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SUMMARY

Signals from micromere descendants play a crucial role in cells, the initial specification of primary mesenchyme cells,
sea urchin development. In this study, we demonstrate that or the specification of endoderm.HpTb expression is
these micromere descendants expreddpTb, a T-brain controlled by nuclear localization of 3-catenin, suggesting
homolog ofHemicentrotus pulcherrimusHpTbis expressed that HpTb is in a downstream component of the Wnt
transiently from the hatched blastula stage through the signaling cascade. We also propose the possibility that
mesenchyme blastula stage to the gastrula stage. By aHpTb is involved in the cascade responsible for the
combination of embryo microsurgery and antisense production of signals required for the spicule formation as
morpholino experiments, we show thaHpTb is involved in  well as signals from the vegetal hemisphere required for the
the production of archenteron induction signals. However, differentiation of aboral ectoderm.

HpTb is not involved in the production of signals

responsible for the specification of secondary mesenchyme Key words: Archenteron induction signal, T-brain, Sea urchin

INTRODUCTION and Angerer, 2000). First, genes encoding proteins involved in
the formation of spicule have been identified, includaig50
In the sea urchin, the fourth cleavage produces a 16-cell staffgenson et al., 1987) an8M30 (George et al., 1991). The
embryo with eight mesomeres in the animal hemisphere ards-regulatory systems controlling the expressionSifi50
four macromeres and four micromeres in the vegetalMakabe et al., 1995) an&M30 (Akasaka et al., 1994,
hemisphere. Micromeres are specified autonomously, dxudakis and Wilt, 1995; Yamasu and Wilt, 1999) were
isolated micromeres give rise to skeletogenic cells in vitr@analysed in detail. One of the transcription factors responsible
(Okazaki, 1975), and no other fate is ever observed fdior SM50 and SM30 expression is EtsHpEts induces the
micromeres when transplanted to ectopic location in thexpression oHpSM50and loss ofHpEts function results in
embryo. In addition, micromeres play an important role in axishe failure of spicule formation (Kurokawa et al., 1999).
formation, as shown by deletion of micromeres or theiiSecond, nuclear localization @fcatenin is essential for the
transplantation of micromeres into the animal pole regiormutonomous specification of micromere (Wikramanayake et
(Horstadius, 1973; Ransick and Davidson, 1993). Removal @fl., 1998; Logan et al., 1999; Emily-Fenouil et al., 1998).
micromeres during the period from fourth and fifth cleavagé hird, Delta, which is expressed by micromere descendants,
also impairs expression of an endoderm specific gene (Ransiplays an essential role in the Notch-dependent specification of
and Davidson, 1995). Furthermore, signal(s) emanating frolBMCs (Sweet et al., 1999; McClay et al., 2000; Sherwood et
micromere descendants at late blastula stages are important &y, 2001; Sweet et al., 2002).
gastrulation itself (Minokawa and Amemiya, 1999; Ishizuka et It has been demonstrated that transcription factors
al., 2001). containing a T-domain, the DNA-binding domain homologous
Recently, progress has been made in identifying moleculdo the mousérachyury(or T) gene product, play important
mechanisms that underlie the specification and subsequentes in various aspects of animal development (reviewed by
differentiation of the micromere-primary mesenchyme celHerrmann and Kispert, 1994; Smith, 1997; Papaioannou and
(PMC) lineage (reviewed by Davidson et al., 1998; AngereBilver, 1998). T-domains fall into a number of subfamilies,
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such asbrachyury Tbx and T-brain. T-brain-1, which is  Whole-mount in situ hybridization

expressed in the cerebral cortex (leading to the name T-braimhole-mount in situ hybridization was performed as described
was first isolated from mouse (Bulfone et al., 1995). A relatedreviously (Kurokawa et al., 1999). DIG-labelled antisense RNA
T-box gene, referred to aBomesoderminjsolated from probe was prepared with an Ambion’s Megascript kit using DIG-11-
Xenopus laeviss first expressed in the mesoderm and the®TP. RibOprObeS were hy_drolyzed with alkali to sizes of about 150-
expressed in the most anterior part of the brain at the tadpdt@0 nucleotides, as described by Cox et al. (Cox et al., 1984).

stage (Ryan et al., 1996, Ryan et al., 1998). Recentlgynihetic mRNA and antisense morpholino microinjection
invertebrate homologues ®fBrain-1have been isolated from into sea urchin eggs

a hemichordate acorn worm (Tagawa et al., 2000), a starfisig generate DNA templates for in vitro RNA synthesis, the plasmids
(Shoguchi et al,, 2000) and a sea cucumber (Maruyamghat contain cDNA for HpTb, truncated HpEts-FLAG (Kurokawa et
2000). al., 1999) and the intracellular domain of sea urchin LvG-cadherin
We report the isolation and characterization of sea urchifLogan et al., 1999) were linearized with restriction enzymeés. 5

homologue ofT-brain-1, referred to asipTh. We suggest that capped mRNA was synthesized by using the T7 Megascript kit
HpTbis involved in the production of signals from micromere (Ambion) and Cap Analog [m7G(§pp(3)G; Ambion] as described
progeny responsible for gastrulation. We also propose th#t the instruction manual. Microinjection of sea urchin eggs was
HpTbis involved in the cascade responsible for the productiofone as described by Gan et al. (Gan et al., 1990). Morpholino

. . . . : ligonucleotides complementary to sequence containing the
of signals required for the spicule formation, and for signals - ion start site of HpTb AAATTCTTCTCCCATCATGTCTGCT
from the vegetal hemisphere required for the differentiation o

nd the controlacZ morpholino were obtained from Gene Tools
oral-aboral ectoderm. (Corvallis). Oligonucleotides were dissolved in 40% glycerol at a
concentration of 5 pg/pl (3&0° molecules/pl). Two picolitres of the

MATERIALS AND METHODS solution was injected into each fertilized egg.

Indirect immunostaining
Embryo culture The cDNA fragment coding for the N-terminal region of HpEts
Gametes of the sea urchiil.(pulcherrimu$ were obtained by protein, corresponding to codons 450 bp to 881 bp, and the N-terminal
coelomic injection of 0.55 M KCI, and fertilized eggs were culturedregion of HpTb protein, corresponding to codons 291 bp to 707 bp

in the artificial sea water Jamarin U (Jamarin Lab) at 16°C. and 807 bp to 1373 bp, were fused downstream ton#iE gene in

) ] the pMAL-cRI vector (New England Biolabs), which encodesEhe
Cloning of cDNA for the sea urchin homologue of the coli maltose-hinding protein (MBP). The fusion proteins, HpEts-MBP
mouse T gene and HpTb-MBP, were produced B coli, affinity purified using an

