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SUMMARY

The Tbx6 T-box genes are expressed in somite precursor
cells of vertebrate embryos and are essential for the
differentiation of paraxial mesoderm. However, it is
unclear how spatial regulation of the gene expression is
controlled and how the genes function to promote muscle
differentiation. The Tbhx6+elated geneAs-T2of the ascidian
Halocynthia roretziis first expressed very transiently in
endodermal cells around the 32-~44-cell stage, is then
expressed distinctly and continuously in muscle precursor
cells, and later in epidermal cells situated in the distal tip
region of the elongating tail. We now show that inhibition
of As-TZmediated transcriptional activation by
microinjection of As-T2/EnR into one-cell embryos resulted
in suppression of the expression of the muscle-specific actin
gene HrMA4) and myosin heavy chain geneHrMHC),
but the injection did not affect the differentiation of
endodermal cells or tail tip cells, suggesting that the
primary function of As-T2is associated with muscle cell
differentiation. The 5 flanking region of As-T2 contains
two promoter modules that regulate its specific expression:
a distal module that responsible for its specific expression

in the tail, and a proximal module required for its muscle-
specific expression. Around the proximal module, there are
two putative T protein-binding motifs (TTCACACTT). Co-
injection of an As-T2/acZ construct with or without the T-
binding motifs together with As-T2 mRNA revealed that
these motifs are essential for autoregulatory activation of
the gene itself. In addition, we found that the minimal
promoter regions of HrMA4 and HrMHC contain T-
binding motifs. Co-injection of HrMA4/lacZ or
HrMHC/ lacZ containing the T-binding motifs along with
As-T2 mRNA revealed that As-T2 protein binds to these
motifs to upregulate the gene activity. Taking into account
the recent finding of maternal molecules for muscle
differentiation, we propose a model for a genetic cascade
that includes As-T2 as a regulator of muscle cell
differentiation in the ascidian embryo.

Key words: Ascidian T-box genAs-T2 Function, Minimal
promoter, T protein-binding motif, Autoregulation, Muscle-specific
gene expression

INTRODUCTION

and disappears when new mesoderm production ceases

(Chapman et al., 1996). In mou3®&x6 knockouts, irregular

The T-box genes encode a family of transcription factors thatomites form in the neck region of mutant embryos, while the
share an evolutionarily conserved T DNA-binding domain firsimore posterior paraxial tissue does not form somites but instead
defined in the product of tHgrachyury(T) gene (Herrmann et differentiates along the neural pathway (Chapman and
al., 1990; reviewed by Herrmann and Kispert, 1994; Smith, 199 Papaioannou, 1998). These results strongly suggest an essential
Smith, 1999; Papaioannou and Silver, 1998).TiheSsubfamily ~ role of Thx6 genes in the specification of somites, including
includes mouseTbx6 (Chapman et al., 1996), chickox6L  muscle cells. Therefore, further questions that need to be
(Knezevic et al., 1997Xenopus Veg(Zhang and King, 1996) answered are (1) how is the spatially regulated expressidix6f

and zebrafisltbx6 (Hug et al., 1997). The embryonic expressioncontrolled, (2) how doe$bx6 function in the specification of

of all of these genes is similar during mesoderm formation atomites (for example, how do&bx6identify its target genes),
gastrulation, althougklegTis also expressed maternally (Zhangand (3) how doe¥bx6regulate the activity of the target genes?
and King, 1996). Mousé&bx6 expression is first seen in the Ascidians are excellent experimental animals with which to
primitive streak, extending laterally into the newly formedexplore genetic cascades of cell specification and differentiation
paraxial mesoderm, and is subsequently restricted to thHeeviewed by Satoh, 1994; Satoh, 1999; Di Gregorio and Levine,
unsegmented, presomitic, paraxial mesoderm and the tail butR98; Satou and Satoh, 1999). The fertilized eddabdbcynthia
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roretzi, for example, develops relatively quickly into a tadpole-Preparation of fusion gene constructs
type larva, in which exactly 42 unicellular, striated muscle cellg\s-T2/EnR construct

are formed in the tail region within approx. 24 hours ofThe As-T2/ER construct was generated by fusing the As-T2 DNA-
fertilization. The embryonic lineage of muscle cells has beepinding domain (amino acids 1-232) to a fragment encoding amino
completely described (Nishida, 1987), and the spatial anacids 2-298 of theDrosophila Engrailed protein. This region of
temporal expression of muscle-related structural genes has besgrailed was derived from plasmid MENT (Badiani et al., 1994). All
precisely described at the single cell level (Satou et al., 1995@nstructs were cloned in-frame in the pBluescript RN3 vector
Satoh et al., 1996). The solitary ascid@inna intestinalishas a ~ (Lemaire et al., 1995).

