide and TUNEL staining and by expression

A patterns of differentiation markers. Zebrafish neural retina

; . consists of proliferating neuroepithelial cells at 27 hpf (Hu and
é krox20 ntn ‘shh Easter, 1999). The differentiation of RGCs began in the
| ventronasal region of the retina at 28 hpf, then increasingly

spread over the central region of the retina until 37 hpf (Hu and

N B _ Easter, 1999; Malicki, 1999; Schmitt and Dowling, 1999;
\ Tokuoka et al., 2002). Bodipy-ceremide staining showed that
= it = retinal neuroepithelial cells with elongated shapes were

arranged radially and expanding in both wild-type and mutant
embryos at 27 hpf and 36 hpf (Fig. 5A). No differences were

§
- L. | . ) c
| "’ e ﬂ detectable in cellular morphology and alignment between wild-
J type and mutant retinae at these stages. At 48 hpf, the number
ntn pax2.1  ntn ntl ntn m of retinal cells increased and their radial alignment became less

Fig. 4. Expression patterns of developmental landmark genes in pro'm_lnent in wild-type emb.ryqs. (Fig. 5A). However, .the
wild-type (wt, upper panels) amdn mutant (lower panels) embryos ~ Staining revealed a loss of significant numbers of cells in the
at 30 hpf. Lateral views of embryos stained by in situ hybridization INner region of the retina in mutant embryos, although

with (A) antisenseashlgprobe; (B) antisenseashltprobe; differentiation of the lens vesicle to the lens and onionskin
(C, left) antisensélx1 probe; (D) antisens#ix2 probe; (E) antisense organization of the lens proceeded normally. Consistent with
krox20probe; (F) antisensshhprobe; (G) antisenggax2aprobe; the results of Bodipy-ceremide staining, there were no
(H) antisensetl probe. (I) antisenseyodprobe. (C, right) Dorsal significant differences in TUNEL staining between wild-type

view of embryo stained by in situ hybridization with antisemigé andntn mutant embryos at 30 hpf and 36 hpf (Fig. 5B). At 48
probe. Arrowheads in D indicate pharyngeal arches; arrowheads in ﬁ'pf clusters of TUNEL-positive cells were found in the
indicate pronephric ducts. Scale bars: u69in A-D,F; 50um in peripheral region of the mutant retina, suggesting the

E.G-. occurrence of apoptotic cell death. However, the ciliary
marginal zone where neuroepithelial cells proliferated was
TUNEL negative. These results suggest thatntinemutation
Impairment of retinotectal developmentin  ntn affected postmitotic developments rather than the proliferation
mutant zebrafish of neuroepithelial cells.

Chaperones play an important role in folding of many proteins RGCs are the first postmitotic neurons to be born in the
and CCT is a member of two major chaperone systemzebrafish retina (Hu and Easter, 1999). We thus examined
implicated in cytoplasmic protein folding in eukaryotes (Bukauretinal development by immunostaining with monoclonal
and Horwich, 1998; Hartl and Hayer-Hartl, 2002). By 12 hpf,antibody zn5, an RGC differentiation marker (Trevarrow et al.,
the strong expression of theet3 mRNA started in entire 1990). The zn5 antibody staining showed strong signals in the
zebrafish embryos and continued thereafter (Fig. 2D). In theentral region of the wild-type retina at 48 hpf, whereas little
segmentation period (10-24 hpf), a variety of morphogenetistaining was detectable in thén mutant retina, indicating the
movements occur: the somites develop, the rudiments of tHeilure of RGC differentiation (Fig. 5C). Disturbance of retinal
primary organs become visible and the overall body length damination was observed in mutant embryos at 72 hpf (data not
the embryo increases very rapidly (Kimmel et al., 1995). Thusshown). To further investigate the development of RGCs, we
we investigated whether there were any changes in bodxamined the expression of the nAQ33Ryene, an early RGC
patterning or neurogenesis iin mutant embryos at 30 hpf. differentiation marker (Matter-Sadzinski et al., 2001), by
Two zebrafish homologs of the neurogenic getteaete-scute  crossingntn heterozygotes with transgenic zebrafish carrying
zashla(asha— Zebrafish Information Network) armhashlb  the nAChRB3 gene promoter-driven EGFP transgene (Tokuoka
were strongly expressed in the entire neural retina (Fig. 4Agt al., 2002). In wild-type embryos, RGCs with EGFP signals
and in the midbrain and hindbrain (Fig. 4B) of both wild-typeappeared in the ventronasal region of the retina at 30 hpf,
andntnembryos at 30 hpf, respectively. Between wild-type andpread in the central region of the retina at 36 hpf and expanded
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30 hpf 48 hpf 48 hpf

