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Summary

In ascidian embryos,Brachyury is expressed exclusively in
blastomeres of the notochord lineage and play an essential
role in the notochord cell differentiation. The genetic
cascade leading to the transcriptional activation of
Brachyury in A-line notochord cells of Ciona embryos
begins with maternally provided (-catenin, which is
essential for endodermal cell specification.3-catenin
directly activates zygotic expression of a forkhead
transcription factor gene, FoxD, at the 16-cell stage, which
in turn somehow activates a zinc finger transcription factor
gene,ZicL, at the 32-cell stage, and theBrachyury at the

64-cell stage. One of the key questions to be answered isthe

whether ZicL functions as a direct activator ofBrachyury

transcription, and this was addressed in the present study.
A fusion protein was constructed in which a zinc finger
domain of Ciona ZicL was connected to the C-terminus

CCAGCTGTG) at —123 and_CAGCTGTG at —168 bp
upstream of the putative transcription start site ofCi-Bra

in a previously identified basal enhancer of this gene. In
vitro binding assays indicated that the ZicL fusion protein
binds to these elements efficiently. A fusion gene construct
in which lacZ was fused with the upstream sequence &fi-
Bra showed the reporter gene expression exclusively in
notochord cells when the construct was introduced into
fertilized eggs. In contrast, fusion constructs with mutated
ZicL-binding-elements failed to show the reporter
expression. In addition, suppression ofCi-ZicL abolished
reporter gene expression, while ectopic and/or
overexpression of Ci-ZicL resulted in ectopic reporter
expression in non-notochord cells. These results provide
evidence that ZicL directly activatesBrachyury, leading to
specification and subsequent differentiation of notochord

of GST. Extensive series of PCR-assisted binding site cells.
selection assays and electrophoretic mobility shift assays
demonstrated that the most plausible recognition sequence
of Ciona ZicL was CCCGCTGTG. We found the

elements CACAGCTGG (complementary sequence:

Key words:Ciona intestinalis Notochord Brachyury,ZicL, Direct
activator

Introduction coincides with that of the developmental fate restriction except

The formation of the ascidian notochord is an embryologicalP! Ci-Bra expression in B7.3. Ectopic expressionHtBra
process in which the molecular mechanisms operate from tfigasuo and Satoh, 1998) Gi-Bra (Takahashi et al., 1999a)
beginning of fertilization until the terminal differentiation of changes the developmental fate of endodermal cells to
specific structural gene function (for reviews, see Satoh, 200f0tochord. Functional suppression Gf-Bra (Satou et al.,
Satoh, 2003; Corbo et al., 2001). In ascidians, incluGioga ~ 2001a) orHr-Bra (H. Takahashi, personal communication)
intestinalis C. savignyiandHalocynthia roretzithe notochord ~ 'esults in the failure of notochord formation. Ci-Bra triggers
comprises exactly 40 cells, and their lineage has bedR€ transcription of various downstream genes in notochord
completely described (Conklin, 1905; Nishida, 1987). The 32€lls (Takahashi et al., 1999a; Hotta et al., 2000).
anterior notochord cells are derived from the A4.1 pair (A-line) Early developmental events leading to specification of
of the bilaterally symmetrical 8-cell embryo and the eighthotochord cells have also been investigated. As in the case of
posterior cells are derived from the B4.1 pair (B-line) (Fig. 1J)vertebrate embryos, cell-cell interaction is involved; signals
A key gene essential for the ascidian notochord formation is @manating from neighboring endodermal cells promote
T-box gene Brachyury (Ci-Bra of C. intestinalis Cs-Bra of notochord specification (Nakatani and Nishida, 1994), and the
C. savignyiand Hr-Bra of H. roretz). In the A-line, the cellular interaction leads to activationtéf-Bra (Nakatani et al.,
developmental fate of the A7.3 and A7.7 pairs is restricted996). The endoderm @ionaembryos is specified by nuclear
at the 64-cell stage to the notochord, wh8mchyury is localization of maternally providefgtcatenin (Imai et al., 2000),
expressed (Fig. 11) (Yasuo and Satoh, 1993; Corbo et alhich triggers transcription of various downstream genes,
1997). In the B-lineCi-Brais expressed in the B7.3 pair at the includinglhx3, otx, ttf1, FoxA FoxD, Fgfo/16/20 andZicL (Satou
64-cell stage, whiléir-Bra is expressed in the B8.6 pair at the et al., 2001b; Imai et al., 2002a; Imai et al., 2002c; Imai et al.,
110-cell stage. Namely, the ascidiBrachyuryis expressed 2002b; Imai, 2003). When the nuclear localizatiof3-a&tenin
exclusively in notochord cells, and the timing of the expressiois suppressed, presumptive endodermal cells change their fate
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A

Ci-ZicL
Cs-ZicL
Fig. 1.(A) Alignment of the amino I Il

acid residues of the central region of - — e — — e — -
Ci-ZicL with those of Cs-ZicL. The Ci-ZicL CGKHFGRSENLKIHQRTHTSERPE‘PCKFPGCERRFANSSDRKKHSYW{NTEKL MCKYEGCDRSYTHPSSLRKHIRMHES

. . . . CS-ZiCL IDCGELFGRSENLEIHQRTHT SERPFPCEKFPGCERRFANS SDREEHSYMHN TEEL YIWCKYEGCDRSY THPSSLRKHIRMHE S|
five zinc finger motifs are boxed, and

conserved CCHH are indicated by I IV \
asterisks. This region was used to
produce a GST/ZicL(ZF) fusion
protein. (B-D) Zygotic expression of
Ci-ZicL, as revealed by whole-mount
in-situ hybridization. (B) A 32-cell,
(C) a 64-cell and (D) a 110-cell stage
embryo, vegetal view. (E,F) The
effect of suppression @i-ZicL
function on expression @i-Bra, in

(E) a control and (F) &i-ZicL-
suppressed embyro at the 110-cell
stage. (G-J) Schematic
representations of the expression of
FoxD, ZicL, SnailandBrachyury
genes. Embryos at (G) the 16-cell,
(H) 32-cell, (1) 64-cell and (J) tailbud
stage, viewed from (G-I) the vegetal
pole and (J) the lateral side.
Blastomeres are named according to
the nomenclature of Conklin (1905).
Blastomeres whose names are colored ® ZicL

green in (H) and (1) are those that ® ZiclL ® Snail

give rise to notochord cells. ® Snail @ Brachyury

* * * E 3 * * 3 L3 *
EWSN G FIGER SCDVIFHDMHELVNHVTRDHVSGMDQTDHTCYW"DCS RERF
Fi:IGHRSCDVIFHDMHBLVNHVTRDHV SGMDQTDHTCYWHDCSRERE

J

A-line 32 notochord cells

B-line 8 notochord cells

into epidermis, and therefore, due to lack of endoderm, nsufficient as a minimal enhancer for the notochord-specific
notochord cells differentiate, and when the nuclear localizatioaxpression of a reporter gene (cf. Figs 3, 4). This enhancer
of B-catenin is ectopically promoted, most blastomeres, includingontains recognition sequences of the Suppressor of Hairless
presumptive notochord cells, change their fate into endoderrfSu(H)], suggesting the possibility that the Notch signaling
resulting in a lack of notochord differentiation (Imai et al., 2000) pathway plays a role in notochord differentiation (Corbo et al.,