small, compact genome of about=416® bp/haploid (Simmen et aq 12//acZ constructs

al., 1998), Whergas the compound ascidatryllus SChrOSS?” The As-T2lacZ constructs were made in the following manner. The
has a comparatively large genome of abouxﬂ)%bp/hapl.OId 2164-bp As-T2 genomic fragment was subcloned into the
(De Tomaso et al., 1998). Owing to the small genome sizes, it jgulticloning site of plasmid p46.21, a version of pPD1.27 which lacks
relatively easy to isolate specific genes and associdted the C. eleganssup-7 gene (Fire et al., 1990). p46.21 harbors a gene
regulatory regions with the minimal promoter required for corrector bacterialB-galactosidaseldcz) and a nuclear localization signal
spatial expression, which is usually located within about 300 bjp the multicloning site and was kindly provided by Dr A. Fire
upstream of the transcription start site of the gene (e.g. Satou al§grnegie Institution of Washington). o
Satoh, 1996; Corbo et al., 1997; Takahashi et al., 1999). (T;feg):?1%[-;56)@]&;?’355 ;@mslfruct \évas ft';&}de %y d'gesttr']n@l
H H H i P(— S- aCL Wi n INCll, and subclioned INto e
Muscle cell differentiation in ascidian embryos takes' indIll/Sma site of pPD46.21. To construct-f754 ~ ~556)As-
place autonomously and depends on maternal cytoplasna’}“yI .
! S . : 2Nlacz, primers Hd1754F and Bh556R were used for PCR
In_for_matlon in the egg (reviewed by Sat(_)h’ 1994; Satph, 199 rmplification. The amplified fragments were digested withdlll
Nishida, 1997; Jeffery, 2001). K. roretzi the expression of 5,qBanHI, and ligated wittHindlll/BanHI-digested pPD46.21.
muscle-specific structural genes, su_ch as the muscle actin geng(-1454 ~ -556)As-T2lacZ, p(-1154 ~ -556)As-T2lacZ and
(HrMA4) and the myosin heavy chain gef#NIHC), begins  p(-854 ~-556)As-T2lacZ were also constructed in the same manner
at the 32-cell stage (Satou et al., 1995). By contrast, thesing the primers Hd1454F, Hd1154F, Hd854F and Bh556R. These
expression of an ascidiaiyoD homolog HrMD1, formerly ~ primer  sequences were: Hd1745F '-cécaagcttgggAATA-
AMDJ) begins at the 64-cell stage (Araki and Satoh, 19961 TTTAAATCGGGAG-3; Hd1454F 5ScccaagcettgggGTGATTGAA-
Satoh et al., 1996). The T-box geAs-T2of H. roretziis =~ 1GAAATATA-3"; Hd1154F 5cccaagetigggAGTGGTAAAAGGAA-
expressed around the 32- to ~44-cell stage; at first, veryA-3" HA854F 5cccaagetigggTAATTGTTTAGTTCCGTT:3
transient expression of the gene is seen in endodermal ceff&d BNS56R 5cgggalcccgGACAACTGGTTTGTAAAG-S
. . ; . : The p2164A(-754 ~-301))As-T2lacZ construct was made by self
then distinct and continuous expression is found in musclg,aion digesting p1754)As-T2lacZ with EcoT221. The p¢301)As-
precursor cells, and later expression is seen in epidermal cey8acz construct was made by digestion of2164)As-T2lacZ with
situated in the distal tip region of the elongating tail (Yasuo etindii/Ecar22l, followed by gel purification. To construct{230)As-
al., 1996). Molecular phylogenetic analysis suggestsAbat T2/lacz, primers Hd230F and Bh40R were used for PCR amplification.
T2 is a divergent member of thiéx6 subfamily, and ectopic The amplified fragments were digested witimdIll and BanHI, and
and/or overexpression 8k-T2has been shown to promote the ligated with Hindlll/BanHI digested pPD46.21. ${40)As-T2lacZ,
ectopic expression oHrMA4 and HrMHC in non-muscle P(-104)As-T2lacZand p{50)As-T2lacZ were also constructed in the
lineage cells (Mitani et al., 1999). These results suggest tHf&Me manner using the primers Hd140F, Hd104F, HA50F and Bh4OR.
involvement ofAs-T2in the differentiation of muscle cells ~ hese primer sequences were: Hd230€c6aagcttgggACTATCTT-

; . L CTGCGTTTA-3; Hd140F 5cccaagcttgggAGCGAAAGGTT-
In this study, we have further extended our investigation o GTAA-3"; HI104F 5cccaagetigggAGTGG TAAAAGGAATATA-

the function r;md regulation of s_pecific expressioADAT 2 We 3 Hd50F BcecaagetigggATAG TTTCGGAAGTGAAT:3and Bh4OR
have determined how the spatially regulated expressi&s-of 5 ggoatcccgATGAGACTT ACTAACAAG-3

T2 is controlled and howAs-T2regulates the activity of the

target genes. As-T2/lacZ constructs without T-binding domains

To construct pf351)(ATd)As-T24acz, primers Hd854FRATdR,ATdF

and Bh40R were used for PCR amplification. The PCR products
amplified with primers Hd854F amiiTdR, and with primer&TdF

and Bh40R, were used as templates for the second PCR amplification.
. The second PCR was performed using primers Hd854F and Bh40R.
Animals and embryos . . The amplified fragment was digested witindlll and BarHlI, and
Halocynthia roretziwas purchased during the spawning season fronfigated withHindlll/BarHI-digested p46.21. The construct was then
fishermen. H. roretzi is a self-sterile hermaphrodite. Naturally |inearized withStyl. p(-351)(ATp)As-T2lacZwas also constructed in
spawned eggs were fertilized with a suspension of non-self sperfhe same manner using primers Hd854FpR, ATpF and Bh40R.
When fertilized eggs were raised at about 12°C, they developed intthese primers wereATdF 3-CCATGGTTAATATGACATCTT-
embryos that were at the 110-cell stage and at the early tailbud stageCTTCAAAAACTCA-3: ATdR  B-TGAGTTTTTGAAGG-

MATERIALS AND METHODS

about 10 and 24 hours after fertilization, respectively. GAAGATGTCATATTAACCATGG-3; ATpF 5-GACCACACG-
S . f AST2 i ol TTTGTGTCCCGAATGCAATGAATACTA-3; and ATpR 5-
creening of As-T= genomic clones TAGTATTCATTGCATTCGGGACACAAACGTGTGGTC-3

An H. roretzigenomic library was constructedA&IX Il (Stratagene;

Kusakabe et al., 1992). Screening of the libraries was performed usifgfP constructs

standard procedures (Sambrook et al., 1989). Nucleotide sequencesTofconstruct As-T2 tagged with GFP, primers T3 and KpTbx6R were
As-T2 genomic clones were determined for both strands with dyeised for PCR amplification. The amplified fragment was digested
primer cycle sequencing FS ready reaction kits and an ABI PRISMith Sma and Kpnl, and ligated inEcaRlI(blunted)Kpnl-digested
377 DNA sequencer (Perkin Elmer). pRN3:GFP, which was made in the following manner. pEGFP-
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N1(Clontech) was digested witlflll, blunted with T4 DNA mRNA into fertilized eggs promoted ectopic expression of
polymerase, and then digested waplll. This fragment containing muscle-specific structural genelsMA4 and HrMHC in cells
EGFP and the SV40 polyadenylation signal was ligated inf non-muscle lineages, suggesting involvemenfs{T2in
GFP, primers T7 and KpBraR were used for PCR amplification. Themryo (Mitani et al., 1999). Conlon et al. (Conlon et al., 1996)
amplified fragment was digested witincll andKpnl, and ligated in demonstrated that tf;e construct Xbra&REn which the DI\]A-

EcaoRI(blunted)Kpnl-digested pRN3:GFP. These primers were: T3 . . .
5-AATTAACCCTCACTAAAGGG-3: KpTbx6R  B-ggggtaccce- binding domain of Xbra (the product of tBeachyurygene of

CATTGTCAGTAAATTGCT-3; T7 B-GTAATACGACTCACTA- ~ X€nopuj is fused to the repressor domain Dfosophila
TAGGGC-3; and KpBraR 5ggggtacccCAAGTCTCAAATT-  engrailed protein, inhibits transcriptional activation by Xbra

CTGTAA-3. and thus blockXbrafunction inXenopusembryos. Using this
strategy to directly investigate the function 8&-T2 in
HrMA4/lacZ and HrMHC/lacZ constructs Halocynthiaembryos, we created an As-T2fEconstruct to