The amino acid sequences of T domain of Thgene products are amylose resin, and used for immunization of rabbits to generate anti-
highly conserved among mouse (Herrmann et al., 199)opus HpEts and anti-HpTb, respectively.
(Smith et al., 1991), zebrafish (Schulte-Merker et al., 1992), ascidians Antibodies were purified using affinity column containing specific
(Yasuo and Satoh, 1994) and sea urchins (Harada et al., 1995). Tartigens (Harlow and Lane, 1988). Embryos were fixed and stained
sense-strand oligonucleotide that corresponds to the amino acidth affinity-purified anti-HpEts polyclonal sera or affinity-purified
sequence YIHPDSP and the antisense oligonucleotide thamnti-HpTb polyclonal sera as described by Logan et al. (Logan et al.,
corresponds to the amino acid sequence NPFAKG(A)L(F) werd999). These primary antibodies were detected with Oregon green-
synthesized using an automated DNA synthesizer (Appliedonjugated goat anti-rabbit secondary antibodies (Molecular Probes).
Biosystems). Using these oligonucleotides as primers, we amplifieEmbryos were blocked in TBS-T (5 mM Tris-HCI, pH 7.5, 70 mM
target fragments from ad. pulcherrimusgastrula cDNA library by  NacCl, 1.3 mM KCI, 0.5% Tween20) containing 40 mg/ml goat serum.
means of PCR. Probing with candidate cDNA fragments randomFor the staining with the Hpoe antibody (Yoshikawa, 1997), embryos
labelled with f2P]-dCTP (Amersham), we screened the library atwere fixed as described by Coffman and McClay (Coffman and
high stringency (hybridization, ¥8SPE, 0.1% SDS,xDenhardt's  McClay, 1990) and the primary antibodies were detected with Texas
solution, 50% formamide at 42°C; washingsSEC, 0.1% SDS at Red-conjugated secondary antibodies (Molecular Probes).
65°C). The isolated clones were subcloned into pBluescriptll SK(+{N )
(Stratagene). The clones were sequenced by dideoxy chaWyestern analysis
termination (Sanger et al., 1992). In order to obtain a cDNA clone th&mbryos were dissolved in sample buffer [final concentration: 290
contains entire open reading frame, we re-screéhgalicherrimus ~ mM Tris-HCI (pH 6.8), 8.3% SDS, 30% glycerol, 0.01% Bromphenol
hatched blastula cDNA library with an RNA probe synthesized fronBlue, 4% 2-mercaptoethanol], and boiled for 5 minutes. Proteins were
the obtained cDNA. The RNA probe was labelled with digoxigeninanalysed on 8% acrylamide gels by SDS-PAGE and transblotted on
(DIG)-11-UTP (Roche) using T3 Megascript kit (Ambion) asto a PVDF membrane (Immobilon Transfer Membranes; Millipore).
described in the instruction manual. An antibody against digoxigenifhe membrane was reacted with affinity-purified polyclonal anti-
that had been conjugated to alkaline phosphatase was used to prétElb antibodies, followed by horseradish peroxidase-conjugated goat
the membrane (Roche). The chemiluminescent signal produced layti-rabbit secondary antibodies (1:1000000; KPL), followed by
enzymatic dephosphorylation of CSPD (TROPIX) by alkalinedetection with Super Signal West Dura Extended Duration Substrate
phosphatase was detected by X-ray film. (PIERCE) as an enzymatic substrate. The chemiluminescent signal
was detected by X-ray film.
Northern blot hybridization
The RNA was extracted from. pulcherrimusembryos at various RT-PCR analysis
developmental stages as described by Chomczynski and Sacdiital RNA was isolated from 50 control and 50 mRNA-injected
(Chomczynski and Sacchi, 1987). The total RNA (8) was embryos or 50 embryos derived from animal cap mesomeres using
electrophoresed on each lane of a denaturing formaldehyde-1#8OGEN (Wako). The extracted RNAs were used to synthesize cDNA
agarose gel, transferred to a Nytran membrane (Schleicher amding RNA PCR kit (AMV) (Takara). An aliquot of the RT reaction
Schuell), and hybridized to the antisense RNAdpfblabelled with  was then used for PCR containing O.&1 concentrations of
DIG-11-UTP. The signal was detected as described above. appropriate primers. All comparisons were performed in the linear
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range of amplification. The products were resolved on 2% agarosend the level of the signal was almost constant until gastrula
gels and then transferred to a Nytran membrane (Schleicher astage. Thereafter, the signal diminished rapidly (Fig. 3A).
Schuell). To visualize the PCR products, hybridization with The Northern b|0tting also detected a very weak band of

appropriate DIG-labelled RNA probes was followed by commerciabpoyt 4.5 kb in the egg and cleavage stages (Fig. 3A). We
Fab fragments of antibody to DIG conjugated to alkaline phosphatase,|ated the cDNA clones from cleavage stage embryos using
(Roche). The chemiluminescent signal produced by enzymati

. ; e entireHpTbcDNA as a probe. Sequencing of these clones
i‘ﬂ;"ﬁ,ﬂ:‘f’ry'a“on of CSPD by alkaline phosphatase was detected r%’vealed that the mRNAs of the cleavage stage embryos are

shorter, being truncated at the C-terminal region (Fig. 1).
Construction of mesomere-micromeres chimeras ] ] ) o

Micromere and animal cap isolation, and cell transplantations wer&/P Tb-transcripts localize to differentiating PMCs

performed by hand using a glass needles as described by KurokaWie studied which territories or cell types exprégsib by

et al. (Kurokawa et al., 1999). means of in situ hybridization of whole-mount specimens. At
the hatched blastula stage, the distinct signaHptb was
detected in the presumptive PMCs (Fig. 3B), which form a ring

RESULTS around vegetal pole (Fig. 3C). At the mesenchyme blastula
) stage, theselpTb positive cells migrate into the blastocoel to

The sea urchin conserves a homologue of the give rise to PMCs (Fig. 3D). The primary skeletogenic

mouse T-brain gene mesenchyme cells are derived from (large) micromeres. No

Using oligonucleotide primers corresponding to a conservelybridization signals were detected in embryonic cells other
sequence in thél-box gene family, we amplified target than PMCs. After the gastrula stage, tHigTlb whole-mount
fragments fromH. pulcherrimusgastrula cDNA by the PCR hybridization signal is no longer detectable (data not shown).
reaction. Sequencing the amplified 300 bp-long fragments ]
revealed that the sea urchin contain-lox gene different HpTb localize to nucleus of PMCs after blastula
from HpTa, which we previously reported asbsachyury Stage
homologue (Harada et al., 1995). Thus, we designated thi¥estern blot analysis, using affinity-purified anti-HpTb
second T-box gene asHpTh. Screening hatched blastula antibodies, revealed that HpTb protein is detected as a single
cDNA library (H. pulcherrimu$ with DIG-labelled RNA band with an estimated molecular weight of 105 kDa. As the
probe yielded a clone that consisted of 4975 nucleotides. Ashorter, processed HpTh-mRNAs detected in the egg and
shown in Fig. 1, the cloned fragment contains a single operieavage stage embryos lack part of the coding region, we
reading frame of 2817 nucleotides that encodes a polypeptideould expect the molecular mass of the proteins translated
of 939 amino acids and a calculated molecular mass dfom cleavage stage HpTb-mRNAs to be smaller than the
105 kDa. HpTb expressed after the blastula stage. However, no such
We performed a molecular phylogenetic analysis usingmaller band was detected, suggesting that the processed
the 136 confidently aligned sites of the T-domain amindHpTb-mRNA is not translated. The full-length HpTb protein
acid residues. The resultant phylogenetic tree indicates thet present in the egg and cleavage stage, decreases in
HpThis a T-box gene belongs to the subfamily Bhrain  abundance before hatching and then increases at the hatched
(Fig. 2A). blastula stage. Thereafter the level of protein remains almost
Fig. 2B shows a comparison of the amino acid sequencesnstant until the pluteus stage (Fig. 4A). Taken together with
of the T domain of HpTb with proteins encoded by the humathe results of northern blots (Fig. 3A), the results indicate that
hu-Tbr-1(Bulfone et al., 1995), mousa-T-brain-1(Bulfone  the HpTb protein is accumulated maternally, destroyed before
et al., 1995), zebrafishf-tbr 1 (Yonei-Tamura et al., 1999), hatching, and then produced zygotically after the blastula
X-Eomesodermin(Ryan et al., 1996) and starfighp-Thr  stage.
(Shoguchi et al., 2000). Although the overall degree of amino Immunostaining of the embryos with anti-HpTb antibodies
acid identity is not very high, in the T domain shown in Fig.revealed that HpTb is present in the cytoplasm, but is absent
2 the extent of amino acid identity was 61% (sea urchinfrom nuclei of all blastomeres in the cleavage stage. This
mouse), 60% (sea urchin/frog), 60% (sea urchin/zebrafislguggests that the maternally stored HpTb does not function as
and 72% (sea urchin/starfish). The relatively high degree & transcription factor (Fig. 4B). After the hatching blastula
identity in the T domain between the sea urchin protein anstage, the HpTb disappears from blastomeres except for PMCs,
the mouse€T-brain-1, X-EomesodermirZF-tbr 1andAp-Tbr  and HpTb is accumulated in the nuclei of (presumptive) PMCs
proteins demonstrates that this cDNA clone corresponds to(&ig. 4C).