One of the B-catenin downstream geneBgf9/16/20Q is  1998). Imai et al. (2002b) suggested that, in B-line notochord
involved in the induction of mesenchyme by endoderm, whileells, FoxD activates the Notch signaling pathway, which is likely
its role in notochord induction appears partial becBuaehyury  to eventually lead to the activation Bfachyury Therefore, in
is expressed irFgf9/16/20suppressed embryos, although itsB-line cells,-catenin- FoxD— Notch-. Brachyuryis the most
activation is retarded (Imai et al., 2002a). In addition, a forkheagrobable genetic cascade leading to notochord differentiation.
transcription factor genéoxD, and a zinc finger transcription  In the A-line, at least two molecular events remain to be
factor geneZicL, are involved in the process of notochordexplored to understand the genetic cascade for notochord
specification. The expression ©6-FoxD a direct target of-  specification: whether FoxD directly activatescL, and
catenin, commences in Ab.1, A5.2 and B5.1 at the 16-cell stagenether ZicL directly control®8rachyuryexpression. In the
(Fig. 1G), and is maintained in A6.1, A6.3 and B6.1 at the 32present study we investigated the latter process and provided
cell stage (Fig. 1H) but becomes undetectable by the 64-cal/idence for the function of ZicL as a direct activator of
stage (Fig. 1l).FoxD is not always required for endoderm Brachyury
differentiation but is essential for notochord differentiation (Imai
et al., 2002b). HoweveEicL is expressed in A6.2, A6.4, B6.2 .
and B6.4 at the 32-cell stage (Fig. 1B,H), and A7.3, A7.4, A7.Vlaterials and methods
A7.8, B7.3, B7.4, B7.5, B7.7 and B7.8 at the 64-cell stage (Fig. . .
1C,l) (Imai et al., 2002c). A6.2, A6.4, B6.2 and B7.3 are’scidian eggs and embryos _ .
presumptive notochord cells, while A7.3, A7.7 and B8.6 ar& mtest_lnallswere maintained under constgnt light tollnduce oocyte
primordial notochord cells. The expressiorCstZicLin the A- gmoagg[i}'cc:n' AfEtgrgsinzgﬁqi r?ggérr? ‘g’g&i c\:\f’et?é”?gafeuég'gflg’bé&mléhe
line cells is activated d_ownstream. ﬁfcatenlh/FO)_(D (Imai in Millipore-filtered seawater (MFSW) containing 5@g/ml
et al.,, 2002b). TheCs-ZicL expression is essential for the streptomycin sulfate.
differentiation of A-line notochord cells but not of B-line
notochord cells (Imai et al., 2002c). Construction of recombinant plasmids for GST fusion

Corbo et al. (1997) investigated the sequence upstream foteins
Ci-Bra to show that the 434-bp upstream of the TATA box iscDNA fragments encoding the zinc finger motifs (ZF) of ZicL of both
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C. intestinalis and C. savignyi were prepared by PCR using the reactions, unlabeled DNA fragments identical to ZicL-b (X100 molar
following primers and cDNAs as templates: Ci-ZicL(ZF);- 5 excess) were pre-incubated with the protein for 10 minutes prior to
CGCGGATCCACCAATCCGATTGCTTGC-3and 3-CCGCTCGA-  the addition of labeled probe. In the zinc removal experiment, 25 mM
GGGAACTGTTGTCGATTACG-3, cicl002e04; Cs-ZicL(ZF), 's  EDTA was added to the binding mixture.
CGCGGATCCTCGCATCCAGTCGCTTG &nd 3-CCGCTCGAG-
TTGTGACGAATTGATGACG-3, BAB68356. Mutagenized Ci-Bra/lacZ constructs

The resultant cDNA fragments were digested vBi@duH| and Mutagenized forms of th€i-Bra/lacZfusion genes were prepared by
Xhd, and inserted into pGEX-4T-1 expression vector (Amershansite-directed mutagenesis from constructs containing the ‘full-length’

Pharmacia). (3.5 kbp) or ‘minimal’ (483 bp) enhancer @f-Bra (Corbo et al.,
. o . 1997) used as templates with Quik Change Site-Directed Mutagenesis
Expression and purification of the proteins Kit (Stratagene). The following mutagenic oligonucleotides were used

GST fusion proteins as well as GST proteins were prepared using the delete the ZicL-b1 and ZicL-b2 site, respectively. Essentially, in
DH5a strain of Escherichia coli Proteins used for binding site each case, a putative ZicL-binding site was replaced by a sequence
selection analyses were purified from crude bacterial extracts usirigat reduced the in vitro binding affinity (corresponding to lower case
glutathione Sepharose 4B according to the manufacturer’s instructiotetters).uZicL-b1: 5-GAGCAACCCTCAgAcgTcGATGCCACCAC-
(Amersham Pharmacia). For gel mobility shift assays, proteins wer€TACGGC-3 + 5-GCCGTAGGTGGTGGCATCgAcgTcTGAGGG-
eluted from the beads in binding buffer (25 mM HEPES (pH 7.5), 100TGCTC-3 and pZicL-b2: 5-CACAAGGTGTTCGATCgAcgTc-
mM KCI, 10 pM ZnSQy, 1 mM DTT, 0.1% NP-40, 5% glycerol) TGAAAGTAAACATAGAGC-3' + 5-GCTCTATGTTTACTTTCA-
containing 10 mM reduced glutathione. Purified proteins werggAcgTcGATCGAACACCTTGTG-3
analyzed by 10% SDS-PAGE.

Electroporation and microinjection
Binding site selection assay and mutational analyses Different fusion gene constructs were simultaneously electroporated
DNA sequences optimal for binding with GST/ZicL(ZF) fusion into fertilized eggs as described (Corbo et al, 1997). Each
protein were determined by a PCR-assisted binding site selecti@iectroporation used eggs from several different batches, and each
assay basically as described by Pollock and Treisman (1990). Initiallgonstruct was examined by two or more electroporations. For
random sequence libraries were generated by a primer extensiaricroinjection, these constructs were used after linearization with
reaction with 61-mers (B5GCCGCTCTAGAACTAGTGGAT- Hindlll. The 25-mer morpholino antisense oligonucleotide @or
C(N)16CGATACCGTCGACCTCGAGGG-3 and 70-mers (8GGC-  ZicL, 5-GATCAACCATTACATTAGAATACAT-3', was order-made
CGCTCTAGACTGCTGTTCG(N)egCGATACCGTCGACCTCGAG-  (GeneTools, LLC). In vitro synthesized capped mMRN&EBZicL was
GG-3) as template and R1 primer'{BCCTCGAGGTCGACG- prepared from cDNA cloned into pBluescript RN3 vector using
GTATCG-3) in a Klenow reaction mixture. Twenty-five picomoles of Megascript T3 kit (Ambion). Microinjection was performed as
double-stranded DNA fragments from the above random sequenciescribed previously (Imai et al., 2000; Imai et al., 2002c). Solutions
libraries were mixed with about 8 ng of the GST fusion protein oof about 0.5 nM fusion genes, 0.5 mM morpholino and M2
GST protein bound on Glutathione Sepharose 4B beads (Amershaynthesized mRNA were used for microinjection, and each injection
Pharmacia) in 10Ql of binding buffer consisting of 25 mM HEPES contained 30 pl of solution.
(pH 7.5), 100 mM KCI, 1M ZnSQy, 1 mM DTT, 0.1% NP-40, 5% o o ) )
glycerol and 50ug/ml poly[dI-dC]. After incubation on ice for 30 Whole-mount in-situ hybridization and histochemical
minutes, the beads were washed in a washing buffer (25 mM HEPEIStection of B-galactosidase activity
(pH 7.5), 100 mM KCI, 1@M ZnSCQy, 1 mM DTT, 0.1% NP-40, 5% Expression of transgenes was visualized by whole-mount in-situ
glycerol) and treated with proteinase K, and the DNA fragments werkybridization (Satou et al., 2001a) or histochemical detectid of
purified. A fraction of the resultant DNA fragments was amplified bygalactosidase activity (Corbo et al., 1997). For histochemical
PCR with primers (F1:"856GCCGCTCTAGAACTAGTGGATC-3or detection, embryos were fixed for 15 minutes in 0.5 M NaCl, 0.1 M
F2: 3-GGCCGCTCTAGACTGCTGTTCG-3and R1: 5CCCT- MOPS (pH 7.5) containing 4% paraformaldehyde, rinsed in PBT and
CGAGGTCGACGGTATCG-3. The PCR products were resolved by incubated in PBT containing 1 mM MgCI3 mM Ki[Fe(CN)], 3
10% polyacrylamide gel electrophoresis, and the bands correspondingM Ks[Fe(CN)] and 250uM X-gal.
to 61- or 70-bp DNA fragments were excised from the gel and eluted
into TE buffer. Purified DNA fragments were subjected to the nexEa
round of selection. Ten rounds of selection were performed, with PC esults
amplification after each round. After the 8th and 10th cycles, the PCRharacterization of Ci-ZicL. cDNA