In the present study, we also used fusion gene constructs containiggsrupt the transcriptional activation mediated by this gene and
the muscle-specific actin gekEMA4 or myosin heavy chain gene then examined its effects on muscle cell development.
HrMHC. HrMA4/lacZ and HrMHClacZ were originally constructed Halocynthia embryos were injected at the one-cell stage

by Satou et al. (Satou et al., 1995) and Araki and Satoh (Araki arWIith in vitro synthesized mRNA encoding As-T2fErmnd the

gsltgg‘ %9,32%:' ;?]dC%nhS,\t,rlzg—%é?g(AJs)e%r'}AO'?‘%?CRZ’aﬂgﬂﬁ;ﬂ'\gﬁF’The effects of As-T2/ER on the differentiation of embryonic cells

amplified fragment was digested wBanHI andPst, and ligated in ~ Were examined at the 110-cell and early tailbud stages. Injected
BanHI/Pst-digested p46.21. To construct132)AT)MHC/lacz, ~ embryos cleaved normally until the beginning of gastrulation,
primers pPDFF, dMHR, dMHF and pPDR were used for PCRwhich takes place around the 120-cell stage (Fig. 1). The
amplification. The amplified fragment was digested Wthel and  injection of 0.01ug/ul As-T2/ErR mRNA had a minor effect
Sma, and ligated irXba/Sma-digested p46.21. These primers were: on morphogenesis and the expressiotdd¥A4 (Fig. 1C,F)

MAF 5'-AACAGCTATGACCATGAT-3'; dMAR 5-TACGTGCGAA-  and HrMHC (Fig. 1l,L), and tail elongation was slightly
CAATTGAGGGGCGGCCTTGGTGTCGT:3 dMAF  5-ACGA-  affected (Fig. 1F,L). The expression l8fMA4 and HrMHC
CACCAAGGCCGCCCCTCAATTGTTCGCACGTA3BAMAR 5- a5 evident in eight pairs of B-line muscle cells in 110-cell

€gggatcccgTTCGCTCATGTGAACTGTES pPDFF SGGCTCG-  op h0 empryos (Fig. 1C,1). However, the injection of @Al

TATGTTGTGTAG-3; dMHR 5-AACGTTCATCACCTATCAG- ; .
AAAAAAGCGCAACTGCT-3:  dMHF5-AGCAGTTGCGCTTT- As-T2/ErR mRNA suppressed the expressiorHoMA4 (Fig.

TTTCTGATAGGTGATGAACGTT-3: and pPDR S5ATCGCGG- 1B) andHrMHC (Flg 1H) at the 110-cell Stage. The injection

CTCAGTTCGAG-3. of As-T2/ER mRNA at this higher concentration also affected
_ _ _ the morphogenesis of the tailbud embryo (Fig. 1E,K). By the
Primer extension analysis of ~ As-T2 mRNA tailbud stage, howeveHrMA4 (Fig. 1E) andHrMHC (Fig.

As-T2mRNA was reverse-transcribed fromud of poly (A) RNA 1K) transcripts appeared to some extent. Each experimental
of neurulae by use of a Primer Extension System (Promegajaith  result was confirmed in more than 25 injected embryos.
labeled primer SCTCCGTAAATTGTTTCGTG-3. Products from  To determine whether these effects were caused by the
primer extension reactions were separated by electrophoresis on ghe ference wittAs-T2mediated transcriptional activation, we
8% denaturing polyacrylamide gel and detected with the Fuiji BA{grformed co-injection experiments. As shown in Fig. 10, 110-
system (Fuji Film, Tokyo).
cell stage embryos that developed from eggs that were co-

Microinjection of fusion gene constructs and injected with As-T2/ER mRNA (0.2ug/ul) andAs-T2mRNA
histochemical detection of  B-galactosidase ( B-gal) activity (0.05pg/ul) showedHrMHC expression in some of the B-line
Microinjection of fusion constructs and histochemical detectifhgel ~ muscle cells. In addition, the same stage embryos developed
activity were performed as described previously (Takahashi et al., 1999jom eggs co-injected with As-T2/BEmRNA (0.2ug/ul) and

o o As-T2mRNA (0.2 pg/ul) showed expression d¢irMHC not
Whole-mount in situ hybridization only in B-line muscle cells, but also in some non-muscle

Whole-mount specimens were hybridized in situ at 42°C using DIGineage cells (Fig. 1P). By contrast, about half of the

labeled antisense and sense RNA probes, essentially as describe : i ;
Satou et al. (Satou et al., 1995). The probes were prepared with a gﬁ}ﬁerlmental embryos developed from eggs co-injected with

A : ) ~AS-T2/ErR mRNA (0.2 ug/ul) and HrBra mRNA (0.1 ug/ul)
RNA-labeling kit (Boehringer Mannheim), and used at a concentration,. . -
of 1 pg/ml in the hybridization buffer. Probes firMAd (Kusakabe ~did N0t ShOWHIMHC expression, while the other half showed

et al., 1991) antirMHC (Araki and Satoh, 1996) were used. the gene expression in just a few cells (Fig. 1Q). ,
The timing of initiation oHrMA4 andHrMHC expression,
Histochemical staining for alkaline phosphatase (AP) which occurs at the 32-cell stage, precedes thahAssT2

Differentiation of endodermal cells was monitored by histochemicaéxpression in muscle precursor cells, which occurs at the 44-

detection of AP activity as described by Whittaker and Meedetell stage (Yasuo et al., 1996). This suggestsAkal2is not

(Whittaker and Meedel, 1989). involved in the process of initiation of the activation of these
muscle-specific structural genes. If that is the case, the
injection of As-T2/ER mRNA should not inhibit the initial

RESULTS activation of HrMA4 and HrMHC at the 32- and 64-cell

o o o stages. As shown in Fig. 1NfMHC expression was evident
As-T2 is involved in differentiation of muscle cells of in 64-cell stage embryos which developed from eggs injected
Halocynthia embryos with As-T2/ErR mRNA (0.2ug/ul). This result was confirmed

In a previous study, we showed that ectopic and/oatthe 32-cell stage (data not shown), and similar results were
overexpression ohs-T2by injection of its in vitro synthesized obtained forHrMA4 expression (data not shown).
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As-T2 is expressed weakly in endodermal lineagethe tailbud stage embryos was usually mosaic (Fig. 3),
blastomeres around the 32- to ~44-cell stage, and later in Taresumably owing to the random incorporation of the constructs
(tip of the tail) progenitor cells of tailbud embryos. Weinto early blastomeres. No endogendigal activity was
examined the effects of injection of As-T2FEMRNA on the detected in control non-injected embryos (data not shown).
differentiation of these cells. An endodermal
cell differentiation marker, AP, was detec
histochemically in early tailoud embry | Control | | As-T2/EnR |

developed from eggs injected with As-T2f | 0.2ug/ul || 0.01pg/ul |
C

MRNA (0.2pg/ul) (data not shown). Injection  —
As-T2/ErR mRNA (0.2 pg/ul) did not alter th A B
expression of the TT-specifldrTT-1 gene (dat
not shown).

