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SUMMARY

Ascidian larvae develop mesenchyme cells in their trunk.
A fibroblast growth factor (FGF9/16/20) is essential and
sufficient for induction of the mesenchyme inCiona

savignyi We have identified two basic helix-loop-helix
(bHLH) genes named Twist-likel and Twist-like2 as

downstream factors of this FGF. These two genes are
phylogenetically closely related to each other, and were
expressed specifically in the mesenchymal cells after the
110-cell stage. Gene-knockdown experiments using a

We also demonstrate that the upstream regulatory
mechanisms of Twist-likel are different between B-line
mesenchymal cells and the A-line mesenchymal cells called
‘trunk lateral cells’. FGF9/16/20 is required for the
expression ofTwist-likelin B-line mesenchymal precursor
cells, whereas FGF, FoxD and another novel bHLH factor
called NoTrlc are required for Twist-likelto be expressed
in the A-line mesenchymal precursor cells. Therefore, two
different but partially overlapping mechanisms are

specific morpholino oligonucleotide demonstrated that
Twist-likel plays an essential role in determination of the
mesenchyme and thafwist-like2is a downstream factor of
Twist-likel In addition, both overexpression and
misexpression of Twist-likel converts non-mesenchymal
cells to mesenchymal cells.

required for the expression of Twist-likel in the
mesenchymal precursors, which triggers the differentiation
of the mesenchyme irCiona embryos.

Key words: AscidianCiona savignyiCiona intestinalis
Mesenchyme, Basic helix-loop-helix Transcription factors

INTRODUCTION 1997). Although TLCs have been described as distinct from
o o the other two lineages of mesenchyme cells (B-line
Ascidians belong to the subphylum Urochordata, which is ongesenchyme), numerous genes are expressed specifically in
of the three chordate groups. Their fertilized eggs develop intgoth TLCs and B-line mesenchyme cells, suggesting that these
tadpole-type larvae, which consist of about 2600 cells that formgells share some features (Satou et al., 2001; Kusakabe et al.,
several distinct types of tissues (Satoh, 1994). The trunk of th02). In the present study, we use the term ‘mesenchyme’ for
larva contains a dorsal central nervous system (CNS) with twg| of these cells, except where indicated otherwise.
sensory organs (otolith and ocellus), endoderm, mesenchyme,|n addition to these three lineages of mesenchymal cells,
trunk lateral cells and trunk ventral cells. The tail contains th@scidian larvae develop trunk ventral cells (TVCs), which are
notochord, which is flanked dorsally by the nerve cordoften regarded as a kind of mesenchymal cell because they give
ventrally by the endodermal strand and bilaterally by thregise to adult body wall muscle and heart (Hirano and Nishida,
rows of muscle cells. The entire surface of the larva is covererb97). In our previous comprehensive studies, we could not
by an epidermis. This configuration of the ascidian tadpole ifind any genes that are expressed specifically in both TVCs and
thought to represent one of the most simplified and primitivgnesenchyme at the tailbud stage, whereas many genes
chordate body plans (reviewed by Satoh and Jeffery, 1995; Bkpressed in muscle cells were also found to be expressed in
Gregorio and Levine, 1998; Satou and Satoh, 1999; Wada am/Cs, suggesting that TVCs and muscle cells share some
Satoh, 2001; Nishino and Satoh, 2001; Satoh, 2003). features (Satou et al., 2001; Kusakabe et al., 2002). This gene
The ascidian larval mesenchyme cells consist of about 9Qkpression profile suggests that TVCs are quite different from
cells that form the adult body after metamorphosis (reviewethe other three lineages of mesenchymal cell. In the present
by Satoh, 1994). The mesenchymal cells are derived from ttstudy, the term ‘mesenchyme’ does not include TVCs.
A7.6, B7.7 and B8.5 blastomere pairs of the 110-cell embryo Ascidian larval development has been regarded as a ‘mosaic’
(see Fig. 2A). The mesenchymal cells derived from A7.@evelopment, in which each tissue is specified by maternally
blastomeres are called trunk lateral cells (TLCs), and thegupplied ‘determinants’. Actually, the endodermQ@bna is
mainly give rise to adult blood cells and body-wall muscleautonomously specified by maternally supppecatenin (Imai
(Nishide et al., 1989; Hirano and Nishida, 1997). The other twet al., 2000). In another ascididfialocynthia roretzi muscle
lineages of mesenchymal cells (B7.7 and B8.5) areells are autonomously specified by a maternally supplied Zic-
mesenchymal cells only in a narrow sense, and contributelated transcription factor, machol (Nishida and Sawada,
mainly to tunic cells after metamorphosis (Hirano and Nishida2001). However, the specification of the remaining