products were subcloned into pGEM-T vector and analyzed. cDNAs for ZicL were originally characterized f@. savignyi
EMSA (Cs-Zicl) (Imai et al., 2002c). Because the present study was
Electrophoretic mobility shift assays (EMSAs) were carried out undef@'Tied out mainly usin@. intestinalis we first characterized
the following conditions. Each reaction contained ~50 m¥9PP- ~ CDNA clones for theC. intestinalisortholog, Ci-ZicL. Ci-ZicL
labeled substrate DNA fragment and 200 ng of purified GST fusioDNA clones were identified by searching a database of
protein or GST protein in 20l of binding mixture, consisting of 25 EST projects of C. intestinalis (http://ghost.zool.kyoto-
mM HEPES (pH 7.5), 100 mM KCI, 1M ZnSQs, 1 mM DTT, 0.1%  u.ac.jp/indexrl.html) with th€s-ZicL cDNA sequence. One
NP-40, 5% glycerol, and §@y/ml poly[dI-dC]. DNA fragments were  of the clones, cicl002e04, encoding a full-length protein, was
p{]epare,d ?:Y anznceallng Epmggm?ntary 0"9|°”U£.'eftéd§§:’T"A’g'Ch aigsed in the following experiments. ThiGi-ZicL cDNA
shown In F1g. 2L and Fig. Sb, 1or example, ZICL-b: ~  consisted of 1539 nucleotides (DDBJ/EMBL/GenBank
TGGATCCCGCTGTG-8 + §-CCGCACAGCGGGATCCACTS o pagsion no. AK113645), encoding a polypeptide of 388

The resultant double-stranded DNA fragments were labeled wsth [ . . e N . '
32P]dCTP by Klenow fill-in reaction and purified with a Microspin S- 2MNO acids with five zinc finger (ZF) motifs. Alignment of the

200 column (Amersham Pharmacia). The binding mixtures wer&Mino acid residues of the ZF motifs (Fig. 1A) indicated that
incubated at room temperature for 30 minutes, and subjected fel-ZicL and Cs-ZicL share 93% amino acid identity in this

electrophoresis on an 8% native polyacrylamide gel. The product€gion. As shown in Fig. 1B-D, the spatiotemporal expression
were visualized by autoradiography of the dried gel. For competitiopattern ofCi-ZicL was identical to that o€s-ZicL. We also
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Fig. 2. Characterization of A & B

nUCIeOFide Sequences recqgnizec j GST/Ci-ZicL(ZF) %A 6 777 5 111 2 3 117 2 7 319112517 17
GST/ZicL(ZF) fusion protein. 2 (Bﬁl;unln(fs){ Yt | S 87 11 1 1 460 337 9192823 172
(A) SDS-PAGE of purified GST/C N,l. %G |8 76 7 4 3 5 4 8 10 16 91 35 84 18 29 29 29 30
ZicL(ZF) fusion protein (lane 2) O %C | 4 6 8 1494803 78 7 32 5443225 3630 n=150
andGSTprotein(IaneS)_The ; ; consensus)] g g a t ¢e € C G €C T G B G N N N N N
molecular mass relative 0 he R A AT R AR AT RO SR,
Marker (lane 1) shows the

successful production of the fusio 97kDa == 33 g; 9; ; g J£ 9? 92 92 9’2: g 9? ?? gf L} ;2 g?r %g i? n=108
protein. (B) Compilation of the 66kDa |- consensus] g g a t ¢ € € G C T G T G N N N NN
GST/Ci-ZicL(ZF) and GST/Cs- GST/Cs-Zicl(ZF)%A | 4 1073 4 211 3 1 1 7 1 5 219 18 17 10 28
ZicL(ZF) binding sequences. DN/ 45kDa S s (8rounds) %T | 3 7 11 78 2 1 4 1 269 143 5 27 26 15 25 19
sequences that bound to the fusic GC | 7 0 13 0 8 89 10 83 4 4 15 4 30 26 41 39 23 n-s
proteins were selected and 30kDa =k consensus]| g g a t ¢ C C G C T G K G N N N N N
determined as described in

Materials and methods. Cloned 99atcCCGCTGTG

random sequences, after eight or 20kDa

rounds of selection for GST/Ci-

ZicL(ZF) and eight rounds for D j j

GST/Cs-ZicL(ZF), were aligned. 8 B LAaWw &)

The bottom sequence in eachtat  C probe N N EER ]
represents the compiled most . , ,

favored sequence at each nucleo  ZicL-b 5'-ACTAGTGGATICCCGCTGTGCGG-3

position. The underlined ggatc is A ACTAGTGGAGCCCGCTGTGCGG

identical to the 3end of primer F1. 4B ACTAGTGGATACCGCTGTGCGG

(C,D) A mutation analysis of the uC ACTAGTGGATCACGCTGTGCGG

binding sequence of GST/Ci- uD ACTAGTGGATCCaGCTGTGCGG

ZicL(ZF). Eleven types of nE ACTAGTGGATCCCECTGTGCGG

oligonucleotides (C) were examin uF ACTAGTGGATCCCGaATGTGCGG

by a gel-shift assay (D). The boxe G ACTAGTGGATCCCGCgGTGCGG

uppercase letters of the ZicL-b uH ACTAGTGGATCCCGCTETGCGG

oligonucleoti(_:ies ir_ldi(_:ate the ul ACTAGTGGATCCCGCTGYGCGG

consensus ZicL-binding sequenct ul ACTAGTCGATCCCGCTGTECGE

The shaded lowercase letters in t

pA-pJ oligonucleotides indicate
mutated nucleotides in each mutant oligonucleotide. The binding seemed specific because it was not detected under cimchtems\ed
incubation (lane 1), pre-incubation with x100 molar excess of unlabeled competitor DNA or replacement with GST proteirsfaatano