All these results, together with the previot
reported results (Mitani et al., 1999), stror
suggest thahs-T2is involved in the upregulatic
of HrMA4 andHrMHC in muscle progenitor cel
of Halocynthiaembryos, althougif\s-T2is not
involved in the initiation of expression of the
muscle-specific genes.

HrMA4

The proximal module of the minimal
promoter of As-T2 is involved in muscle-
specific expression of the gene

The 2164-bp 5'-flanking region of As-T2
contains the promoter required for —
expression in two different embryonic

regions

The As-T2 gene is expressed primarily in t
embryonic regions, muscle cells and TT cell:
the tailbud stage embryo. To determine
minimal promoter required for the spec
expression ofAs-T2,we first made a fusion ge
construct, p2164)As-T2lacZ, in which 2164 b
of the 5 flanking region ofAs-T2(from —2164 tc
+40, including the first 33-bp of the coding regi
Fig. 2A) was linked with the reporter gelaeZ
We injected linearized pAs-TiatZ into
Halocynthiaeggs about 30 to 90 minutes a
insemination. After several trials, we found 1
injection of 810* copies of pAs-T24cZ yielded
the best results. On average, about half of the
injected with fusion constructs cleaved norm
and developed to tailbud embryos with nor
morphology (Fig. 3). We scored the reporter ¢
expression only in injected embryos that exhit
normal morphology. Expressionlatzin cells of

HrMH C

| ofiquia (19249 || oKiquia pngjrey JpAique 199-0TT | | oAigwis pnqjrel JoAiquis |199-0TT |

Fig. 1.Effects of microinjection of As-T2/EhmRNA
on the expression of muscle-specific actin gene
(HrMA4) and myosin heavy chain gergrfAHC),
assessed by whole-mount in situ hybridization.
(A-F) Expre)ésion oHrMA4 and (G-(g)HrMHC. As-T2(0.05ug/ul)  As-T2(0.2ug/pl) HrBra(0.1ug/ul)
(A-C,G-1,0-Q) Embryos around the 110-cell stage 0 P |

(D-F,J-L) at the early tailbud stage and (M,N) at th
64-cell stage. (A,D,G,J,M) Control embryos;
(B,E,H,K,N) embryos developed from eggs injecte

with 0.2pug/ul As-T2/ErR mRNA and (C,F,I,L) those e & o
injected with 0.03ug/ul As-T2/ErR mRNA. '

(O-Q) Co-injection of 0.21g/ul As-T2/ErR mRNA

with (O) 0.05ug/ul As-12, (P) 0.2ug/ul As-T2or (Q)

0.1pg/ul HrBra mRNA. Scale bar: 10Qm. L

HrMH C

pAiqua 1199-0TT |
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-2164 -1754 -1454 -1154 -854 -754 -555 -351 -301 -230 -140 -104 -50

L L L L L1 L L1 1 1 I 1|
I T T T | B T 1 +0

100% —2 73 17 29 16 46 30 93 53 31 57 27 Total number of embryos scored

80%

38

60%

B Muscle

' Muscle+Ectopic
B Muscle+TT
mTT

40%

% TT+Ectopic

20% = TT+Muscle+Ectopic

Ectopic only
Not Stained

0%

_— et TT;Tip of thetail
a b c d e f g h i j k |
Fig. 2. Minimal promoter for specific expressionAs$-T2in two embryonic regions (muscle and the tip of the taiblalbcynthiaembryos.
(A) Various deletion constructs examined to determine essential flanking sequences. (B) Frequency of embryos with theneporter g

expression and embryonic regions of expression. Numbers in graphs indicate the number of positive embryos. The deletisincicesizd
at the bottom are the same as those in A.

We examined a total of 91 embryos in this experimental he distal module between -2164 and -1754 of the 5'
series (Fig. 2B). In this group, 22 embryos (25%) showedlanking region of As-T2is likely to be responsible for the
the reporter gene expression specifically in both musclépecific reporter gene expression in TT cells
cells and TT cells (Figs 2B, 3A). In addition, 25 embryosThe 3 flanking region ofAs-T2contained aHincll restriction
showed specifitacZ expression in muscle cells, while in 11 site at-555, which allowed us to make the fusion construct
embryos the TT cells expressddcZ (Fig. 2B). These p(-2164 ~-555)As-T2lacZ (construct b in Fig. 2A). When
results suggest that the 2164-Bgfl&nking region contains construct b was injected into fertilized eggs, the reporter gene
the promoter required for the region-specific expression oivas expressed mainly in TT cells of the tailbud stage embryos
the As-T2gene. (Figs 2B, 3B). The simplest explanation of this result is that
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the region between2164 and-555 is responsible for the TT- as a possible consensus sequence to which the Brachyury
specific expression of the reporter gene, whereas the proximn2NA-binding domain binds. This motif was reported in the
5'-flanking region up to-555 is responsible for the muscle- promoter region oKenopus eFGRyhich is a direct target of
specific expression of this gene. Xbra (Casey et al., 1998), and in the promoter region of the
To test this possibility, we made several deletion constructsonic hedgehog gene of zebrafish (Mdiller et al., 199%i. In
from construct b (Fig. 2A), including {754 ~-555)As- roretzi, the promoter oHrBra contains a 21-bp palindrome-
T2/lacZ (construct c), pfl454 ~-555)As-T2lacZ (construct  like sequence, TTTGTTACCTAGGTGTGGAAA, between
d), p1154 ~-555)As-T2lacZ (construct €) and p854 ~ —171 and-151 from the transcription start site (+1), and this
—555)As-T2lacZ (construct f). As summarized in Fig. 2B, sequence has been shown to be responsible for the autonomous
constructs c, d and e did not show the reporter gene expressioggulation ofHrBra transcription (Takahashi et al., 1999).
suggesting that the' lanking sequence betweei2164 and The nucleotide sequence of tHdlanking region ofAs-T2is
—-1754 contains a distal module that is responsible for specif&ghown in Fig. 4. We identified two T-protein binding motifs: one
expression oAs-T2in TT cells. Because construct f showed (TTTCACACTT) at positions-334 to-325 (Td, distal motif)
the reporter gene expression in both muscle and TT cells, it @1d the other (AAGTGTGAAC) at positior253 to-244 (Tp,
likely that the region betweenl154 and-854 is involved in  proximal motif). In addition, there are two E-boxes (CAAATG)

the suppression d&s-T2transcription. between—351 and-50. We next examined whether these T-
) binding motifs are associated with the expressidkset 2itself.
The proximal module between —230 and -50 of the 5’ The fusion gene construct4¥51)As-T2lacZ contains the
flanking region of As-T2is responsible for the specific T-protein binding motifs, whereas 4%30)As-T2lacZ does
reporter gene expression in muscle cells not (Fig. 5A,E). When either construct was injected into