sea urchin homologue of the chord&tbrain gene. ) o
Repression of HpTb causes significant delay of

Expression of HpTb during sea urchin gastrulation

embryogenesis is transient In order to gain the insight into the role BipTb during
Northern blotting analysis revealed that tHpTb transcripts  development, we designed experiments to perturb the embryo
are transiently present during embryogenesis lf by inhibiting the translation of HpTb by injecting fertilized
pulcherrimus The probe produced from the entire cDNA for eggs withHpTbmorpholino antisense oligonucleotides. When
HpTb hybridized to a 6 kb RNA. Although the length of the the controllacZ morpholino (%10° molecules/egg) or low
clonedHpTbcDNA isolated from gastrula is ~5 kb, 6 kb RNA amounts ofHpTb morpholino (k10° molecules/egg) were
seems to be actual size mMRNA &fpTh The distinct injected, most of the injected embryos developed almost
hybridization signal foHpTb was first detected in blastulae normally to the pluteus stage (Fig. 5A,B). The embryos
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TGCAGCTTTATTTTTGACAGTTTCTTGCAAATTTGATGGTAGCTTGTCTCACGCCCAAAAGAGATGATCACATACAAATCGCACCAGGGGAATTTCGGAA 100
AAAGTGTCAAAATCGCAGTGAGACTTTCATCAGCGTTCGCGCCTTCTCGCTTCGGTGTTTATCCATGTAATTTGTGACTGAATTTTCGCACTCEIBACTCT
AACTCCAATTTAAAGGGATTGAATTCTAACGCCTTCGCGCCTTTTGATTTTGGTGCGATTTTTCCACTTTGAGGAGACATGATGGGAGAAGAAITN CAAC
M MG E E F Q H
ACACAACTGAACAGGGTAATGAACACGTTGCTGCAACAAATCCAACTAAGTTTCAAAAGACGGAACCAGAAGAAAGCGATGAAGTTTCTGAAGIBTGAGAA
TT E QG N E H VAAT NPT KF QKT EPETETSDTEVSTEG EN
TCTTGATGACGGGAGCTATGGATCTGAAGATACCAGCTGCGAGAAGTCAAAAGTCGAACAATTCCACACCAATGAATTAATTCCGAACGCTGRIICAGAAC
L DDG S YG S EDT SC EKSKVETG QFHT NELI P NA D QN
GTCGGGGATCCAAATAACGACTACCCTTGCAACAAGTTTGATTTATGTAAGATCAAGTCCAATTTAGAGAATTCTCAAACAGGGAGGCAGTCBARTTTGT
VG DPNNUDYUPC NKFDLC KI KSNLTENS< QTG R QS NLF
TTCAGAGGAATGGACATGGACATGGAAATGCAGAACAATCGTTTAGTTTTAATGATTTTAACGCACATCATGACTCGGATGGAAATTTGCAGAGBGTATTG
R NG HG HG NA E Q S F SF NDTFNA HHDSDG NL QR YC
TCCGTTCCCGTCCCTGCAAAACCAACAGTCGAATTTACCGGAATACCTGTTGAATACTAATTGCACTCTCTCCAACTTCACAGGCATTCCAAGBOCGCCG
PFPSLQNQQSNLTZPETYTLTLNT NCT LSNFTG | PT PP
CCTGCCACTTCGCAAAGCCAACAGGTGCGTTTCGGGACGGCTCCTTATGCAGATGGGTTCCAGCACCTGTCCCAAACAAATCAAACCCACCEBCAAATAT
PAT S QS QQVRFGTA P YA DG F QHL S QT NQT HROQI S
CGGAGATCGAAACCCCTTCAGTGAACGATGCACTGAACCATAATCTCCATGGTACTGGGTTTACACTGCACGGCAACTCGCAAACGACTTCTTCAGGTTG 1000
EIl ET P SV NDA L NHNTULHGTG FT L HG N S QTT S sGC
TAGCAACACGGATGAAAAACTTGCTACCAATCAAATTCAGCAACATCTGCAACAGCAGCAGCAATTAACGTTGCAGGATTTTGACATGAAGAAAGAACTC 1100
S NT DE K LAT N QI QQHL QQQQOQLT L QDFUDMEKKEL
GAGCATGGTGATATCCGGGTACCGCCATTCTTTGTTGAAAACACACCACCGCTGCAACAGACGACAAACACCTTGCCACAGCAGCTCATTGGRBGCTCTT 1
EHG DI RV PPFFVENT PPL QOTT NT L PQQLIGG S L
TGGGTCCGCCATCGTCCCATAGCTTCGGCCACCATCACAACAGAGCCTTGCACGAGCAGGAGGACGAGAACGCGAAAAGTCACCTCTCGAGBOACGTCGT 1
G PP SSHSFG HHHNRA LHETG QETDTENA KSHLTSSHVYVYV
CAATCAGCCGTACCCACCGCCAGCAGGACACCAGCATGTCGAGGTCGCCAATGGGCCGGGGAAGGCGTCGGTTTACCTCTGCAACCGAGARIDUIGTGGCGG 1
NQPYPPPAG HQHVEVA NG PG KA SV Y LC NRDL WR
AAGTTTCATCAGCATAAGACAGAGATGATCATCACTAAACAAGGAAGGCGGATGTTTCCACAGCTCGTCTTCAAATTGACCGGTCTCAATCCAMADOTCGC 1
K F H H KT E M1 I T KOG RRMEP L VF KLTG L NPT S
AATACAATGTTTTTGTTGACATGGTGCTTTGTGACCCAAACCAATGGAAGTTTCAATGTGGTAAATGGATTCCGTGCGGACAGGCCGAGAACABDOCAAA 1
Y NVFVDMVLC DPNOQMWKTFOQCG KWI PCG QA E N1 P K
AGTAAGCAACATCTATCTTCATCCTGATTCACCTAGCAATGGACTGCATTGGATGCATCAAGACATCGTATTCAGTAAGCTCAAGCTGACCAACTIOICGG 1
VS NI YL HPDSPSNG LHWMHO QDI VFSKTLZKTLT NHR
GCAAAAGACAATGGATTTGTGATCTTAAACTCGATGCACCAGTATCAGCCTCGAATTCACGTCCTAGAGTTGACCGAGAGCCGCTCTATCCAABCGECATA 1
A K D NG F V I L N S MH Y P RI HV L ELT E SRS OT H S
GCTTTCCCGAGACACAATTCTTCGCCGTGACGGCCTACCAAAATACTGACG TAACACAACTGAAAATCGACTACAATCCATTTGCAAAGGGTTRBDAGAGA 1
F P ET F FA VTA Y NT D VT L KI DY NPFA KG F RD
TAACTACGACAACTTGTCACCACGAGACATTAGTATCCTGTCGAATGCTCCCCGGTCTAAGAACGTAACGGTCAGCAGGAATTCCTGCCCTGZRMCGGTA
NYDNLSPRDI SI L SNA PRSKNVT VSRNSC PA PV
GTGAATGCAGCTAACATCGCCATGGGTCATTTTCCTGCCATGATCTCTCACCAGCCCGGTCACTATCAGCACCCGTACCACCACCACGCCCATIOATGCCC
V  NAA NIA MG HFPA MI SHQPG HY QHPYHHUHA HHA H
ACTATCATCCACCCCCGCAACACCAGCACCAACAGCGCCCTCACCTACCTCTCCCAACATTCCACCACCGCCAGCCGCAATTGGCGCCAGCEIDBCAGCAT
YHPPPQHOQQHOQQOQQRPHLTPLPT FHHROQPO QLA PAG S I
AGGCCAAGCTCCAGCGGGATGCAAAGCAGGTCCGACGGGCGGAAATTTCCGGCTTCCTAATCCAGACGAGACCGCTTTCAAGTTAGTGGG@BATGCCTCG