confirmed that the function @i-ZicL in notochord formation the selection with 16-bp random dsDNAs. Eight and 10 rounds
is identical to that ofCs-ZicL In agreement with the of selection yielded a similar consensus sequence, and this
requirement for Cs-ZicL in notochord formation (Imai et al.,was the case for both GST/Ci-ZicL(ZF) and GST/Cs-
2002c), suppression ofCi-ZicL function with specific ZicL(ZF). This analysis demonstrated that most of the
morpholino abolished endogeneo(@$-Bra activation (Fig. sequences selected had CCGCTGTG at ther@inus of the
1E,F) following the loss of notochord differentiation. The primer F1 (ggatc).
expression pattern ofCi-FoxD, which regulates the A double-stranded oligonucleotide, ‘ZicL-b’ (Fig. 2C,
transcription ofCi-ZicL, was also identical to that @fs-FoxD  upper: 5ACTAGTGGATCCCGCTGTGCGG-3  was
(data not shown). synthesized. The specific binding of the fusion protein to the
o o o suggested sequence was confirmed by EMSA with ZicL-b
Characterization of binding sequences of Ci-ZicL (Fig. 2D, lane 2). We performed a series of mutation analyses
Fusion proteins of GST/Ci-ZicL(ZF) and GST/Cs-ZicL(ZF) to determine whether a part of the primer F1 sequence was
were obtained using pGEX-4T-1, and purified (see Materialsicluded in the binding sequence, and confirmed that
and methods). SDS-PAGE (Fig. 2A) confirmed the purificatiolCCCGCTGTG was required for effective binding (data not
of the protein with bands of the expected mobility. shown). In addition, to examine the significance of each of the
Recognition sequences or binding elements of Ci-ZicL(ZFhucleotides for binding, we further performed EMSAs with
and Cs-ZicL(ZF) were identified by PCR-assisted binding sit@arious oligonucleotides that had a nucleotide substitution
selection assays and EMSASs. Identical results were obtain¢d -~ C or T~ G transversion) in these sequences. The results
for both proteins, and therefore we describe here only that fare shown in Fig. 2C,D. The T to G mutation (Fig. R8)
Ci-ZicL(ZF). dsDNAs consisting of the selected 16-bp or 26-n the region neighboring the above-mentioned recognition
bp sequences were examined after five, eight, or 10 rounds sgquence did not significantly alter the binding affinity to
selection. The results for 16-bp and 26-bp dsDNAs appeargdST/Ci-ZicL(ZF) (Fig. 2D). MutationgB, uC, uD, ul andud,
similar, although the consensus among the 26-bp dsDNAs was which a nucleotide near one of the ends of the recognition
weaker than that among the 16-bp dsDNA (data not shown$equence is substituted, reduced the binding affinity. Moreover,
Fig. 2B shows the raw numbers of nucleotides obtained aftenutationspuE (G to T),uF (C to A),uG (T to G) anduH (G
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-483 AAAARATGAAAAAAACACACCCAACGTACAATARAACTTACGGCAAATTGTAGTTAAAATTCATAATTACARAACAATAARGATCATATA

Fig. 3.ZicL-binding sequences

in thecis-regulatory region of -393 MCAM}LTA'I"I‘AAAGATCATJ\TTMCMTJ\'I'MTATAGATCATATTMTAGCGACMMC'I“I‘CGTCACM‘I‘ACAAACM
theCi-Bragene. (A) DNA Su(HML Sugmyz, 5l

sequence of the minimal 483-k  _303 AATATTTCGACATGTCAATCAAAATCGGARACCAAGT l.J.LAP;:..I.J.LLCACI&MGA@ATGGGM;&;TMCACGTCACM

Ci-Bra enhancer (see Corbo et . —241 sna2
al,, 1997; Fujiwara et al., 1998 _5;3 GACGTCATATCACTAAAACAAACGM‘C::AGCTGTGAMGTMACATAGAGCGCCACCACMGMAACcc'rcacmc'rs
Solid unfilled boxes, dotted Sna3 (2158%2) = E3
tlhnefll(;eo(:tgg)ﬁ?‘lse’ Ifrl]”delga?g)éefsannadl =123 -_(:Ili.:';'GCGCGCACTTTCMCMACATMTTTCAAAAAGAAGAAGTTATGACGTCACAATCCTGE‘?}EI)}"A‘%CTTGCACCCG
binding sites, Su(H)-binding (zicL-b1)

sites, E box sequences and a =33 AGTGTGATTTGGAGGCAGAATG'I‘TTTCGAAGC'EC:\GTGCGAGTTACAA&CCTATRQTG%CGgCAgCAgATgGT%AGETAgCAgGTﬁTG%C
TATA element, respectively. Th

arrow represents the presumpt cco08 3 =328
transcription start site. Solid C - % E E ‘; T E ; E

lines represent elements with probe § N @ @ @ @ @ @ @
sequence similarity to the B Zn)

consensus ZicL-binding

sequence. (B,C) A gel shift as¢ ZicL-b 5'-ACTAGTGGATICCCGCTGTGCGG-3'

of the binding of GST/Ci- Bra-123 GTGGTGGCATCCAGCTGTGAGG

ZicL(ZF) to oligonucleotides Bra-168 GGTGTTCGATCCAGCTGTGAAA

corresponding to various Bra-241 CTGGATCGAACACCTTGTGTTT

locations in theCi-Bra Bra-731 AATTCGCACCCCCGCAGTCGTT

transcription regulatory region. Bra-1053 TATCAACCTACCCGGTGTCTTG

Oligonucleotide sequences Bra-1279 ACCGGTAGACGGCGCTGTGGAG

shown in (B) were examined ir Bra-1996 GACTAATTCTACCGCTGGGTGT

gel-shift assay (C). The boxed

letters of ZicL-b indicate the

consensus ZicL-binding sequence. The shad

letters in Bra-123 to Bra-1996 indicate D

nycleo_tld(_es identical to those I.n the consenst C.ntestinalis =352 ATA----TTAATAGCGACAA-ACCTTATCTG-GTGTTACGTCACAATACAARCAAAATAT
ZicL-binding sequence. The binding seemed ek Ek k% kAR KRAEAREE Kk X Kk K Kk kEkRE K %

o : C.savignyi =
SpeCIfIC because it was not detected Under savignyi 1024 ATACCCATTTGTTTTGGCAATTTCTTATCTGAATGCTTCCTGTARAARCAARTAGGGTTC

conditions of zinc-removed incubation (lane 1 C.ntestinalis =298 TTCGACATGTCAATC---AAAATCGGAAA-CCAAGTTTCAACTTCCCACGCAAGACAATG

- 1 i ok mk ok ek ke * kkkkmkk wk kk ok Ewkkhkkdk k k  wkkkkkhk
pre incubation Wlth x100 molar excess of Cusavignyi  -964 TGCAAC-TCTCGGTCTGCATGCTCGGAAACCCGAGCCTAAACTTCCGAGGTGAGACAATG
unlabeled competitor DNA or replacement by