When deletion constructs were further examined, it becamidalocynthiafertilized eggs, the reporter gene was expressed in
evident that there was a proximal module responsible famuscle cells (Fig. 5A,E). Although the levellatZ expression
muscle-specific expression dacZ (Fig. 2). Injection of was higher when p51)As-T2lacZ was injected than when
p(=351)As-T2lacZ (construct g in Fig. 2A) and p801)As-  p(-230)As-T2lacZwas injected, this result suggests that the T-
T2/lacZ (construct h) resulted in reporter expression in muscléinding motifs are not essential for the initiation A$-T2

cells and in some of non-muscle lineage cells, which werexpression (see also Fig. 2B). However, it is possible that the
usually epidermal cells (but not in TT cells). In addition, 30 outwo potential T-binding motifs are associated with the
of the 53 embryos that developed from eggs injected withutoregulatory activation ofAs-T2 This possibility was
p(=230)As-T2lacZ (construct i) showed the specific expressionexamined by co-injection of 851)As-T2lacZ or p(~230)As-

of lacZ in muscle cells (Figs 2B, 3C). f{40)As-T2lacZ  T2/lacZ with syntheticAs-T2mRNA. If injection of synthetic
(construct j) and p(L04)As-T2lacZ (construct k) also showed As-T2mRNA causes ectopic expression of As-T2 protein in
reporter gene expression in muscle cells (Fig. 2B). Howeveblastomeres of nhon-muscle lineages, and the As-T2 protein then
p(-50)As-T2lacZ failed to promote reporter expression. Thesebinds to the T-binding motifs of the gene and activates
results suggest that a proximal module betweZ30 and-50  expression of the fusion construct, the reporter gene should be

is associated with muscle-specific expressioAwi 2 expressed ectopically in non-muscle lineages. Expression of
_ ) ) As-T2 protein was confirmed by expressionAst T2 mRNA
Primer extension analysis tagged with a sequence encoding GFP (Fig. 5B,F). As shown

As mentioned abové\s-T2is expressed primarily in embryonic in Fig. 5G, co-injection of p(351)As-T2lacZand synthetié\s-
muscle cells and TT cells, and theflanking region ofAs-T2 T2 mRNA resulted in ectopic expression of the reporter gene.
contains two promoter regions that regulate its specifitlowever, co-injection of pR30)As-T2lacZ and syntheti@s-
expression: a distal module responsible for its specific expressidi2 mRNA showed the reporter gene expression (Fig. 5C) at the
in TT and a proximal module required for its muscle-specificame level as controls (Fig. 5A). Co-injection of380)As-
expression. It is possible that the gene produces two differem®/lacZ (Fig. 5D) or p£351)As-T2lacZ (Fig. 5H) withHrBra
transcripts by alternative splicing. We therefore examined thimRNA did not cause ectopic expressioraafZ Furthermore,
possibility by primer extension analysis, and observed only onee examined whether the distal T-binding motif (Td) and the
band in the gel (data not shown). This suggoests

that a single type dks-T2mRNA is expresse

in Halocynthiaembryos. Mu

- A ( B C /Mu
The muscle-related promoter region r g :
contains potential T-protein binding N . Y
motifs »
Kispert and Herrmann (Kispert a En } J .
Herrmann, 1993) examined the specific C TT g — 4
binding of the mouse Brachyury (T) prot M—

to DNA fragments which were selected fr

. . Fig. 3.E i Zin Hal hiatailbud- h | f
a mixture of random oligomers. Th ig. 3. Expression ofacZin Halocynthiatailbud-stage embryos that developed from eggs

injected with various deletion constructs of pAsia@zZ. (A) Injection of p2164)As-

identified a 20 bp palindrome, T2/lacZ resulted in the expression of the reporter gene in muscle cells (Mu; arrow) and TT
cells (arrowhead). En, endoderm; N, notochord. Scale baprhO(B) Injection of pt2164
T ACACCTAGGTGTGAAA ~-555)As-T2lacZ resulted in the expressionlatZin TT (tip of the tail) cells.
G(C)ACACC & (C) Injection of pt-230)As-T2lacZ resulted in the expressionlatZin muscle cells (Mu).



Fig. 4.(A) Nucleotide sequence
of the B-flanking region ofAs-

T2, including the regions for its
muscle-specific (shown with red
letters) and TT-specific (shown
with blue letters) expression. A
putative Gli protein-binding

motif is shown with a yellow
underline. The transcription start
site is shown as +1, and eleven
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A