36 hpf

ntn

ntn

ntn 48 hpf
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Fig. 5.Impairment of retinal development imn mutant embryos. (A) Confocal optical section images through the retina of Bodipy-ceramide
stained wild-type (wt) and mutanitf) embryos at 27 hpf, 36 hpf and 48 hpf. An arrow indicates cell-free spaces. (B) TUNEL staining of
retinal sections of wild-type (wt) and mutantr{) embryos at 30 hpf, 36 hpf and 48 hpf. (C) Immunostaining with zn5 antibody (green) of
retinal sections of wild-type (wt) and mutantr{) embryos at 30 hpf, 36 hpf and 48 hpf. Nuclei of retinal cells were counterstained with Sytox
(red). (D) Confocal composite images of nA@3yene promoter-driven EGFP signals in wild-type (wt) and mutamtémbryos at 30 hpf,

36 hpf and 48 hpf in coronal view and those at 48 hpf in lateral view. Wild-type embryos have RGCs over the entire re@satwhatants

have sparse RGCs. Note tihét mutants show EGFP signals in the trigeminal ganglion and Rohon-Beard sensory neurons and the pituitary
gland. dif, dorsal longitudinal fasciculus; on, optic nerve; p, pituitary gland; rb, Rohon-Beard neurons; tg, trigemimal. &) @lionfocal
composite images of immunostaining with anti-acetylated tubulin of retinal sections of wild-type (wt) and ntofamryos at 30 hpf,

36 hpf and 48 hpf. Arrows indicate RGC axons. (F) In situ hybridizatiath&mRNA in wild-type (wt) and mutann{n) embryos at 33 hpf.
Ventral view. (G) In situ hybridization dfrn3bmRNA in wild-type (wt) and mutannfn) embryos at 36 hpf and 48 hpf. Ventral view.
Arrowheads indicate the RGC layer. Scale bargqirin A-C; 100um in D-G.

in the inner retina to form the ganglion cell layer at 48 hpf (Figkuwada, 1990), showed that a small number of RGCs in the
5D). Retinal axons crossed the midline at 36 hpf and wereentral region of the wild-type retina extended their axons at
extending towards the tectum at 48 hpf. In the mutant embryo30 hpf and 36 hpf (Fig. 5E). Anti-acetylated tubulin antibody
however, little EGFP signal was detectable in RGCs at 30 hp$tained RGC axons expanded in the inner retina and formed
36 hpf and 48 hpf (Fig. 5D). By contrast, EGFP signals in théhick bundles at 48 hpf. However, little immunoreactivity to
trigeminal ganglion cells, Rohon-Beard sensory neurons aratcetylated tubulin was detectable in the central region of the
pituitary gland of mutant embryos were as strong as those atnmutant retina. At 36 hpf and 48 hpf, there were faint signals
the wild-type embryos. The dorsal longitudinal fascicles andnh the central region of the mutant retina, indicating poor
the axon fasciculation of trigeminal ganglion cells weredevelopment of RGCs. We next examined the expression of the
comparable between wild-type and mutant embryosproneural basic helix-loop-helix transcription factor atonal
Immunostaining with antibodies against acetylated tubulin, @&omolog 5 #&th5/lakritz atoh7 — Zebrafish Information
general differentiation marker of neurons (Chitnis andNetwork) as a marker for retinal neurogenesis by in situ
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A 28 hpf
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Fig. 6. Impairment of tectal developmentrin mutant embryos.