GST protein (data not shown). (D) ComparisC  cimesinalis -242 GGAAAGTAACACGTCACAATACACTTGGTGACGTCATATCACTAARACAAACACAAGGTG
EE R XX * & * % *EE

kEkEkE FE EE R kS * * Fk EHAkhkEk
Of_ theB_raChYury_upStream Sequen(?es t_)etweel C.savignyi -904 GGAATGT--TACGTCACAATCTTCCCAGTGACGTATAAGCCGAAATGCAAATACGAGGTG
Ciona intestinaligupper) andC. savignyi

(lower). Boxes in th€. intestinalissequence C.intestinalis -182 -TTCGA AGTAAACATAGA GCGCCACC
. . . . . . . *k * khkkkdkkhdh * & *hdk hkkk
'nd!ca_te presumptive Z'Cij'nd'ng Sltt_as,_and Casavignyi  -846 TTTAAAGTCAACACTTTCAGTAAACARACATTCCGTCAACGAAGCACCGGCAGCGACACC
solid lines in theC. savignyisequence indicate ZicL-b

. Cintestinalis - : .
sequences that resemble the consensus ZiclL =~ Cintestinalis  -145  ACACGAGCAACCCTLACAGCTGUATGCCACCACCTACGGCGCACTTTCARCARACATARA

binding sequence. Csavignyi  _786 GAACGGCGTAGCGGEACAGCGGGETACGGCCACCTACGGCGCAACTTGCACTAAC-TAAT

to T) in the core region of the recognition sequence resulted ia essential for activation &i-Brain notochord cells (see also

loss of the binding. Corbo et al., 1998). The distal region between —434 and —299
Altogether, these findings indicated that the most probablimcludes a Snail binding motif and is associated with repression

binding sequence of GST/ZicL(ZF) iS-6CCGCTGTG-3  of the ectopic expression in mesenchyme and muscle cells (see

and its core, GCTG, is critical for the binding. also Fujiwara et al., 1998; Erives et al., 1998). In a report by
Corbo et al. (1997), the TATA box (shown by a dotted line in

The 5' minimal enhancer of Ci-Bra contains two Ci- Fig. 3A) was regarded as +1. In the present study, 'teedb

ZicL-binding elements residue of theCi-Bra cDNA sequence that is registered in the

Corbo et al., (1997) showed that the 434 bp upstream of tliatabase related to the genome sequence was regarded as +1
TATA box (483 bp upstream of the putative transcription starbf the transcription start site. The TATA box is therefore
site) of Ci-Bra is sufficient as a minimal enhancer for the located at —44 to —49. In the enhancer there are four putative
notochord-specific expression of reporter gen8§R and  Snail binding sites (snal to sna4), two putative Su(H) binding
lacZ) (Fig. 3A). The minimaCi-Bra enhancer consists of three sites [Su(H)1 and Su(H)2] and three E-box sequences (E1 to
regions. The most proximal region (~188) includes three EE3).

boxes and is involved in ectopic reporter expression in We searched the Ci-ZicL-binding element in the 2-kbp
mesenchyme and muscle cells. This region is also required foggion upstream dfi-Bra and found six elements where more
expression in notochord cells. The slightly more distal regiotthan seven out of the nine nucleotides were identical to the
between —299 and —188 contains two Su(H) binding motifs an@ST/Ci-ZicL(ZF) binding consensus sequence determined as
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described above. These possible ZicL-binding sequences wet€,F). Introduction of the fusion genes by electroporation gave
located at —123, —168, —731, —1053, —1279 and —1996, and aldentical results. Each of these examinations was confirmed
at —241, which was around the Su(H)2 site, with six out ofvith 50 or more embryos. These results indicated that the
nine nucleotide identity (Fig. 3B). The —-123 sequencepotential ZicL-binding sites in theCi-Bra enhancer are
CACAGCTGG (complementary sequence: AECTGTG), essential for the initiation dfi-Bra transcription.
and the —168 sequence, AGCTGTG, were identical and We also examined the requirement for these ZicL-binding
shared eight out of nine nucleotide identity with the determinedites at the tailbud stage, becausedhBra enhancer has been
binding sequence (underlined); notably, six successivassayed at this stage (Corbo et al., 1997; Corbo et al., 1998;
nucleotides, including the core sequence GCTG, werEujiwara et al., 1998) and the expression of the reporter gene
identical. The —123 and —168 elements overlap with E3 and E&fter the prolonged embryogenesis is detected with better
respectively. sensitivity even byB-galactosidase staining. Of 528 embryos
We examined whether these sequences were recognized dgveloped from eggs electroporated with p(—483)Ci-Bra/lacZ,
GST/Ci-ZicL(ZF). As shown in Fig. 3C, the =123 (lane 3) and43% showed strong reporter expression in almost all notochord
—168 (lane 4) sequences bound to the fusion protein with @ells and 26% in a part of the notochord cells (Fig. 4G,H). In
similar affinity as ZicL-b (lane 2), while =731 (lane 6) boundcontrast, as shown in Fig. 4G,l,J, the expression level of
less tightly. Therefore, it is highly likely that Ci-ZicL p(-483)Ci-Bra/lacZ was markedly reduced when either ZicL-
recognizes the —123 and —168 upstream sequendeisBrA bl (123-bp upstream of the transcription start site) or ZicL-b2
(hereafter designated ZicL-bl and ZicL-b2, respectively)(168-bp upstream) was mutated. In particular, mutation of
suggesting the possibility that Ci-ZicL acts as a direct activataZicL-b1l suppressed the expression of the reporter gene, and
of Ci-Bra. only 4% of the manipulated embryos showed partial expression
Furthermore, sequences resembling the Ci-ZicL bindingf lacZ (Fig. 4G,l). In addition, the ZicL-b1/ZicL-b2 double
element were also present in the upstream region of thmautation abolished the reporter expression completely (Fig.
presumptive C. savignyi Brachyurygene (Fig. 3D). The 4G,K).
upstream sequence ©6-Brahas been characterized (Y.S. and When p(-3.5k)Ci-Bra/lacZ was electroporated into fertilized
K. S. Imai, unpublished). Possible ZicL-binding sites wereeggs, more than 80% of the resultant embryos exhibited strong
found at —764 and —-792 upstream ©§-Bra The more lacZ expression in almost all notochord cells at the tailbud
proximal one (corresponding to ZicL-b1©f intestinali3 had  stage, as described previously (Fig. 4G,L) (Corbo et al., 1997).
nine out of nine base identity with the binding consensuMutation in ZicL-b2 of p(-3.5k)Ci-Bra/lacZ did not cause a
sequence, while the other had six out of nine base identitgignificant decrease of the reporter expression (Fig. 4G,N).
Therefore, ZicL-binding sites, at least ZicL-bl, are likely toHowever, mutation in ZicL-b1 affected the expression level,

function for Cs-Braexpression, too. about 53% of embryos still exhibited the reporter expression
) o . ) in most notochord cells (Fig. 4G), but the intensity of the

The ZicL-binding elements are required for the  Ci- expression was clearly weaker than that in controls (compare