G QA PAGC KAG PTGG N F RL P NWPDETA F K L VG NA S
CATCTCAGTCGCCCCACATTCGTGCCGGTCAGCCCACCGGﬁCTTGTCCACGTCTTCGTCGAAGCCGTTCCCGATTCCAGTGCCCACTTCGT'EAO(GZCCCAA
HL S RPT FVPVSPPDILELST SSSKWPFWPI PVPT S LA PI

TTATTGTGCAGAACTCGCTTTGTAGCACCCATCAAGGACAGCAGATGCTGCAGCAGCAGCAGCATGATAAAAAACAACTGCATTCACCATCCERITCCAT
Il VQNSLC ST HQG Q QML QQQQUHUDTEKT KT OQLTHSP s DAd |
CACCGCTAACGCAGATAGCAAAACCATTCATTACCGTTCCTCTGTTGGAATGGTCGTTGATCTTCCAACCCCTTCTGAGCCATCGCCACCAGRABACTTT
TA NA DS KT I HYRSSVG MV VDLTPT PSETPSTPFPVDTF
CCACATTTTCCCAGTATACACACGTCTACTGCTTGTCAAGATACCCACAAGTTACTGGACAGACAGGACATGACCTGGCTCAATACACCACCTARIUTCAG
PHFPSI HT STAC QDT HKLLD®RQDMT WL NT PP S SD
ACTGCTCCCCGGATTCCAAGTCCAACTCGAGCGACAGCGGGGGTCAGGCTGCCAAACGCCAGAAGATGTCCGAGGAGCAGCTATCTGAAGEEIBTCTCTCC
C S PDSKSNSSDSGG QAA KR QKMSETEGOQLSEG V S P
AAAGCTGTCGGATCTTGGTGACCAACCCAACGGCGCCACCGGTTATGAGCTTACATCTACCATAGATCACGGCTATATCAACCAAGAGGGCEOTAAACAT
KL SDLG DQFPNGATG Y ELT ST | DHG Y I NQEGA K H
GACTACCTTCAGAGCATACATGCACAGTCTAACGCACCGCATCAAGTGTTTCAACCGTACGGTAATATGTACTTTCCTCAGAGTTTCCCGTCCIUNCCCT
DYLQSI HA QS NA PHQVFQPYG NMYTFPOQSTFFPSTFTFPS
CGCAACCTTCGGCCACGAATGGGTACAGCATCCCTCAGCAGCCGTACAATACCATTAACAATATGCTCTGTCATGGGCAATCATATCCTAATGTAT GACT
QP SAT NG Y SI PQQPYNT I NNMLC HG QS Y P NA *
TTTAGTGGAATCGATTTGTTGATTTCACGCGAATACCTCAGTCACACCTCAAAAGCGATTCCAAACCGAGCGATTGGTGGCCATTCGTGATAATZINCAGT
TTTTGTTCGCTCTGTTGTCGGTTTTGCGTCGGTCTCGTCGGCGTGACTGAGGTATCACAACATGACCGACATCAGACCGACAATAGACCAAAGRITGAAC
CGCATGGACCAAACACTATATCTAGACCATATCATTATATGAACATTGCAATGATTGCATGACAACTAACATTGACTGTAATGGCATCAACTCGIBACCT
GAACGTAGCAAGAAACTGTAGTAAAAAAAAAGTTCGGATATGTTCTGTAGCAGTGCCTTGAGAAACAGTGGTACAAGTCATTTAAAAATGTCABSTTCTC
TTGTCTATCATGCTAGATATGAACGCGTAATTACTAGTGGAACTTTCGTTTGGACTGCGTTGAGGCACACAGAGGAATATTCATCTTCATTCT/ABATCGG
TTAATCCATTGATTGATCGATTGGTAGTGTATTCTGTTAGTGCAATTTGAGGGTTACTGGTGTAAGCTTTATTGTGGAGTATTGAGTCATGGAARIDRGAA
TATTTCCAGTGAAATGATATGCAATAAAACTTCAACCACACCAACATTGTATTCTCTGTAAGCCGAGTGAGGATATTATTATTCACGTCGTCATGEMIGA
GGATAGATTAATGGTATTAACGCTGATGAATGGTATAATTTTTGTAATGGTTAATTTCATTCAGTTTTAAAATTAGATTCGTCCCTGTGTCTCGARIGHTC
ATTATGTTCCGACGCCTCGCTGTTTCGTCATAAAAAAAACACACATTACAGCCTACATGCGGATGAAAATACCGAAGTTTTCCATGCATATGARBITICTC
CATAGTTAATGAATATGTTGAGTGTTGGGAAAATGGGATGTCAGAACATAGGAGTAAAGAAACCATCAAAACAGAAGGGCAAAAGAAGTATAGGBATTGTC
GAAAATACTGGTTTTGAATATGGGGAAGTTAGAATACAGGGGTGTCGTAACGAAGAGGTGTCGAAACAGAGGGTGACGAAATATAATGTTGTEZIAATAT
AGGGATGTCAAAGCATAAGGGTTTACAAACATAGTGGTGCAAGAAAATACGAGTATCGAAACATAAGGGTGTCGATGAATATAACGAGGTCGABMCAAAG
AGGTGACGAAATATAGAGGTCTCGAAACAGAATGGTGTTAAAACATTGGGGTGTCGAGTCGAAACAGAAGGGTGACGAAACACGAACAATAGTABGTATC
GCAACATAGGGTATCGAAACACATGGGTATAGAAACACAAGGATATCGCAGCAAAAATGTGTTTAAATGTCGGGGTGGCGAAAGATAGGGG WSDUGCAAC
ATAGTGTCGTCAATCTCGGGGGTAATGAATCTAAAATATCGAAAAGTAGTAATGTCGAAACATTGGGGTAACGACATTTGGGGGCGTCAGAATATITAAGG
TAAATTAATCTTTGTCTTCTAATTCTATTTCTCATAGCTTTCTTAAAATTCAGACAGATCTGTCATTGTCTTTGCTAATTCTTATCTTAATTCACTTAEI0
ATTCCTGTACAGTTACATTCCAACGATGGTATTGCTTTTATTCCAATGTAAGTTGTATCCAAATGTGTGTTGTTGTTTTTTGCTCTCGACCTCATEEDRGC
AAAGTGATGTTTTGATTCCGATTTTGTTAAGTTTATTTTAGTGTAAAAAATAAGCATATGTGAACTTGCCATTCGAGTTATAAGGAAATGAAATAGIBTA
TATCACTGTTTGTTGTGTTGGATGTAAATTATTCATTGAACTGTTTCATTGTTTTTAAATAAATGCAAAGAGTTA 4975

Fig. 1. Nucleotide and deduced amino acid sequences of the cDNA clone for the sea urchin T-bidpBleriéhe T-domain is underlined.
The termination codon is shown with an asterisk, and the potential signal sequence for polyadenylation is double undeplasitibmbf 3
end of cDNAs isolated from cleavage stage embryos is depicted with arrowheads. DDBJ Accession NiipbeisokB048760.
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injected with %108 molecules oHpTbmorpholino seemed to suppressed and delayed gastrulation; however, the ingression
be morphologically normal until hatched blastula stage (dataf PMCs into blastocoel occurred normally in such embryos
not shown). When control embryos, which were injected witi{Fig. 5D). When the control embryos reached the prism stage
lacZ morpholino, had reached the early gastrula stage (FigFig. 5E), embryos injected withlpTb morpholino showed
5C), embryos injected withHpTb morpholino showed retarded gastrulation. Furthermore, the differentiation of oral-
aboral ectoderm seemed to be repressed, and formation of