-2164
AGOTGTACATATTCACGATTTGAGGTCACAAACACT CAAA TTCAGAGTATTATT TTGAATACAG GTTTTTATGAAGAGAFGT

ATATAGCACTCTTCTAATTTTCTATGTTATAACQT CATGTCATATTCGAAGAAPAT TTTTAGTTTAGAAAACGG GAACACAATTCT
TGCAAACTTTAAAAAAATTCTTCGAAAGRAGI TG O"I:g:ZC?AL\}I'TTTAAATCGGGA‘G’AATTGCI'TACATACGGCA‘IATAAAAI’TTAA
TAGCGAGATATCCA TAAATCAAACAAGCACGGCIRAACTGI TTGTTATCGCCTTGT TTGACAAGG GACGGCARGACGAGAAA
GAGARTTGITAAAGA AATTGTTTTGATTTCCG TACACG G AATGAGCGATAATGACAACGCGCBAACGATTGATATTGACG
AAAGCCET'I'I'GATTGGA'GAAAAGAAGAMGO’CACACCGT-GCI'A'I'I'TACAAAAACAA'AATATCCC:C}éZ"}I'GAA'GAAATATATT
TATTATTTATTATAATATTTCTTTGTAATATTTTTTACCATAGTAAT AAATTCE ATTCTACTCGTATTCAAAAAGAA AAAACG CG
CTATTACACA TTATTTTAGAAGAACTTTTGAA AAATTCGAGACCTGTAATTTATCAGAARCAG CACTTCAACATTTCAQT
GGACACCIATTTATAATGATAATGCTGAAG GARTAATATGTAT TAGAT AATTAATAAT ATAATAGGAARATAACCAGGT TTCGAA
TATTGTGAAG:A(:IIE-GSé'AAAAGGA‘PATAAAGAA(ETATATAC/—TI’TCTCCAI’TGGA’ACTTCTATGAG(IIGAN’GGG’GAG’AACGCAGG
GAACCTAACTTCTTAGTTTCCAGTTTTGAGAGCECAAAACAAGAAACACTIA GTAAATTTACAGA TATTCAAAAACAGCGGA
TATATTCCACGGATCTATTGCAGCATATACAA ATCTTAGI TGTAGGAACA TATACTAAAAAACAATCGA TCTACAT GAACT
ACTCAACI'TACCAAACG'PCAATTATTAAGI'GTTAAGA’A’EE?TI’GTTTAGTTCCG’TCAAGGCTACG’TACTAATTAG OTAATGITG
TGTATATTGTTAATAGTAATTAACGGAA‘CCGCAZACAG'GAGGGATGCN:'z'géG'ATACTGTI'CTCGN’AAN’TGTTATCCATGTAAT
GTATGGACTCTATCAATACTCAGA GCCGARTAGATGATAAAGAGRTCACAAAAACEGTCTAG GTGAAAG GGAAARATACAAA
ATAGO’TTGCAAA’GGAA’GTGTGAGACAU:TCGCCAAGGC?EAATTCAAO'I'TACAAACCAGTGTC_AAEC)/{TGAAACIAAATCGCA
GTTTTTCCAACCGIISCGCAAACCAGAAAAGAARAGC CGAARCTAACACGATCGA GGAGCAGGACAAAARTGCGCTGTGA
TGTCAGCGAAAATTCTAATATGATAATCATGTTGATACT CCAG TCCCAGGITAGAAA TTTTGT TCAT TAAAATATCATAATAAACT
ATTGGGGATAATCGCATCTCGG CCAAGATTTCAATAT TTCGAAACCATCAAT CATTGCAACAGGA TCCATTCCAAGCAAAC
TAAACAAAGTCGAAGRAAAACCEATAGTACAAT AAATGCT TGACCCAAGIBAT GTGATATT TAATATGTTGTATAT TAATAAATAA
GATTGARATTTG CAACGA‘PCGC.E:S;K%I-G'TAATATGACA'WSTTCCCI'TCAAAAAG?CAAN’GC?P‘%‘ITGTTCAG’ATA
TTGTTTTGATATTGACCACACT TGTGTCCAVIERSITVNGAN G CAA'GAATA-gTATCTTGCTGCGTTACCACG‘DAACAAAGZGC
AACAATAGAGA?AAAGGGAGACCGCG‘(EA‘,TCTI'CTCACCCCG[CGI'I'AAACG-jé(()iGAAA‘GB\AAG’AAAAN’GAAACAZRTAAAA

~104 50
ACAAGACTCTTTTTCGICAATGCAAAGAGAAGAAAGARBCATAAAGCGART AT TTCGGAATBGAATCATTATCATTTAATTGC

'E» +1
GTAGCCAAAAAG BGCAACARACA TTCTATCCITGTTAGTAAG CTCATTGCCATAAAAGARACAGCGATT GACAGCAACA

GAACACGAAACAA TACGGATATCCCAAAGPAGT TTCCGCCTAAGACAGCATGICAGCTTTCCTATCTCCGAATCGGAGGG
M S AF P11 S DI GG

+1
-2164 -1755 230 -51

deduced amino acids are shown C

in the lower right-hand corner.
The purple box indicates the Tp
(proximal T-binding motif) and
the green box indicates the Td
(distal T-binding motif).

(B) Suggested motifs and
sequences responsible for the
specific expression @&s-T2

(C) Sequences of T protein-
binding motifs shared by various
T-related genes. Dots indicate
conserved nucleotides.

T Binding Consensus TTTCACACCTAGG GTGAAA

L
HrBra JIICTTACHARSESISEN
_>
As-T2( Ty TTTCACACTT

As-T2( T,) ARGTGTGAAC
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p(-230)As-T2/lacZ

-230

+As-T2 mRNA +HrBra mRNA

Fig. 5. Two T-binding motifs and autoregulation &§-T2 (A-D) Expression ofacZin the 110-cell stage embryos wher280)As-T2lacZ
was injected into fertilized eggs without (A) or wals-T2mRNA (B,C) orHrBra mRNA (D). (B) As-T2mRNA was tagged with a sequence
encoding GFP, and the expression of GFP in embryos showed the proper transkidr2ofRNA. (E-H) Expression dacZin the 110-cell
stage embryos when4851)As-T2lacZ was injected into fertilized eggs alone (E) or i T2mRNA (F,G) orHrBra mRNA (H). (F) GFP
expression confirming proper translation of injeddsdT2mRNA. The red box indicates the putative minimal promoter of As-T2; and Td
indicates the distal and Tp the proximal T-binding motif. Injected eggs were allowed to develop to the 110-cell stage;leadahenvas
arrested for about 12 hours before detection of the reporter gene expression. Scalepipar: 100

proximal T-binding motif (Tp) are required for the upregulationto yield the correct reporter gene expression in muscle cells
of the As-T2gene. As shown in Fig. 6, the deletion of the Td(Satou and Satoh, 1996). However, a T-binding motif
motif from p351)As-T2facZ had little effect on the ectopic (AAGTGTAGAA) is present between position89 and-180
expression ofacZ upon co-injection witlAs-T2mRNA (Fig.  of HrMA4. This sequence shares seven of the ten nucleotides
6A,B), while deletion of the Tp motif from p851)As-T2lacZ  with the sequence of thAs-T2 proximal motif (Fig. 7A).
resulted in failure to produce ectopic expressiolacZ when  Regarding theArMHC gene, it has been shown that the 132
the construct was co-injected wilis-T2mRNA (Fig. 6C,D). bp region upstream of the gene is sufficient for muscle-specific
These results suggest that the T-bindin~
motifs, especially the proximal motif é&fs-T2
are involved in the autoregulatory enhancer
of gene expression. This enhancement
promoted by As-T2, but not HrBra, sugges
a specific affinity between the two T-box g
products.

As-T2 upregulates muscle-specific
structural gene expression

We previously examined the minimal promc
required for muscle-specific expression
HrMA4 andHrMHC. As shown in Fig. 7A, th
103 bp region upstream BifMAA4 is sufficient

Fig. 6. Requirement of the distal and proximal T
binding motifs ofAs-T2for its upregulation
assessed by the reporter gene expression.
(A,B) p(—351)(ATd)As-T2/lacZ was injected
solely (A) or withAs-T2mRNA (B).