4462 Imai. K. Satoh, N. and Satou, Y.

mesodermal tissues, mesenchyme and notochord, requirgsjuence and, therefore, the morpholinos did not recognize these
inductive cell-to-cell interaction. The notochord and thesynthetic mMRNAs. We also used a morpholino agadssFgfo/16/20
mesenchyme (except for TLCs) have been demonstrated to B@ai et al., 2002a). After insemination, fertilized eggs were
induced by presumptive endodermal cells around the 32-célgchorionated, and microinjected with 15 pmol of morpholinos and/or
stage (Nakatani and Nishida, 1994; Kim et al., 2000). TLc&Ynthetic capped mRNAs in 30 pl of solution using a

. . - . _JApicromanipulator  (Narishige Scientific Instrument Laboratory,
are induced by cells in the animal hemisphere at the 16-c kyo), as described (Imai et al., 2000). Injected eggs were reared at

stagga inHalocynthia (Kawaminani and N'Sh'da' 1997). In a ~18°C in MFSW containing 5ag/ml streptomycin sulfate. Cleavage
previous study, we demonstrated that a fibroblast growth factajt some embryos was arrested at the 110-cell stage using cytochalasin
Cs-FGF9/16/20 [previously called Cs-FGF4/6/9 (Imai et al.B, and the embryos were then further cultured until the control
2002a); renamed by Satou et al. (Satou et al., 2002a)], whi@mbryos reached the desired stage.
is expressed in precursors for endoderm, TLCs, notochord and ) .
nerve cord at the 16- and 32-cell stages, and in the nerve cdrgtection of differentiation markers
and the muscle precursors at the 64- and 110-cell stages,TEe foII_ovylng ceII-spec;l_flc markers were used to assess the
essential for the induction of mesenchyme, including TLCs, iﬁ'ﬁe.rte”ﬂago.g.c’f?mbg’oﬂ/'&‘ie”s'l andlwere dletected_fby er.c"e'moum
. . P in situ hybridization:Cs- a larval muscle-specific actin gene
Ciona embryos (Imal_et al., .2002a). However, It is not yet Chiba et al., 1998)Cs-Epil an epidermis-specific gene (Chiba et
known ?'ther when this FGF 'r_"_juces TLCs or from where th I., 1998); Cs-fibrinogen-like(Cs-fibrr), a notochord-specific gene
FGF signal comes. In addition, the mechanism of themaj et al., 2002a)Cs-Mech]a mesenchyme-specific gene (Imai et
determination of mesenchymal cells after induction has nail., 2002a); andCs-ETR a pan-neural marker gene (Imai et al.,
been clarified yet. In the present study, we identified genes fano2a). The differentiation of endoderm cells in experimental
bHLH factors that work downstream of FGF9/16/20 andembryos was monitored by the histochemical detection of alkaline
determine the mesenchymal cell fate. phosphatase as previously described (Whittaker and Meedel, 1989).

Quantitative RT-PCR
Twenty-five embryos at the 110-cell stage were lysed in | 206f

MATERIALS AND METHODS GTC solution [4 M guanidinium thiocyanate, 50 mM Tris-HCI (pH
- 7.5), 10 mM EDTA, 2% sarkosyl, 1%-mercaptoethanol] and total
A,SC'd'an eggs r.:\nd embryos ) ) ) . RNA prepared. The RNA was used for cDNA synthesis with
Ciona savignyiadults were cultivated at the Maizuru Fisheries gjigo(dT) primers as described previously (Imai et al., 2000). Real-
Research Station of Kyoto University, Maizuru city, facing the Sea ofjme RT-PCR was performed using SYBR Green PCR Master Mix
Japan. They were maintained in aquaria in our laboratory at Kyotgng an ABI prism 7000 (Applied Biosystem). A one-embryo-
University under constant light to induce oocyte maturation. Eggs angquivalent quantity of cDNA was used for each real-time RT-PCR.
sperm were obtained surgically from gonoducts. After inseminationthe cycling conditions were 15 seconds at 95°C and 1 minute at 60°C,
eggs were reared at about 18°C in Millipore-filtered seawatefccording to the supplier's protocol. The experiment was repeated
(MFSW) containing 5qug/ml streptomycin sulfate. twice with different batches of embryos. Relative expression values
Isolation of cDNAs and sequence determination were calculated by comparison with the level of expression in