A spicules was also suppressed (Fig. 5F). As judged by cell
0000 Tp1 (mouse) morphology and their localization in the animal hemisphere,
0.0 secondary mesenchyme cells (SMCs) were formed in 48 hour
0-0000f Thrl  (humar) prism embryos injected withlpTb morpholino. At 72 hours

Zftbrl  (zebrafish) after fertilization, when the control embryos had reached the
> 00000 (mouse) pluteus stage, only a limited archenteron and a reduced number
of pigment cells (approx. one-third compared with the control
oo b2 (humar) embryos) were observed in the embryo injected Wi b
oois Eomesdermin  (Xenopu morpholino (Fig. 5H). Most of the embryos injected with
o [ Ap-Tbrl  (starfish) 7x108 molecules (10 pg) oHpTb morpholino (=256/267)

HoTb showed this phenotype. We confirmed that tH@Tb
°‘°m~‘8 0.5% morpholino antisense oligonucleotides inhibited the translation

00768 Pf-Thrain (acorn worm) of HpTb by immunostaining with anti-HpTb antibodies (Fig.
0.0957 0go0g Thx2 (mouse) 51,J). These results suggest that the expressiadpdb in
ooopd Thx2  (human) (developing) PMCs is required for the gastrulation, spicule
0.0 0084y 3 (human) formation and the normal development of the oral-aboral axis

in sea urchin development. The formation of an archenteron

osweTDX4  (Chick) was rescued in more than half of embryos injected Wjifib

0.2} ooes Omb (Drosophila) morpholino by co-injection oHpTh mRNA (h=72/128; Fig.
Thx5  (Xenopuy 5K). However the inhibition of skeletogenesis was barely
0.0686 0.1479 . . .
00680 VegT  (Xenopu3 rescued by co-lnjeqtlon_ Qﬂpr mMRNA. We cannot explaln _
o - the reason for the inefficient rescue of skeletogenesis at this
2o AsT2 (ascidian) int
0.1358 0.221 i point.
ch-T (chick)
0.0238 . .
0.6t | g MOUSET Repression of HpTb causes suppression of Ars and
omoAm-Bral (Anphioxus) SM30 o )
0007 : We performed quantitative RT-PCR to determine the
ooss o= 79 (Drosoghila) . . - .
O AST  (ascician) expression level of various cell type-specific genes in the
— embryos injected withHpTb morpholino. The RNA was
e HPTa  (seaurchin) isolated from embryos at 28 hours after fertilization, when the
0.1 control embryos had reached late gastrula stage. As a control,
B
HpTb 1:VYLCNRDLWRKFHQHKTEMITKQGRRMFPQLVFKLTGLNPTSQYNVFVDMVLCDPNQWKFQCGKWIPCG 70
Th r1 (human) 1:VYLCNRPLWLKFHRHQTEMIITKQGRRMFPFLSFNISGLDPT  AHYNIFVDVILADPNHWRFQGGKWVPCG 70
Tb r1 (mouse) 1:VYLCNRPLWLKFHRHQTEMIITKQGRRMFPFLSFNISGLDPT  AHYNIFVDVILADPNHWRFQGGKWVPCG 70

Zft brl (zebrafi sh) 1:VYLCNR ALWLKFHRHQTEMIITKQGRRMFPFLSFNISGLBP¥NIFVDVILADPNHWRFQGGKWVPCG 70
E omesodermi n( Xenopus ) 1:VFLCNRPLWLKFHRHQTEMITKQGRRMFPFLSFNITGLNRRYNVFVEVVADPNHWRFQGGKWVTCG 70
Ap-Tbrl (starfi sh) 1:VFLCNSELWRKFHEHRTEMITKQGRRMFPQLVFRLSGLNRAHYNVFVDM\ADPNSWKFQSGKMNG 70

* kkk *k kkk ok kkkkdkkkkkkkkdok * ok *k x *k kK *hk ok kk Kkkk *

HpTb Q AENIPKVSNIYLHPDSPSNGLHWMHQDIVFSKLKLTNARKDNG FVILNSMHQYQPRIHV- L--- 1 32
Tb r1 (human) K ADTNVQGNRVYMHPDSPHNA®/MRQEISFGKLKLTNNKENNNGQMVVLQSLHKYQPRLHVVEVNED 1
Tb r1 (mouse) K ADTNVQGNRVYMHPDSPHRA®/MRQEISFGKLKLTNNKENNNGQMVVLQSLHKYQPRLHVVEVNED 1

Zft brl (zebrafi sh) K ADTNVTGNRVYMHPDSPMHBVMRQEISFGKLKLTNNKTNNTGQMVVLQSLHKYQPRLHVVQVNED 1
E onesodermi n( Xenopus) K ADNNMQGNKVYVHPESPNH®/MRQEISFGKLKLTNNANNSTQMIVLQSLHKYQPRLHIVEVSERQ
Ap-Tbr1l (starfi sh) KSDGVPR  ATGIFKHPDSPNTGEHWMR@BSKLKLTNNRG KDSG YLVINSMHIYQPRIH V- L--- 1 32

*k kKk Kk kkk ok ok k kkkkkk *k kkkk *

HpTb -- E- LTESRSIQTHSFPETQFRVTAYQNTDVTQLKIDYNPRKGFRD 177

Tb r1 (human) GTEDTSQPGRVQTFTFPETQFI AVTAYQNTDITQLKIDHNPRKGFRD 1 88

Tb r1 (mouse) GTEDTSQPGRVQTFTFPETQFI AVTAYQNTDITQLKIDHNPRKGFRD 1 88
Zf-t br1 (zebrafi sh) GTEDTSQPGRVQTFTFPETQFI AVTAYQNTDITQLKIDHNPRKGFRD 1 88
E omesodermi n( Xenopus) GVEDLNDS AKNQTFTFPENQFAVTAYQNTDITQLKIDHNPARKGFRD 1 88
Ap-Tbr1l (starfi sh) --- DLTGARVLQTHSFPETQFIGVAYQNTDITQLKIDHNPRKGFRD 177

*k kkk Kk Fkkkkkkk Kkkdkk Fkkkkkhkk

Fig. 2. Relationships of sea urchin T-domain proteins. (A) A phylogenetic tree of T domains. A molecular phylogenetic tree wasdonstruc
using the NJ method by a computer program (Genetyx, Software Development). The branch length is proportional to the mintaciof a
substitutions. The number at each branch indicates the values of expected substitution of amino acid residues. (B) Atlgmarairiofcid
sequences of the T domain of T-brain subfamily members. Asterisks (*) indicate that all of the six T-brain proteins hatieaharnciao

acid.
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Fig. 4.HpTb protein is accumulated into PMC nucleus after blastula
stage. (A) Developmental western blot. Thirty micrograms of protein
Fig. 3.HpThis activated zygotically and is expressed transiently prepared from embryos at various developmental stages were run in
during the blastula and gastrula stages. (A) Developmental northernparallel. Detection procedure of HpTb protein is described in text.
blot. Two micrograms of total RNA extracted from sea urchin U, unfertilized egg; 16, 16-cell stage; M, morula; UB, unhatched
embryos at various developmental stages were run in parallel. The blastula; HB, hatched blastula; MB, mesenchyme blastula;

lower panel shows the rRNA bands in the ethidium bromide-stainedG, gastrula; Pr, prism; PI, pluteus. (B,C) Immunostaining of embryos
gel. U, unfertilized egg; 16, 16-cell stage; M, morula; UB, unhatchedwith antibodies to HpTh. (B) Morula; (C) mesenchyme blastula.
blastula; HB, hatched blastula; MB, mesenchyme blastula; Scale bar: 5Qum.