(C,D) p=351)(ATp)As-T2lacZ injected solely (C
or with As-T2mRNA (D). Injected eggs were
allowed to develop to the 110-cell stage, and th
cleavage was arrested for about 12 hours befor
detection of the reporter gene expression. +As-T2 mRNA
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A. v A4

216
CTGTRTTCACGACACCAAGGCCGCRRGTG RGAACTAATTG

TTCGACGRCCGCBGTTARACGATATATCCAACCATGCTRATTC
-103

TTAAGTTACTCCTTTRTGGTATCGACTTCTATTACGAATTG

CGCGTBTAACAACTGTCTTBTTTTTTCCGCTTTCCTCCGTTTC
+1
TTTCAGTATATAAGCCCTCATCGTTCGCTATATTE

—— B

T(Consens us) TTTCACACCT £

-

S — z

HrivAd PASTSIAGN g

© 000 0 O o d

—_— s

As- T2(T p) GITCACACTT 8
B.HmHC

-132
T GAACCTTGBGTGGRAACAATGAAAA/CAGAGAAG TACGAATC

GAATCAGAAGTTGCGCTTTTTCTTRCACAGTRATAGGTATG

+ ¥
AACGTTRATATAAAAAG GCBGAGAAAT GAAT GATGAACATE ' g
:
[ — =
T(Consens us) TTTCACACCT g
—_—
HrMHC TITOCACAG
——
As-T2(T ) GTTCACACTT

Fig. 7.Nucleotide sequences of theflanking region of (AHrMA4
and (B)HrMHC. There is a T-binding motif irlrMA4 (shown by a

red stippled box) and iIHrMHC (a pink box). Sequences of T-
binding motifs are compared (A) between mouse T consensus,
HrMA4 andAs-T2(Tp), and (B) between mouse T consensus,
HrMHC andAs-T2(Tp). Black dots represent nucleotides shared by
the T consensus, and white dots those sharédiy2(Tp).

p132)( AT)HFMHClacZ

reporter expression (Araki and Satoh, 1996). As shown in Fi¢ +As-T2 mRNA

7B, there is a T-binding motif (TTTCACACAG) between Fig. 8.Efficiency of T-binding motifs in expression HfMA4 (A-D)
positions—64 and-55 of HrMHC. This sequence shares sevenandHrMHC (E-H). (A-D) The reporter gene expression in embryos at
of the ten nucleotides with the sequence ofAsé 2proximal  the 110-cell stage injected with-216)HrMA4AacZ (A),

motif (Fig. 7B). Therefore, it is likely that these T-binding P(-216)HMA4/acZwith As-TZmRNA (B), p(-216)AT)HrMA4/lacZ
motifs play a role in the upregulation fMA4 andHrMHC  (C) and p(216)AT)HrMA4/lacZ with As-T2mRNA (D). (E-H) The
by As-T2 This possibility was examined by co-injection of reporter gene expression in embryos at the 110-cell stage injected with

p(=216)HrMA4/acZ with and without the T-binding motif or p(—lS%)HrMHCAacZ (B), PCASHMHCIACZ with As-T2ZmRNA
X . L .. (F), p132)AT)HrMHC/lacZ (G) and p£132)AT)HrMHC/lacZ with
gfw:jlisz)'gg/t:ﬁg?cz;\vlgusnd without the T-binding motif  As'TomRNA (H). Injected eggs were allowed to develop to the 110-

cell stage, and then cleavage was arrested for about 12 hours before
The 110-cell stage embryos that developed from egggetection of the reporter gene expression.

injected with p216)HrMA4/lacZ showedlacZ expression in

muscle lineage cells in almost all of the test embryos (Fig. 8A).

Injection of p216)(AT)HrMA4/lacZresulted in the reduction indicates thaHrMA4 expression was upregulated Bg-T2

of not only the number of embryos that exhibitedtZ  However, when p{216)AT)HrMA4/lacZ was co-injected
expression, but also of the numbetaafZ-positive blastomeres with As-T2 mRNA, the reporter gene expression was also
per embryo (Fig. 8C). When f{16)HrMA4AacZ was co- upregulated (Fig. 8D).

injected with As-T2 mRNA, the expression ofacZ was Similar results were obtained witirMHC (Fig. 8E-H). The
upregulated dramatically (Fig. 8B). Almost all of the embryosreporter gene expression was downregulated when the T-
showedacZ expression in nearly half of the blastomeres. Thidinding motif was deleted from the 132)HrMHClaczZ
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(compare Fig. 8G with Fig. 8E). The reporter gene wagpromoters of the ascidian genes are usually located within 300-
upregulated and ectopically expressed whet13f)HrMHC/ 500 bp upstream of their transcription start sites.A&sT2
lacZ was co-injected withAs-T2 mRNA (compare Fig. 8F contains distal and proximal modules and the latter is
with Fig. 8E). Upregulation and ectopic expression of theassociated with muscle-specific gene expression, it is
reporter gene expression were also evident whenonceivable that the proximal module required for muscle
p(=132)(AT)HrMHC/lacZ was co-injected wittAs-T2mRNA  development evolved first and then a second module for the
(compare Fig. 8H with Fig. 8F). expression ofAs-T2in non-muscle cells was added distal to
the primary module. The evolution of multiple promoter
modules for the same gene may provide us with insight into

DISCUSSION how genes are co-opted to generate novel morphologies.

] . . ) However, the present analysis As-T2mediated tissue-
The primary function of ~ As-T2 in Halocynthia specific transcription control is not complete, and the control
embryos mechanism appears to be quite complex. For example, it is

Members of th& bx6subfamily are expressed in the paraxiallikely that the region betweerll154 and-854 is involved in
mesoderm and tailbud in embryos of mice (Chapman et athe suppression oAs-T2 transcription. In addition, more
1996) andXenopugZhang and King, 1996), and this pattern comprehensive analysis is required to understand the detailed
is also seen in the case of the ascidibr6related genéds-  mechanisms involved in the muscle-specific expressidsof
T2(Yasuo et al., 1996; Mitani et al., 1999). KnockouTbk6 T2, although we could not detect in the proximal module any
in the mouse resulted in the failure of somite formation andonsensus binding motif for known transcription factors.
in the induction of a second neural tube (Chapman and )
Papaioannou, 1998). Ectopic and/or overexpressigsef2 As-T2 and genetic cascade for muscle cell
by injection of in vitro synthesized mRNA into one-cell differentiation in ascidian embryos
embryos promotes the ectopic expressionHofMA4 and  In ascidian embryos, whole-mount in situ hybridization signals
HrMHC in mainly epidermal cells (Mitani et al., 1999). first appear unambiguously in embryonic nuclei, and then
However, the microinjection oAs-T2mRNA into fertilized they become distributed throughout the cytoplasm. Taking
eggs does not evoke upregulation of the endodermal celdvantage of this feature, the exact temporal and spatial
differentiation marker AP nor of the TT-specific genespatterns of transcriptional activation can be studied (e.g. Yasuo
HrPost-1 (Takahashi et al., 1997) andtTT-1 (Hotta et al., and Satoh, 1993; Satou et al., 1995). For example, for genes
1998). As shown in the present study, the suppressiés-of associated with muscle differentiatiodrMA4 and HrMHC),
T2-mediated transcriptional activation by injection of As-transcripts begin to appear at the 32-cell stage. This early
T2/ErR resulted in downregulation dirMA4 and HrMHC  expression of muscle-specific structural genes is also true in
transcription, but the expression of the endoderm AP and thbe case of tropomyosin, myosin light chain and creatine kinase
TT-specific genes was not affected. All of these resultg§Y. Satou and N. S., unpublished). By contrast, the expression
strongly suggest that the function éfs-T2 is primarily  of As-T2starts around the 32- to ~44-cell stage (Yasuo et al.,
associated with the differentiation of muscle cells. Howeverl996) and that of the ascididviyoD homologHrMD1 first
becauseAs-T2is also expressed in the endodermal precursdoecomes evident at the 64-cell stage (see Satoh et al., 1996).
cells and TT progenitor cells, its function in these types ofhis suggests that the transcription factors As-T2 and HrMD1
embryonic cells should be elucidated further in future studiesre not likely to be involved in the initiation of transcriptional
activation ofHrMA4 andHrMHC. This was confirmed by the