(A) Confocal optical section images of the tectum of Bodipy-
ceramide stained wild-type (wt) and mutamif embryos at 28 hpf,
36 hpf and 40 hpf. An arrow indicates cell-free spaces. Arrowheads
point large and round cells representing mitotically active cells.

(B) TUNEL staining of coronal sections through the tectum of wild-
type (wt) and mutaningn) embryos at 30 hpf, 36 hpf and 40 hpf. An
arrow indicates TUNEL-positive cells. (C) Confocal composite
images of immunostaining with anti-acetylated tubulin antibody of
wild-type (wt) and mutanintn) embryos at 30 hpf, 36 hpf and 40
hpf. An arrow indicates the absence of tectal neuropil. (D) In situ
hybridization oforn3bmRNA in wild-type (wt) and mutannfn)
embryos at 48 hpf. Dorsolateral view. Arrows indicate the tectum.
Scale bars: 5Qm in A,C; 100um in B,D.

hybridization. The expression patternadifi5in the retina was

Research article

type and mutant retinae at 36 hpf and 48 hpf (Fig. 5G). These
results suggest thatn mutation of thecct3gene exerted little
effect on the commitment of retinal neuroepithelial cells to
postmitotic retinal neurons but severely impaired the
differentiation of retinal neuroepithelial cells to RGCs.
Apoptosis of retinal cells observed after the impairment of
RGC differentiation may be secondary effects of tie
mutation.

We also analyzed the development of tectal neurons by
staining with Bodipy-ceremide (Fig. 6A). Zebrafish tectal cells
proliferated over the whole extent of the tectal plate at 24 hpf
and many tectal precursor cells turned into postmitotic cells
forming the central differentiated zone by 48 hpf, while cells
in the peripheral marginal zone still remained proliferative
(Wullimann and Knipp, 2000). Large and round cells
representing mitotically active cells (Cooper et al., 1999) were
found along the edge of the tectum in wild-type embryos at 28
hpf and 36 hpf. During development from 28 hpf to 36 hpf, the
total volume of the tectum remained relatively constant,
whereas each tectal neuron precursor became smaller in wild-
type embryos. The ventricle between the tectum and the
posterior tectal membrane became less prominent in wild-type
embryos from 36 hpf to 40 hpf. There were no detectable
abnormalities in the organization of the tectal neuroepithelium,
alignment and mitotic cell images of tectal precursor neurons
in ntn embryos at 28 hpf and 36 hpf. At 40 hpf, however,
staining revealed cell-free spaces in the central zone of the
tectum in mutant embryos. Consistently, TUNEL staining
signals appeared in the tectum of mutant embryos at 40 hpf,
but not at 30 hpf and 36 hpf (Fig. 6B). Immunostaining with
anti-acetylated tubulin visualized the axons of trigeminal
ganglion cells extending along the epidermis over the tectum
and there were no significant differences in the
immunostaining patterns of the tectum between wild-type and
mutant embryos at 30 hpf and 36 hpf (Fig. 6C). At 40 hpf,
immunostaining showed the formation of tectal neuropil by
vigorous neurite extension of tectal neurons in wild-type
embryos, but there was little staining in mutant embryos.
However, the expression patternlwh3bin tectal cells was
comparable between wild-type and mutant embryos at 48 hpf
(Fig. 6D), indicating the presence of tectal neurons. These
results suggest that timen mutation of thecct3 gene exerted
little effect on the production of tectal cells but suppressed their
differentiation to form tectal neuropil.