G, gastrula; Pr, prism; PI, pluteus. (B-D) Whole-mount in situ

hybridization showing spatial expressionHgTbtranscript during

embryogenesis. (B,C) Hatched blastulae, (B) lateral view and (C) . . . . .
vegetal view. (D) Early mesenchyme blastula, lateral view. PMCs  INvolved in the production of signal(s) responsible for the

migrating into the blastocoel show a positive signal. Scale bar: expression_ oHpSM30 N
50 pm. Expression of the aboral ectoderm-specific getpirs

(Akasaka et al., 1990) was also suppressed in the embryos

injected with HpTb morpholino, whereas Hpoe, which is
the level of ubiquitin mRNA, which is almost spatially an oral ectoderm-specific epitope (Yoshikawa, 1997), was
ubiquitous (Nemer et al., 1991), was unaffected by injection ofxpressed over almost all the surface of epithelial cells of
the HpTb morpholino. the injected embryos (Fig. 7D). Wikramanayake et al. have

We previously showed thatHpEts an ets-related shown that the activation of aboral ectoderm-spe&fiecl

transcription factor, is expressed exclusively in micromerén L. pictus requires signals from vegetal hemisphere
descendants after blastula stage, andHip&itsis involved in  (Wikramanayake et al., 1995). Recent studies also suggest that
the differentiation of PMCs (Kurokawa et al., 1999). Recentlyyegetal signals are involved in the establishment of oral-aboral
Sweet et al. (Sweet et al., 2002) reported that a sea el  axis (Wikramanayake and Klein, 1997; Li et al., 1999; Angerer
homolog [vDeltg) is also expressed in micromere descendantand Angerer, 2000). In order to confirm that the activation of
at blastula stage, and tHatDeltais responsible for the SMC- aboral ectoderm-specifiérs also requires interaction with
inducing activity of micromere descendants. In order tosegetal blastomeres inH. pulcherrimus embryos, we
determine the functional relationship dpTbto HpEtsand performed quantitative RT-PCR to determine the expression
HpDelta, we examined the expressiontypEtsandHpDelta level of Ars in the embryos derived from animal cap
in embryos injected witlkpTb morpholino. As shown in Fig. mesomeres. The RNA was isolated from control embryos and
6, HpEtsandHpDeltawere unaffected in the injected embryos. from embryos derived from animal cap mesomeres at 28 hours
This was supported by the observation that PMCs, whichfter fertilization when the control embryo had reached the late
ingressed into the blastocoel of embryos injected Wipifib  gastrula stage. The expression level ofAtewas significantly
morpholino, were immunologically positive using the anti-lower in the embryo derived solely from animal cap
HpEts antibodies (Fig. 7B). Furthermore, some pigment cellsnesomeres, suggesting that signals from vegetal hemisphere
which are derived from SMCs, formed in morpholino injectedare required for the activation @éfrs (Fig. 8). These results
embryos. In addition, the expression of PMC-spekiiSM50  raise a possibility that HpTb is involved in the production of
was not affected by the injection wilpTb morpholino (Fig.  vegetal signal(s) involved in aboral ectoderm differentiation.
6). These results suggest tHapTb is not involved in the The levels ofHpTa (Harada et al., 1995) andpEndol6
specification of PMCs. By contrast, another PMC-specific gen@\kasaka et al., 1997), both of which are expressed in the
HpSM30(Kitajima et al., 1996) was suppressed in the embryosegetal plate at blastula stage, were not affected by the
injected withHpTb morpholino (Fig. 6). It has been reported injection of HpTh morpholino at the developmental stage we
that expression 0o6EM30 requires signal(s) from non-PMCs examined, suggesting that HpTb is not involved in the initial
(Urry et al., 2000). It is possible that HpTb is indirectly specification of endoderm. It is important to note that the level
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Fig. 5. Effect of injection ofHpTbmorpholino antisense
oligonucleotides on the embryogenesis. (A,C,E,G) Control embryos
injected withlacZ morpholino (%10® molecules/egg). (B) Embryo
injected with low amounts dpThmorpholino (k108

molecules/egg). (D,F,H-J) Embryos injected wihTb morpholino
(7x108 molecules/egg). The repression of translation of HpTh was
confirmed using indirect immunofluorescence with anti-HpTb
antibodies on mesenchyme blastula, (1) bright-field view,

(J) epifluorescence view. (K) Embryo co-injected with 1.5 pg of
HpTb-mRNA andHpTbmorpholino (%108 molecules/egg).

Embryos at 28 hours (C,D,1,J), 40 hours (E,F), 48 hours (A,B,K) and
72 hours (G,H). Scale bar: pon.

Morpholino
HpTb
- +

HpArs
HpEndo16
HpEts

HpSM50

Fig. 6. RT-PCR analysis of various
HpSM30 tissue specific genes in control and
embryos injected witkipTb
morpholino. Total RNA was isolated
from 50 control embryos and 50
embryos injected witkipTb
HpDella morpholino antisense

oligonucleotides at 28 hours after

fertilization. Southern blotting of RT-

HpTa

HpTb PCR products. () and (+) indicate
uninjected and injected embryos. The

Ubiquitin genes analysed are discussed in the
text.

2000) and initiation of gastrulation (Minokawa and Amemiya,
1999; Ishizuka et al., 2001). As repression HTb in
(presumptive) PMCs leads a significant delay of gastrulation,
we predicted thatHpTb might be involved in regulating
(presumptive) PMC signaling. To test this hypothesis, we
prevented the translation of HpTb in micromere descendant
cells by injectingdpTbmorpholino antisense oligonucleotides.
We combined animal cap mesomeres from a normal embryo
with a micromere quartet isolated from a 16-cell stage embryo
that had developed from a zygote injected withl(P
molecules oHpTbmorpholino (Fig. 9A,B). In order to follow
HpTb deficient micromeres, donor embryos were labelled by
co-injecting the morpholino with 10 pg of rhodamine-dextran.
In all experiments, over 100 injected embryos were also
cultured in parallel for 48 hours to confirm that the archenteron
of expression oHpTb was enhanced by the repression offormation was suppressed in the donor embryos.

translation of HpTb (Fig. 6). When HpTb morpholino-injected donor micromeres were

) ) o combined with the animal cap mesomeres of uninjected
Repression of HpTb-translation diminishes the embryo, almost all the transplanted micromere descendant
ability to signal to neighbours on PMCs cells ingressed into the blastocoel, but the injected donor

Micromere-progeny induction signals have been shown to plamicromeres only induced a very limited archenteron, and the
an important role in the specification of SMCs (McClay et al.micromeres did not form spicules=5/5; Fig. 9B). SMCs were
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Fig. 7. Localization of PMC specific HpEts and oral ectoderm

specific Hpoe with antibodies. (A,C,E) Control embryo and (B,D,F) D
embryo injected wittHpTbmorpholino. (A,B) Embryos stained with

antibodies to HpEts at 23 hours after fertilization; (C,D) embryos

stained with antibodies to Hpoe at 40 hours after fertilization;

(E,F) phase image of C,D. Scale bar:150.

either not formed at all, or very small number of SMCs wer¢

formed, in the chimaeric embryos. By contrast, wher E
uninjected micromeres were combined with animal cay
mesomeres of uninjected embryo, the micromeres ingress

and formed spicules¥15/15). In addition, the control donor
micromeres were able to induce an archenteron, oral-abot

ectoderm and SMC%£15/15; Fig. 9C). These data suggest

that one of the functions of HpTb is to provide the micromert
descendant cells with the ability to produce a signal the.

induces neighbouring cells to develop archenteron angig. 9.Loss of organizing activity of micromeres by injecting with
SMCs. When the animal cap mesomeres derived from zygotégpTbmorpholino. (A,B) Chimera composed of animal cap

injected with the morpholino antisense oligonucleotides wer&esomeres from normal embryo with the micromere quartet isolated
combined with micromere quartet derived from normalfrom a 16-cell stage embryo developed from zygotes injected with
embryos, the mesomeres developed archenteron, SMCs afid®® molecules oHpTbmorpholino (A, vegetal view; B, lateral

both “oral and aboral ectoderm®={4/14; 9D,E). The V|_ew). ©) Cc_)ntrol embryo. (D,E) The micromeres were labelled
micromere progeny developed spicules in the Chimaeriﬁnth rhodamine-dextran. Chimera composed of micromere quartet