The proximal module of the minimal promoter of ~ As-  present study: the injection of As-T2/&did not block the
TZis involved in muscle-specific expression of the transcription initiation ofHrMA4 and HrMHC (Fig. 1N).
gene However, as shown in the previous studies and the present

The 5 flanking sequence @s-T2
contains at least two distir

promoter modules for cell-typ maternal MRNAs
specific gene expression: a di mgm-ajl?w
module betweer2164 and-1754 u

of its 5 flanking region is require
for expression in TT cells and - -
proximal module betweer230 .- direct or indirect - ..
and -50 of the 5flanking regior :
is required for expression
muscle cells. Studies of t
minimal promoters responsit

A B Muscle determinant proteins

o . - bHLH?
for specific embryonic expressi HIMD1?
of HrMA4 (Hikosaka et al., 199 '
Satou and Satoh, 1996)rMHC U

(Araki and Satoh, 1996)irBra 5 As-T2protein x
(Takahashi et al., 1999) ar@i- :

Bra (Corbo et al, 1997 Fig.9.Possible functional circuitry dks-T2associated with muscle differentiationHialocynthia
demonstrated that the minin embryos (see text for details).
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study, overexpression &s-T2upregulates the transcription p(-132)AT)HrMHC/lacZ with As-T2 mRNA also promotes
activity of HrMA4 and HrMHC, and suppression oks-T2  ectopic expression ofacZ This suggests that As-T2 may
downregulate$irMA4 andHrMHC transcription. In addition, upregulate other co-factor gene(s) that in turn upregulate
co-injection of As-T2mRNA with HrMA4/lacZ or HrMHC/  HrMA4 and HrMHC. Myogenic bHLH genes, including
lacZ promotes ectopic expression tdcZ in non-muscle HrMD1, are candidates for the co-factor genes. The DNA-
lineage cells. These results strongly suggest &®f2is  binding capacities of and transcriptional modulation by
involved in upregulation and/or maintenance of thedifferent T-box proteins are rather complex (Sinha et al., 2000).
transcription activity oHrMA4 andHrMHC. Future studies should address the issue of co-operative activity
Injection of As-T2/ER suppressed the transcriptional of As-T2 with other T-box proteins in ascidian muscle cell
activation ofHrMA4 andHrMHC in dose-dependent manner. differentiation.
Almost complete suppression ofirMA4 and HrMHC In conclusion, we propose a genetic cascade for muscle
transcription by As-T2/Efhwas observed at the 110-cell stage.differentiation in the ascidian embryo, which is summarized in
However, by the tailbud stage, embryos developed from egdsSg. 9. First, maternally transcribed mRNAs of the muscle
injected with As-T2/ER showed detectable levels BHfMA4  determinant gene(s) like macho-1 is/are localized in the
and HrMHC transcripts. This result may indicate that themyoplasm. After fertilization, this maternal mRNA is
amount of As-T2/ER protein gradually diminished as translated and then segregated into the B-line muscle cells to
development proceeded, and thus the inhibitory activity of Asdirectly or indirectly activate the muscle-specific structural
T2/ErR on the transcriptional activity of the muscle-specificgenes, includingdirMA4 andHrMHC. This process is evident
structural genes decreased. In other words, continuous activity the 32-cell stage when transcripts of bétiMA4 and
of As-T2transcription appears to be required for maintenancelrMHC can be detected by whole-mount in situ hybridization.
of the transcriptional activity of these muscle-specificSecond, the determinant protein(s) or some other
structural genes. transcriptional factors directly or indirectly activate-T2and
What molecules are involved in the initiation of HrMD1. Once transcription oks-T2is activated, its translated
transcriptional activation oHrMA4 and HrMHC? Recently, protein binds to the T-protein-binding motif of the gene to
Nishida and Sawada (Nishida and Sawada, 2001) isolated andregulate itself via an autoregulative loop. Third, As-T2
characterized thenacho-1gene fromHalocynthiaeggs. This  protein binds to the T-binding motif of the flanking regions
gene encodes a zinc-finger nuclear protein, and its mMRNA ©f HrMA4 and HrMHC to upregulate the transcriptional
localized to the myoplasm eggs. Because depletionacho-  activity of these genes. As-T2 may also upregulate other co-
1 mRNA results specifically in the loss of B-line muscle cellsfactor genes (oHrMD1), which are also involved in the
and because injection of in vitro synthesizegicho-ImRNA  maintenance of the transcriptional activity dfMA4 and
causes ectopic muscle formation in non-muscle lineage cellslrMHC. Thus, the transcription éfrMA4 andHrMHC genes
it is highly likely that macho-1 is an initiator of the muscle-is controlled by two phases of regulation: initiation and
specific structural gene expression. We searched for possibiegintenanceAs-T2is involved in the latter phase of regulation
Gli protein-binding motifs within the'Slanking region ofAs-  or maintenance. Although more details of this mechanism will
T2 Although there is a sequence (AGAGTGGT; 6/9 basde clarified in the near future, this model delineates a genetic
match) that resembles the Gli-binding motif (TGGGTGGTC;cascade for regulation of muscle cell differentiation in
Alexandre et al., 1996; Sasaki et al., 1997) around 1154 Hpalocynthiaembryos.
upstream of the putative transcription start site, we could not
find any Gli-binding motif within the proximal module We thank all of the staff members of Asamushi Marine Biological

between-230 and-50 that is required for the muscle-specific Station, Tohoku University, Aomori and Otsuchi Marine Research
expression oAs-T2 Center, Ocean Research Institute, University of Tokyo (lwate) for

In addition, Erives and Levine (Erives and Levine, 20Oo)thelr hospitality. We also thank Takahito Miya for isolation of the

. genomic clone ofAs-T2and Naoto Ueno for helpful discussion. Y.
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