Discussion

TMP mutagenesis and RDA cloning

We developed TMP mutagenesis procedures in zebrafish in an
attempt to facilitate the cloning of the mutated genes (Ando
and Mishina, 1998). TMP, in combination with UV irradiation,
forms interstrand crosslinks with DNA double helices and
frequently results in deletions, possibly via incomplete
nucleotide excision and recombination repaiEircoliandC.
elegangCimino et al., 1985; Sladek et al., 1989; Yandell et al.,
1994). Subtraction of the mutant genome from the wild-type

comparable between wild-type and mutant embryos at 33 hgienome should yield deleted genes or tightly linked RFLP
(Fig. 5F). Furthermore, a zebrafish homolog of the POUnarkers. The ability to directly clone the mutated gene by the

transcription factorbrn3b (pou4fl — Zebrafish Information

whole-genome subtraction method of Lisitsyn and Wigler

Network), a gene essential for the differentiation of RGCgLisitsyn and Wigler, 1993) crucially depends upon the size of
(Xiang, 1998), showed similar expression patterns in the wilda deletion and the presence of two restriction enzyme sites
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within the deleted segment. Because the sizes of deletions wenabryos (Lele et al., 1999). In addition, compromised Hsp90
0.1 to 15 kb inC. elegangYandell et al., 1994; Jansen et al., activity in DrosophilaandArabidopsiscaused a wide array of
1997; Liu et al., 1999), we selected five restriction enzymemiorphological variations, suggesting that Hsp90 acts as a
suitable for PCR-based amplicon preparations from zebrafigtapacitor for evolution (Rutherford and Landquist, 1998;
genomic DNA to increase the probability of success. Three tQueitsh et al., 2002). Thus, it is surprising that the impairment
four rounds of subtraction betweetmand wild-type littermate of CCTy caused defects specifically in coordinate retinotectal
genomes digested with respective restriction enzymes yieldetbvelopment of zebrafish. The causal relationship between
one to six RDA products. We thus successfully isolatedCCTy defect and the degeneration of retinal and tectal cells
polymorphic markers tightly linked to then locus, although implies the importance of chaperones in neurodegenerative
none of the RDA products was deleted in the mutant genomdiseases (Slavotinek and Biesecker, 2001). CCT is a large
These markers enabled us to obtain YAC clones carrying theylindrical complex composed of eight different subunits
ntnlocus and to identify a deletion in the chaperaut8gene providing physically defined compartments inside which a
as the cause oftn mutation. complete protein or a protein domain can fold while being
Our results demonstrate that the combination of TMRsequestered from the cytosol (Kubota et al., 1995; Llorca et al.,
mutagenesis and genetically directed RDA provides a highl§999). It is possible that the defect of thesubunit inntn
efficient and rapid cloning strategy for zebrafish forwardmutants can be compensated by other CCT subunits to form
genetics. Using RDA products from a TMP-induced zebrafislfunctional CCT complex that assist folding of many proteins
mutant, vibrato, with defects in the spontaneous contractionexcept for those specifically dependent onttseibunit. The
and touch response, we also successfully constructed a higmding that the binding of actin to CCT is both subunit specific
resolution physical map of a genomic region of 720 kkand geometry dependent (Vinh and Drubin, 1994, Llorca et al.,
containing the mutant locus (Sato and Mishina, 2003). Th&999) may be consistent with this view. Major substrates of
whole-genome subtraction method will be also applicable t&€CT are tubulin and actin in mammalian and yeast cells (Stoldt
zebrafish mutants induced by ENU. In addition to the 143 bpt al., 1996; Thulasiraman et al., 1999). In fact, CCT is
deletion in thecct3gene, there were two small deletions in ~5essential for mitosis and growth in budding yeast
kb ntn genomic region, indicating successful TMP deletionSaccharomyces cerevisiaand conditional mutations in
mutagenesis in zebrafish. We also found larger deletions in thedividual CCT subunit genes affect biogenesis of tubulin
genome ofedawakar#l® mutant zebrafish obtained by TMP and/or actin (Chen et al., 1994; Stoldt et al., 1996). However,
mutagenesis (T. Morita, unpublished). Thus, direct selection bihere was no detectable expression of ¢kt8 mRNA in
RDA of the mutated genes from TMP-induced mutant fistzebrafish embryos from one-cell to 90%-epiboly stages when
would be feasible depending on the sizes of deletions inducedgorous cell proliferation and gastrulation took place. The
In C. elegans deletion sizes were dependent on TMPcct3 mRNA was strongly expressed at 12 hpf in the entire

concentrations (Gengyo-Ando and Mitani, 2000). embryo and sustained thereafter, but the defects in