. om normal embryo with the animal cap mesomeres isolated from a
embryos. These data support the hypothesis Hyafb 16-cell stage embryo developed from zygotes injected wti0%7

morpholino antisense oligonucleotides do not affect theglecules oHpThmorpholino (D, lateral view; E, vegetal view).
The animal cap mesomeres were labelled with rhodamine-dextran.
Left, bright-field views; right, epifluorescence views. Scale bar:

G __AC Fig. 8.RT-PCR analysis oArsin S0pm.
embryos derived from animal cap
- HpArs mesomeres and control embryos. The

responsiveness of mesomeres to the signals emanating from

RNA was isolated from 50 embryos micromere progeny.

derived from animal cap mesomeres

_ Ubiquitin ~ at 28 hours after fertilization when o
-- the control embryo had reached the HpTb expression is regulated by ~ HpEts and Wnt

late gastrula stage. Southern blotting signalling Ca§cade ) o ) )
of RT-PCR products. C, control embryos; AC, embryos derived fromRecent studies provide convincing evidence fhaatenin, a
animal cap mesomeres. molecule of Wnt signaling cascade, plays an essential role in
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Acadherin AHpEts

-+
- =

Fig. 10.RT-PCR analysis dfipTband =&
|"- || HpTb HpEtsin embryos injected with | HpTb

intracellular domains of cadherin
o | HpEts (ALvG-cadherin) mRNA (+) and control

(-) embryos. Total RNA was isolated
from 50 control and 50 mRNA-injected !
“ ubiquitin  embryos at 28 hours after fertilization.

Southern blotting of RT-PCR products.

Ubiquitin

specification of micromere-derived PMCs (Wikramanayake €
al., 1998; Logan et al., 1999). BecaudpTh is expressed
exclusively in the (presumptive) PMCs, it is probable that the
HpTb expression is regulated by nuclear localizationBef
catenin. In order to examine this issue, we performe
overexpression of intracellular domains of cadhefihvG- —
cadherin) to depletpB-catenin from the nuclei of blastomeres
of early embryos. We injected 2 pgaifvG-cadherirmRNA;  Fig. 11.Effect of the ectopic expressionMfpEts on the expression
this has been shown to abolish vegetal development ©f HpTband gastrulation. (A) RT-PCR analysistiTbin embryos
Lytechinusembryo (Logan et al., 1999). As shown in Fig. 10,injected withAHpEts (+) mRNA and control () embryos. Total
this injection of ALvG-cadherin mRNA resulted in the RNA was isolated frqm SQ control and 50 m.RNA-anected embryos
suppression oHpTh the HpTb band is barely detectable in atfg;?ﬁé?:g%i;ﬁrgmazg; éi%‘ﬂ%ﬁﬁ};ﬂgﬂn&ﬁpgsﬁgrf/rxogtums'
experimental embryos. This is consistent with the idea thafy', .« afier fertilization. Scale bar: 5
HpTb is in a downstream component of a Wnt signalling ' e
cascade that functions in the micromere primary mesenchyme
lineage of the sea urchin embryo. We examined the expressigRalyses based on comparison of the T-domain amino acid
of HpEts which is also expressed exclusively in thesequences suggest tHeomesodermirshould be included in
(presumptive) PMCs after blastula stage, in the embryghe T-Brain subfamily (Fig. 2) (Papaioannou and Silver, 1998).
injected withALvG-cadherin mRNA. The expressiont#pEts  Eomesodermirwas originally isolated fromXenopus laevis
was also repressed in these injected embryos (Fig. 10). Thusmbryos as a novel T-box gene (Ryan et al., 1996). The gene
we might assume thédpThandHpEtsare in the same cascade s expressed in mesodermal cells in a ventral-to-dorsal gradient
of gene regulation. We examined the functional relationship adf increasing concentration during gastrulation, and it is critical
HpTb to HpEts PMC-specific expression ¢ipEtswas not  for mesoderm differentiation (Ryan et al., 1996), and later it
affected by the injection withipTb morpholino (Fig. 6, Fig. was revealed to be expressed in the forebrain of tadpoles (Ryan
7B). Conversely, the overexpression of the dominant negativet al., 1998). Recently, a mouse homolog&enies also
AHpEts, suppressed the expressiokipTb(Fig. 11A). These  known asTbr2) of eomesodermin was shown to be expressed
results suggest that botipEts and HpTb are downstream in the early primitive streak, nascent mesoderm and the anterior
components of the Wnt signalling cascade, andipdtbis  visceral endoderm. This early expression disappears at later
regulated byHpEts The expression of dominant negative stages, and a second domairEofmesexpression is observed
AHpEts also resulted in a significant delay and repression @f the telencephalon around E10.5 (Ciruna and Rossant, 1999).
gastrulation, as well as the suppression of differentiation of Homologs of theTbrl gene have been identified from
PMCs (Fig. 11C). hemichordates (Tagawa et al., 2000), starfish (Shoguchi et al.,
2000) and sea cucumbers (Maruyama, 2000). In these
deuterostome embryos;brainis first expressed in the region

DISCUSSION which eventually forms endoderm and mesoderm. The
) ) hemichordatél-brain is expressed later in the apical organ or
The sea urchin conserves the  T-brain gene light sensory organ (Tagawa et al., 2000). Therefore, it is likely

As shown in the present study, thdrain gene is conserved that theT-brain gene has two distinct expression domains: in
in the sea urchin embryo and its expression is restricted tbe mesoendoderm of early embryos and in the nervous system
PMCs. The mouse T-Brain-1 gen€b(l — Mouse Genome of later embryos. The sea urchifipTbh expression in the
Informatics) was initially isolated from a subtracted cDNA micromere may correspond to the first expression domain of
library enriched for genes transcribed at higher levels iihis family, and analogous to EomesoderriipThis likely to

the stage E14.5 mouse telencephalon than in the adude critical for endoderm and mesoderm differentiation.
telencephalon (Bulfone et al., 1995). Examination by in situ . )

hybridization of mouse T-Brain-1 gene expressionDevelopmental roles of the  HpTb in sea urchin
demonstrated that the transcript is first detected around E1(€8bryogenesis

in the mantle zone of the telencephalon, and definelmhibition of translation of specific gene products with
molecularly distinct domains within the cerebral cortexmorpholine-substituted antisense oligonucleotides is a useful
(Bulfone et al., 1995). Interestingly, molecular phylogenetiovay to gain insight into the function of the gene (Howard et al.,



5214 T. Fuchikami and others

2001).HpThbis expressed specifically in (presumptive) PMCsto asske-Tis expressed if. lividus embryos (Croce et al.,
during blastula and mesenchyme blastula stage. The expressk001). They showed that transcripts hybridized with probes
pattern ofHpTh and suppression of archenteron formationthat detectske-T exist ubiquitously in egg and the early
caused by inhibition of the HpTb translation in (presumptivelleavage stage embryos. They also showed that the transcripts
PMCs are both consistent with what is known of the importanceppear after blastula stage, as we have shown in the present
of presumptive PMCs in development (Minokawa andstudy. As Croce et al. pointed out, the early transcripts are
Amemiya, 1999; Ishizuka et al., 2001). Not only do micromeresmaller than theke-TcDNA fragment they isolated (Croce et
provide cells for the skeleton, but it is known micromereal., 2001). In our present work, we barely detected the small
descendants are an important source of developmental signaisnscript in the eggs and cleavage stage embryoHl. of
that affect other tissues. Removal of micromeres during theulcherrimus We have also shown that the early transcripts are
period from forth and fifth cleavage impairs expression of thaot translated (Fig. 4A) and that the maternally stored HpTb
endoderm specifiendol6and results in significant delay of protein is not present in the nucleus, suggesting that the HpTh
archenteron formation (Ransick and Davidson, 1995). Recentlgloes not function as a transcription factor during cleavage stage
it has been shown that signal(s) emanating from micromerégFig. 4B). Furthermore, injection oHpTb morpholino
descendants at late blastula stages are important for gastrulataomtisense oligo into embryos ldf pulcherrimusdid not affect
itself (Minokawa and Amemiya, 1999; Ishizuka et al., 2001)early development.
Interference with (presumptive) PMC function by inhibiting When the animal cap mesomeres derived from zygotes
translation of HpTb withHpTh morpholino oligonucleotides injected with the morpholino antisense oligo were combined
led to significant delay of gastrulation, as we report here. Thiwith a micromere quartet isolated from normal embryos,
is consistent with the known important role of micromerethe mesomeres developed an archenteron, oral and aboral
descendants in these processes. ectoderm and SMCs. Hence, even if low level of processed