Bra enhancer activity Fig. 4M with Fig. 4L). The proportion of embryos with weak

To determine the significance of ZicL-binding sites in@ie  and partial reporter expression or without expression increased.
Bra enhancer in vivo, a series Gi-Bra/lacZ fusion genes in Moreover, when both ZicL-b1l and ZicL-b2 were mutated in
which theCi-Bra upstream sequence was fused in frame withp(-3.5k)Ci-Bra/lacZ, the reporter expression was reduced
lacZ with or without mutations in the potential ZicL-binding further (Fig. 4G,0).
sites were introduced into fertilized eggs. The 3.5-kb genomic ) o )
DNA fragment upstream from th@i-Bra transcription start Overexpression of Ci-ZicL promotes ectopic
site contains thecis-regulatory information required for €xpression of Ci-Bra/lacZ reporter
authentic Ci-Bra expression, since it mediates a precise We lastly examined whether or not Ci-ZicL is responsible for
notochord-specific expression pattern of reporter genes i@i-Bra expression in a manner dependent on these elements in
transgenic embryos (Corbo et al.,, 1997), while the 483-bpivo. If Ci-ZicL binds to these elements to activate the
region appeared to possess ‘minimal’ enhancer activittranscription of Ci-Bra, overexpression ofCi-ZicL by
p(—483)Ci-Bra/lacZ, possessing the 483-bp ‘minimal’ ormicroinjection of its synthetic mRNA into fertilized eggs
p(—3.5k)Ci-Bra/lacZ, possessing the 3.5-kbp ‘full-leng@l¥  should direct ectopic activation of the reporter gene driven by
Bra enhancer, were mutated at either one or both of thiheCi-Braenhancer in blastomeres of non-notochord lineages,
potential ZicL-binding sites; the ZicL-b1 site, CACAGCTGG and conversely, suppression ©i-ZicL should inactivate the
[CCAGCTGTGE to CAgAcgTcG, and the ZicL-b2 site, reporter expression.
CCAGCTGTG to CgAcgTcTG. Using these mutated As shown in Fig. 5A, injection o€i-ZicL mRNA caused
constructs, we examined the effects of the mutations in thectopic transactivation of the co-injected reporter gene
ZicL-binding sites on the expression of the reporter gene. p(—3.5k)Ci-Bra/lacZ at the 110-cell stage (compared with Fig.
When p(-483)Ci-Bra/lacZz or p(-3.5k)Ci-Bra/lacZ was 4E). In contrast, p(—3.5k)Ci-Bra/lacZ with double mutation of
introduced via microinjection and thacZ expression was ZicL-b1l and ZicL-b2 was not activated by co-injectionGif
assessed by in-situ hybridization, the reporter reproduced tizéacL mRNA (Fig. 5B). Moreover, the reporter expression was
spatial expression pattern of endogenGu8ra at the 64-cell lost by suppression of endogeneddsZicL with specific
stage (Fig. 4A,D) and at the 110-cell stage (Fig. 4B,E). Thenorpholino (Fig. 4C).
reporter expression directed by the 483-bp upstream sequencélhese results were further confirmed by examination at the
was weaker. However, when both ZicL-binding sites werdailbud stage (Fig. 5D-G; corresponding to Fig. 4H-O), with
mutated, reporter expression was completely abolished (Fithe same reason described above. In the present experiments,
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p(-483)Ci-Bra/lacZ pZicl-b1,2

p(-3.5 k)Ci-Bra/lacZ p(-3.5k)Ci-BrallacZ pZicl-bl2
G _. mutation strong partial ND
] (%) (%) (%)
43 26 31 (n=528)
10 19 71 (n=810)

W strong expression 0 4 96 (n=342)

M partial expression
(0) : < 0 0 100 (n=244)

(none)
Zicl-b2

ZicL-bl

ZicL-bl
Zicl-b2

(none)
ZicL-b2
Zicl-bl

ZicL-bl
ZiclL-b2

Fig. 4. Requirement of potential ZicL-
binding sites foICi-Bra expression in
notochord cells. Reporter gene
expression in embryos microinjected
with (A-C) p(—483)Ci-Bra/lacZ and
(D-F) p(-3.5k)Ci-Bra/lacZ, revealed
by whole-mount in-situ hybridization.
(A,B,D,E) Constructs without
mutation or (C,F) ZicL-b1/ZicL-b2
double-mutations were introduced
and examined at the (A,D) 64-cell il
stage or (B,C,E,F) 110-cell stage. o
(G) The frequency of the tailbud stage g 3 9
embryos with the reporter gene = A
expression, revealed by histochemicaljlJ . J «PE o o C
detection of3-galactosidase activity. 7
The electroporate@i-Bra/lacZfusion
genes with the mutated ZicL-binding
sites are listed on the left. Reporter
gene expression in embryos
electroporated with (H-K) p(-483)Ci-
Bra/lacZ and (L-O) p(-3.5k)Ci-
Bra/lacZ. (H,L) Constructs without
mutation, (I,M) ZicL-b1l mutated,
(J,N) ZicL-b2 mutated or (K,O) ZicL-
b1/ZicL-b2 double-mutated. High-

magnification images of the embryos
are shown in insets. p(-3.5 k)Ci-Bra/lacZ p-35k)Ci-BrallacZ (WZicl-bl p(-35k)Ci-BrallacZ pwZicl-b2  p(-3.5k)Ci-BralacZ pZicl-bl1.2

82 11 7 (n=369)
80 8 12 (n=526)
3 (n=457)

2
15 64 21 (n=235)

p(-3.5 k)Ci-Bra/lacZ p(-483)Ci-Bra/lacZ

p(-483)Ci-Bra/lacZ  p(483)Ci-BralacZ icL-bl p(483)Ci-BralacZ pZicl-b2 p(483)Ci-BralacZ pZicl-bl2

we took advantage of cleavage-arrested embryos to minimizéage embryo contains 10 notochord precursor cells, which
other influences ofCi-ZicL overexpression, becauggiona  divide twice to form 40 notochord cells in the tailbud embryo.
ZicL plays crucial roles in the differentiation of not only Embryos injected with p(-3.5k)Ci-Bra/lacZ alone showed the
notochord but also muscle and nerve cord, and overexpressimporter expression, in some cases in cells corresponding to
of Ci-ZicL causes severe embryological defects, which weraotochord lineage (Fig. 5D) and in some other cases in
already manifested by production of ball-shaped embryos apbtochord, muscle and mesenchyme cells, where Ci-ZicL is
the 110-cell stage (cf. Fig. 5A,B) (Imai et al., 2002c). Weexpressed, as noted above (Fig. 5E). However, co-injection of
injected p(—3.5k)Ci-Bra/lacZ with or witho@i-ZicL mRNA  Ci-ZicL mRNA caused ectopic transactivation of the reporter
into fertilized eggs, and arrested cleavage at the 110-cadene in most blastomeres, including the notochord lineage
stage with cytochalasin B (Rg/ml), and then performed (Fig. 5F). In contrast, double mutation of ZicL-b1l and ZicL-
histochemical detection of lacZ expression at the time wheb2 resulted in loss of lacZ expression desp@eZicL
control embryos reached the early tailbud stage. A 110-cetiverexpression (Fig. 5G). These results were confirmed with
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p(-3.5 k)Ci-Bra/lacZ p(-3.5 k)( i H” lacZ p(-3.5 k)Ci-Bra/lacZ
+ +

peicl
Ci-Zicl mRNA Ci-Zicl mRNA Ci-Ziel MO

OFF

Ciziel mRNA  CiZicl mRNA Fig. 6. Schematic representation of the transcriptional contr@ii-of
Bra. See the text for details.

p(-3.5 k)Ci-Bra/lacZ

p(-3.5 L)(] Bra/lacZ p(-3.5 thll ‘r}}I allacZ
t £

Fig. 5. Misexpression o€i-ZicL promotes ectopic lacZ expression in
blastomeres of non-notochord lineages, while suppressiGir&4tL
does not activate lacZ expression. (A) p(-3.5k)Ci-Bra/lacZGind  sjtes were mutated (Fig. 4C,F, and Fig. 5G), as in the case of
ZicL mRNA, (B) p(=3.5k)Ci-Bra/lacZ with ZicL-b1/ZicL-b2 double- notochord lineage blastomeres. All of these results support the
mutation andCi-ZicL mRNA, or (C) p(-3.5k)Ci-Bra/lacZ andi- notion that Ci-ZicL is a direct activator Gfi-Bra.