) ] ) ) development ohtn mutant embryos became detectable only at
Chaperonin CCT vy is essential for retinotectal ~30 hpf and specifically in the retinotectal system. Anti-
development acetylated tubulin immunostaining in most of neurons other

In the present investigation, we identified thesubunit of than RGCs and tectal neuropil was comparable between wild-
chaperonin CCT as an essential regulator of retinotect&pe andntn mutant embryos. It is known that axonogenesis
development in zebrafish by whole-genome subtractioalso involves actin biogenesis and polymerization (Chien et al.,
cloning from TMP-inducedntn mutants. Induction oftn  1993). Thus, it is unlikely that thatn mutation directly
phenotypes by injection ofcct3 antisense morpholino impaired the actin and/or tubulin biogenesis. Transdacin
oligonucleotide into wild-type embryos and rescuenth  requires CCT activity for folding (Farr et al., 1993). However,
mutants by injection of wild-typect3 mRNA clearly showed unlike ntn mutants, zebrafish transducin mutants showed
that the impaired retinotectal development in tive mutant  morphologically normal retina (Brockerhoff et al., 2003).
fish was caused by the mutation in the chaperoci8gene. o ) ) o )
The ntn®® mutation appears to be null because the deletioftn mutation impaired differentiation of retinal and
causes frameshift of translation. Available informationtectal neurons
suggests the presence of a single gene for they@@unit as One may speculate that the effect of ttie mutation of the
well as then, 6, €, {, n andB subunits in the zebrafish genome CCTy gene on the retinotectal development is rather
(http://www.ensembl.org/Danio_rerio/). Acct3 zebrafish nonspecific, as CCT complex should assist folding of many
mutant was on the list of retroviral insertion mutants but ngroteins and zebrafish mutants affecting both retina and tectum
characterization was reported (Golling et al., 2002). were frequently found in large-scale screens (Abdelilah et al.,
Molecular chaperones play an important role in folding 0fl996; Furutani-Seiki et al., 1996). However, the specificity of
many proteins and CCT is a member of two major chaperortee ntn phenotypes is threefold. First, there were no detectable
systems implied in cytoplasmic protein folding in eukaryotesabnormalities in body patterning and neurogenesisitm
(Bukau and Horwich, 1998; Hartl and Hayer-Hartl, 2002). Inmutant embryos at 30 hpf, despite the fact that the strong
mammalian cells, ~15-20% of newly synthesized proteingxpression of thect3mRNA in the entire embryos started by
transiently bind to Hsp70 and ~9-15% of them interact withl2 hpf and that very active developmental changes occurred in
CCT (Thulasiraman et al., 1999). Pharmacological inhibitiorthe segmentation period (10-24 hpf), including a variety of
of Hsp90, which cooperates with Hsp70 in folding of signal-morphogentic movements, the development of somites and
transduction proteins (Young et al.,, 2001), was lethal angrimary organ rudiments and rapid increase in overall body
affected the development of various organs in zebrafiskength of the embryo (Kimmel et al., 1995). Seconth
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phenotypes appeared specifically in the retina and tectum at 8&wn, N. L., Patel, S., Brzezinski, J. and Glaser, T(2001). Math5 is
dpf. At later stages (4 dpf), however, underdevelopment of required for retinal ganglion cell and optic nerve formatidavelopment
pectoral fins and some jaw skeletons were noted in addition Eolza 2497-2508.

. - ukau, B. and Horwich, A. L. (1998). The Hsp70 and Hsp60 chaperone
small eyes and turbid tectum. Such abnormalities may b€\, hinescell 92, 351-366.

caused secondarily or may represent nonspecific effects. Thirchen, X., Sullivan, D. S. and Huffaker, T. C(1994). Two yeast genes with
a specific step in RGC differentiation is impaired rim similarity to TCP-1 are required for microtubule and actin function in vivo.
mutants. The cellular organization of the retinal Proc. Natl. Acad. Sci. US81, 9111-9115.

p - - Chien, C. B., Rosenthal, D. E., Harris, W. A. and Holt, C. E(1993).
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