The repression oHpTb did not cause the inhibition of T-brain transcripts exist in the embryonic cells other than
HpEndol6expression. This is also consistent with the previougprogeny of micromeres, they are not involved in the
report that the expression Bhdol6is induced by micromere- archenteron inducing activity, they are probably not
descendant cells during forth to sixth cleavage stages (Ransigsponsible for the differentiation of oral-aboral ectoderm in
and Davidson, 1995). It seems likely that at least three distinét. pulcherrimus It is also possible, of course, that differences
signals are provided by micromere descendant cells. The firskist betweerH. pulcherrimusandP. lividus.
signal(s) is produced during forth to sixth cleavage stages, asWikramanayake et al. (Wikramanayake et al., 1995) have
Ransick and Davidson reported (Ransick and Davidson, 1995hown that the aboral ectoderm specific genes were not
the second signal is Delta which is responsible for the SM@xpressed in animal hemisphere explants frompictus
specification (McClay et al., 2000; Sweet et al., 2002) and theuggesting that the ectoderm differentiation Lin pictus
third signal(s) which is produced at blastula stage when thembryos requires interaction with vegetal blastomeres. Using
HpTbis expressed (Minokawa and Amemiya, 1999; Ishizukad. pulcherrimus embryos, we also demonstrated that the
et al.,, 2001). The present data favour the ideaHpdtbis  embryos derived from the animal cap mesomeres did not
involved in gastrulation itself, but not in the initial specificationexpress aboral ectoderm speckis (Fig. 8). The repression of
of the vegetal plate. translation of HpTb in (presumptive) PMCs resulted in the

The development of embryos from aggregates betweetisturbances of patterning of oral and aboral ectoderm
mesomeres and micromeres (Horstadius, 1973; Amemiyéoverexpression of Hpoe epitope, reductioi\cf expression).
1996) demonstrates the organizing activity of micromeredt is possible thatHpTb is involved in the production of the
Normally, the mesomeres isolated from the 16-cell stageegetal signals responsible (at least in part) for patterning oral
embryo form thin an epithelial ball (Horstadius, 1973; Henry eaind aboral ectoderm, although we do not know if Hipdb
al., 1989). Chimeras composed of animal cap mesomeres afuthctions in this process directly or not.
micromere quartet from normal embryo developed almost HpTb morpholino oligonucleotides did not suppress the
normal embryos containing an archenteron, PMCs and SMCexpression oHpSM5Q HpDelta and HpEts suggesting that
Conversely, HpTb morpholino-injected donor micromere HpTb is not involved in the specification of PMCs. In the
quartet combined with the animal cap mesomeres of uninjectgufevious paper, we have demonstrated that ectopic expression
embryo induced only partially invaginated archenteron, and nof HpEtsaltered the fate of many cells, transforming them into
or few SMCs (although the donor micromere descendant celisigrating PMCs. However, the transformed PMCs did not form
ingressed into blastocoel) (Fig. 9A,B). These results stronglgpicules without addition of serum (Kurokawa et al., 1999). The
support the idea thdtlpTb is involved in the regulation of expression oHpEtsis necessary for the spicule formation, but
signal(s) from (presumptive) PMCs. Although the chimerastis not sufficient for the spicule formation of PMCs. It has been
composed of animal cap mesomeres and micromere quarteported that another PMC-specific proteBM3Q requires
derived from zygotes injected witdipTh morpholino formed signals produced by non-PMC cells (Urry et al., 2000). The
no or few SMCs, the embryos injected wifpTh morpholino  repression oHpSM30after injection withHpTb morpholino
formed SMCs (Fig. 5F,H) and expressdg@Delta (Fig. 6), (Fig. 6) supports the idea that the differentiation of vegetal
suggesting thatHpTb is not substantially involved in the regions, which are induced by a signal(s) emanated from
specification of SMCs in normal development. Injection of(presumptive) PMCs, is required for the production of signal(s)
HpTb morpholino resulted in the decreased number (approxesponsible for the spicule formation.
one third) of pigment cells. This raises the possibility H@Eb ]
is involved in the differentiation of pigment cells indirectly. ~ Cascade of the HpTb expression

Croce et al. have reported that fbrain homolog referred  We have shown that botHpEts and HpTb are downstream
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components of the Wnt signalling cascade. The injection ofiruna, B. G. and Rossant, J.(1999). Expression of the T-box gene
HpTb morpholino antisense oligonucleotides did not affect Eomesodermiduring early mouse developmeMech. Dev31, 199-203.

the expression ofpEts Conversely, the overexpression of €offman, J. A. and McClay, D. R.(1990). A hyaline layer protein that
! becomes localized to the oral ectoderm and foregut of sea urchin embryos.

dominant negativéHpEts repressed the expressiorHpfTh, Dev. Biol 140, 93-104.

the gastrulation and the differentiation of oral-aboral ectoderntox, K. H., DeLeon, D. V., Angerer, L. M. and Angerer, R. C(1984).
suggesting thaHpEts regulatesHpTh. The injection of the Detection of mRNAs in sea urchin embryos by in situ hybridization using
HpTh morpholino also did not affect the expression of asymmetric RNA probe©ev. Biol.101, 485-502.

. . Croce, J., Lhomond, G., Lozano, J. and Gache, G2001) ske-T, a T-box
HpDeIta, suggesting thaalDelta is not a downstream gene expressed in the skeletogenic mesenchyme lineage of the sea urchin

component oHpTh _ embryo.Mech. Dev107, 159-162.
The repression of translation of HpTb caused enhancemebavidson, E. H.(1989). Lineage-specific gene expression and the regulative
of HpThexpression. There is experimental evidence that mid- capacities of the sea urchin embryo: a proposed mechabesrelopment

; ; 05 421-445.
Cleavage stage blastomeres have an extensive capacity tg/idson, E. H., Cameron, R. A. and Ransick, A(1998). Specification of

Phange_ their S_tates of spgcification in response to cellce fate in the sea urchin embryo: summary and some proposed
interactions (reviewed by Davidson, 1989). It has been thoughtmechanismsDevelopment 25 3269-3290.

that micromere descendant cells repress the capacity Bifnily-Fenouil, F., Ghiglione, C., Lhomond, G., Lepage, T. and Gache, C.
neighbouring macromeres to change their cell fate into (1998). GSKB/shaggy mediates patterning along the animal-vegetal axis of

. . - . the sea urchin embry®@evelopmeni25 2489-2498.
micromere progeny. It is pOSS|b|e that the expres&dﬂpﬁfo Frudakis, T. N. and Wilt, F. (1995). Two cis elements collaborate to spatially

in (presumptive) PMCs downregulates the expressidtpdb repress transcription from a sea urchin promdew. Biol.172, 230-241.
in neighbouring cells. Gan, L., Wessel, G. M. and Klein, W. H(1990). Regulatory elements from
the relatedSpecgenes ofStrongylocentrotus purpuratugield different
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