ZicL morpholino antisense oligonucleotides were injected into
fertilized eggs, and the reporter expression was examined at the 110- Corbo et al. (Carbo et al., 1997) reported that the most

cell stage by whole-mount in-situ hybridization. (D,E) p(~3.5k)Ci- Proximal region (~188) of the minimaCi-Bra enhancer is
Bra/lacZ, (F) p(-3.5k)Ci-Bra/lacZ ar@-ZicL mRNA, or (G) mainly involved in ectopic expression of a reporter gene in

p(_3.5K)Ci-Brallacz with ZicL-b1/ZicL-b2 double-mutation agid  Mesenchyme and muscle cells, while the slightly more distal
ZicL mRNA were injected into fertilized eggs, embryos were allowedregion between —299 and —188 (including two Su(H) binding
to develop to the 110-cell stage and cleavage was arrested for aboutr®tifs) is essential for activation €fi-Bra in notochord cells
hours (equivalent to the early tailbud stage), and then the reporter (Corbo et al., 1998), and the distal region between —434 and
gene expression was examined by histochemical detectf®n of —299 (including a Snail binding motif) is associated with
galactosidase activity. repression of the ectopic expression (Fujiwara et al., 1998:;
Erives et al., 1998) (Fig. 3A). Their analyses, however, could
40 or more embryos. Therefore, it is highly likely that Ci-ZicL not definitively determine whether the proximal-most region of
directly activate<Ci-Bra transcription. Ci-Bra is associated with enhancement of the gene expression
in notochord cells, although their data demonstrated the
reporter expression of the p(—188)Ci-Bra/lacZ construct in

Discussion notochord cells [fig. 5A of Corbo et al. (Corbo et al., 1997)].
S ) ) The present study substantiates the findings of the study of
Ci-ZicL is a primary enhancer of  Ci-Bra Corbo et al. (Corbo et al., 1997) by pointing out the

The question we explored in the present study is whether Géignificance of the proximal-most region Gi-Bra for its

ZicL is involved in the direct activation @i-Bra transcription  transcription in notochord cells (Fig. 4G-K). Based on the data
in C. intestinalis embryos. The PCR-assisted binding siteobtained from these two studies (Corbo et al., 1997) (this
selection assays and EMSAs indicated that CCCGCT@GTG study), together with those from other studies (Corbo et al.,
the most probable binding sequence of Ci-ZicL. Two1998; Erives et al., 1998; Fujiwara et al., 1998; Imai et al.,
CCAGCTGTG elements were found in the proximal region of 2002c), we propose a basic scenario for the transcriptional
the upstream sequenceGifBra (at —123 and at —168), a region control of Ci-Bra as follows (Figs 1, 6).

shown in a previous study to be required for the basal activation Cionaeggs are maternally provided with a large quantity of
of the gene (Corbo et al., 1997; Corbo et al., 1998; Fujiwara @catenin mRNA and protein (Imai et al.,, 2000). Nuclear
al., 1998). The Ci-ZicL zinc finger domain bound to thesdocalization of [-catenin in vegetal blastomeres after
elements in vitro. Mutations in these elementsGiBra  fertilization triggers the genetic cascade for endodermal cell
enhancer/lacZ resulted in loss of the reporter gene expressidlitferentiation by activating-oxA otx, ttfl, and other genes
Overexpression ofCi-ZicL promoted ectopic reporter gene (Satou et al., 2001b; Imai, 2003pxD is a direct target gene
expression of p(—3.5k)Ci-Bra/lacZ, and suppression of Ci-Ziclof B-catenin and, as shown in Fig. 1, is expressed transiently in
did not direct the reporter expression. In addition to blastomeresb.1 and A5.2 cells at the 16-cell stage and A6.1 and A6.3 cells
of notochord lineage, the expression was weakly detected at the 32-cell stage (Imai et al., 2002b), although the protein
blastomeres giving rise to muscle and mesenchyme (Figlistribution has not yet been determined. Overexpression of
4A,B,D,E), where ZicL is expressed. This also applies to somEoxD promotes ectopi@icL expression, and suppression of
cleavage-arrested tailbud stage embryos (Fig. 5E). HowevdfpxD function results in the loss dicL expression (Imai et al.,
this expression completely disappeared when ZicL-bindin@002c). ThereforeZicL is activated downstream &6xD.
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One question here is whether FoxD directly activates this partially downregulated byFgf9/16/20 suppression. In
transcription oZicL or not. One possibility is that, as is evident addition, in early embryos @ionaas well as other ascidians,
in Fig. 1G,H, although A6.2, A6.4 and B6.2 do not sliaxD  FoxA (forkhead HNF-30) is likely to play roles in endoderm
expression, they are daughter cells of A5.1, A5.2 and B5.1 wittlifferentiation and notochord differentiation (Olsen and
FoxD expression. Therefor&pxD is expressed in A5.1, Ab.2 Jeffery, 1997; Shimauchi et al., 1997). Factors other than these
and B5.1 at the 16-cell stage, and the gene product is inheriteglo may also be involved in the transcriptional activation of
by the A6.2, A6.4 and B6.2 daughter cells at the 32-cell stag€iona Brachyury Therefore, the present results may be
where it activategicL transcription. Another possibility is that interpreted as indicating that ZicL is a primary and essential
FoxD in A6.1, A6.3 and B6.1 activates genes for induceactivator of Ci-Bra, leaving open the possibility that other
molecule(s) for signal transduction to promaiel expression factors also play roles i@i-Bra activation.
in A6.2, A6.4 and B6.2 at the 32-cell stage. OFdelL is o ) .
transcribed and translated, the gene product would acfivate Transcriptional control of ~ Brachyury in other animal
Bra via ZicL binding elements in the proximal-most region 9roups
of Ci-Bra. This may be a primary genetic cascade forCis-regulatory elements for specific expressionBadichyury
differentiation of A-line notochord cells (Fig. 6A). have been investigated in another ascidiamoretzi(Takahashi

The slightly more distal region between —299 and —18&t al., 1999b). The notochord-specific expressiorHoeBra
(including two Su(H) binding motifs) and the distal regiondepends on a module between —289 and —250 of the upstream
between —-434 and —-299 (including a Snail binding motiflsequence of the gene. Thialocynthiagenome also contains
are primarily associated witlCi-Bra expression in B-line two types ofZic-related genespacho-1(Nishida and Sawada,
notochord cells (Fig. 6B). That is, becauSeZicL is also  2001) andzicN (Wada and Saiga, 2002jrzicNis expressed in
expressed in B-line mesenchyme and muscle cells (B7.3, B7 Hlastomeres of muscle, notochord, anterior mesenchyme and
B7.7 and B7.8),Ci-Bra could be expressed in these cells.nerve cord, and the gene seems to be responsible for the
However, thesnailgene is expressed in the same cells With  differentiation of these types of cell, and a model in which
ZicL expression and Snail represses €@ieBra expression HrzicN may activatéir-Bra together with FGF/BMP signaling
there (Fig. 6C and Fig. 1H,1) (Fujiwara et al., 1998; Erives epathway is proposed (Wada and Saiga, 2002). The results of the
al., 1998). Fujiwara et al. pointed out that binding sites snafiresent study partially support that model. However, the Ci-
and sna2, but not sna3 and sna4, are critical for suppressing #ieL binding element shown here is not present in this region
Ci-Bra expression (Fujiwara et al., 1998). of Hr-Bra. Therefore, although th&icL—Brachyury network

In B-line notochord cells ofCiona embryos, the Notch appears to function itHalocynthia notochord specification,
signaling pathway, which is downstreamFaixD, is likely to  details of theHalocynthianetwork remain to be elucidated.
be involved in the activation &rachyury(Imai et al., 2002b). In mouse embryodBrachyuryis expressed in the primitive
That is, only B6.2 or B7.3 receives an inductive signaktreak (non-axial mesoderm) and in the node or notochord
(probably Notch signaling pathway) from B6.1 or B7.1(axial mesoderm). The regulatory sequences required for the
(endodermal cell), which overcomes the Snail repression texpression ofBrachyuryin the primitive streak are present
govern Ci-Bra expression in B7.3 (Fig. 6B and Fig. 1lI). within 500 bp upstream of the transcription start site of this
However, because the ZicL-bl/ZicL-b2 double mutationgene (Clements et al., 1996; Yamaguchi et al., 1999a). A part
abolishes the reporter gene expression in B-line notochomf the Brachyury expression domain in the primitive streak
cells, ZicL may also be required f@i-Bra expression in B- depends onWnt3a (Yamaguchi et al., 1999b) and the

line notochord cells. downstream effectorkefl and Tcfl (Galceran et al., 2001).
) ) o TCF-binding sites have been found in the moBs&chyury
Other factors controlling  Ci-Bra transcription promoter, and their mutation led to loss Bfachyury

As shown in the present study, double mutation of both Ziclexpression and Wnt responsiveness (Arnold et al., 2000;
binding elements in the —483 bp minimal enhancer and —3.¥amaguchi et al., 1999b). Howeveais-regulatory elements
kbp full-length enhancer ofi-Bra completely abolished the responsible for the notochord-specific expression of the mouse
reporter gene expression (Fig. 4C,F,K). However, the sant&rachyuryhave not been well characterized.
mutation in the 3.5-kbp enhancer region @ifBra did not In Xenopus embryos, Xbra and FGF constitute an
completely abolish the expression, but rather affected the levalitoregulatory loop (Latinkiet al., 1997; Casey et al., 1998).
of the reporter gene expression when examined at the tailbddhe transcription oKbra2, via the region 381 bp upstream of
stage (Fig. 4G,0). This suggests that elements other than tthee transcription start site, is activated by FGF and low
two proximal ZicL-recognition sites are also involved inconcentrations of activin but is suppressed by high
regulating the transcriptional activity @i-Bra. A possible concentrations of activin (Latinkicet al., 1997). This
ZicL-binding sequence found at —731, although with lessuppression is mediated by paired-type homeobox genes,
intense binding affinity to the GST/Ci-ZicL(ZF) (Fig. 3B), goosecoicandMix.1 (Latinki¢ et al., 1997; LatinKiand Smith,
and/or othecis-element(s) might be involved in regulating the 1999). TheXbra expression also requires zygotic Wnt activity
Ci-Bra transcription, particularly in the late process. (Vonica and Gumbiner, 2002).

Factors other than ZicL may also be involved in regulating At present, however, no conservigansregulatory system
the transcriptional activity o€Ci-Bra. Previous studies have has been shown to govern tlB¥achyury transcription in
suggested that the FGF signal transduction pathway is involvewtochord cells in ascidians and vertebrates.
in notochord specification iiCiona embryos (Imai et al., ) ) )
2002a), wher&gfa/16/20is expressed in blastomeres involved The complexity of ZicL function
in notochord differentiation, andBrachyury expression As mentioned above, Ci-ZicL appears to function as a direct
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activator ofCi-Bra. However, the expression and functions of FGF4/6/9gene and its role in the induction of mesenchyme and notochord
Ciona ZicLare multiple and complex, aficL expression does  in Ciona savignyembryos Development29, 1729-1738.

Syati ; Imai, K. S., Satoh, N. and Satou, Y(2002b). An essential role of EoxD
not always lead tBra.ChyuryaCtlvatlon ('”.‘a' etal, 20020) [see_ gene in notochord induction iBiona embryos.Developmentl29, 3441-
also Wada and Saiga (Wada and Saiga, 2002), for multiples;54

functions ofHrzicN]. First,Cs-ZicLis expressed not only in the mai, K. S., Satou, Y. and Satoh, N(2002c). Multiple functions of a Zic-
A-line notochord lineage but also in the A-line nerve-cord like gltenecin the differer_ltiagon ofD not?chord,ﬂcze;tgzge;\%%s system and
lineage and B-line muscle lineage. Although the details of ZicL ';‘i“SKC eT'gk;%ga ’f‘a"ggﬁmNry‘;ia 2/;gﬁm\?r2]ooo o mediates
function in the specification and_subsequ_ent_dlffer_ent|at|on Ol‘mth’e sp;ecificatiO’n 01" endod’erm cells in aséidign enzleDeselopmemLZZ
nerve cord cells are obscure, ZicL function in B-line muscle 3009-3020.
cells appears to be coordinated with the function of another zinatinkic, B. V. and Smith, J. C.(1999). Goosecoidand mix.1 repress
finger transcription factor gengj-macho(Satou et al., 2002). gracr;yury exgz’sii?ggin% gafe required for head formatiorX@mopus

H H evelopmen - .
Halocyn.thla mach_o—hppears to have the potentlal_to promqteLatinkic', FI; V., Umbhauer, M., Neal, K. A., Lerchner, W., Smith, J. C. and
the entire genetic cascade for muscle cell differentiation cnjitfe, v, (1997). Thexenopus Brachyurpromoter is activated by FGF
(Nishida and Sawada, 2001). On the other hand, the potentiaknd low concentrations of activin and suppressed by high concentrations of
of Ci-macholto promote the genetic cascade for muscle cell activin and by paired-type homeodomain proteBenes Devl1, 3265-3276.

differentiation appears partial, and requires the coIIaborativ@akatg"”" Y. and NiShid?’lH'&gg‘& '2”550“0” of notochord during ascidian
- . h . . embryogenesiev. Biol. 1 -299.
functioning of ZicL (Imai et al., 2002c). In future studies, it \iatani v, Yasuo, H., Satoh, N. and Nishida, H1996). Basic fibroblast

should be determined whether the ZicL binding element is growth factor induces notochord formation and the expressicksdf a
present in the enhancer region of muscle-specific structuralBrachyury homolog, during ascidian embryogenedievelopmentl22,
genes and serves to activate their transcription. 2023-2031. _ o o _
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