) ) - ; ) uninjected control embryos. Control samples lacking reverse
Ciona intestinaliscDNA clones were obtained from th€iona  transcriptase in the cDNA synthesis reaction failed to give specific
intestinalisgene collection (Satou et al., 2002b). Ti@&ibna savignyi  products in all cases. Dissociation curves were used to confirm that
counterparts were first searched for in genome sequences that wgfggle specific PCR products were amplified.
produced by whole-genome shotgun sequencing and that areThe primers used in the present study were as follows:
deposited in the Trace archive of NCBI. Based on the genomic Cs-NoTrlg 5-CTCGCCACCAAACGATCAAT-3 and 3-CGCGA-
sequences, we amplified cDNAs from gastrula and tailoud cDNAATGTTGCCAAGTGT-3; and
libraries by PCR. Elongation factor AEF2), 5-CGCAGTGAAACCGAATGATTC-

Nucleotide sequences of both strands were determined using a B@-and 5-CCCGATCTTCAATGTCAATGC-3.
Dye Terminator Cycle Sequencing Ready Reaction kit and an ABI
PRISM 377 DNA sequencer (Perkin Elmer, Norwalk, CT, USA).

Whole-mount in situ hybridization RESULTS

To determine mRNA distribution in eggs and embryos, RNA probe . .

were prepared using a DIG RNA-labeling Kit (Roche). Whole—mount%z'enes exp_ressed in presumptive mesenchymal cells

in situ hybridization was performed using digoxigenin-labeledof early Ciona embryos

antisense probes as described previously (Satou and Satoh, 1997)In previous studies (Satou et al., 2003; Wada et al., 2003), we
o . . identified whole gene sets for bHLH factors and homeobox

Morpholino oligonucleotides and synthetic capped transcription factors encoded in tBna intestinaligenome,

MRNAS _ _ ~ the draft sequence of which we recently determined (Dehal et

In the present study, we used 25-mer morpholino oligonucleotideg|.  2002). We comprehensively examined their expression

(hereafter referred to as ‘morpholinos’; Gene Tools, LLC)Gsr atterns during embrvogenesis. and thereby found that five
Twist-likel (5-CTTGATTGTACTCTAGTGATGTCAT-3) and Cs- EHLH genes gand Oxleg homebbox gene ywere expressed

NoTrlc - (S-ATTTCTCATTACTTCTGTTGACATG-3). Synthetic predominantly in mesenchymal cells. Because embryos of a

capped mRNAs foCs-Twist-likeland Cs-NoTrlcwere synthesized | I lated o . : ble t
from their cDNAs cloned into the pBluescript RN3 vector (LemaireC osely related specie§jona savignyiare more amenable to

et al., 1995) using a Megascript T3 kit (Ambion). To obtain cappe@Mbryological manipulations, we isolated cDNA clones for
MRNA, the concentration of GTP was lowered to 1.5 mM and the cafyiona savignybrthologs of theCiona intestinalisgenes.

analog 7mGpppG was added at 6 mM. For rescue experiments, Three of theCiona intestinalisbHLH genes were closely
synthetic mRNAs were designed to lack the morpholino targetelated to one another. A previous phylogenetic analysis failed
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A Fig. 1.(A) Alignment of amino acid residues of
Cs- Twist - likel the bHLH domain of Twist-likel and Twist-like2
Gi - Twist -likel a of two Cionaspecies, and Twist proteins, atonal
Gi - Twist -likel b proteins and N-twist proteins of other animals.
8.5: m:zt ::tg 5 (B) A molecular phylogenetic tree generated by

the neighbor-joining method based on the
alignment of the bHLH domain. The number on
each node indicates the percentage of times that a
node was supported in 1000 bootstrap
pseudoreplications. The tree is shown as a
bootstrap consensus tree (cutoff value=50%).
Mouse neurogeninl is used as an outgroup
protein. Proteins of animals other than ascidians
are shown by their accession number, species
abbreviation and protein name. Species
abbreviations are as follows: MM, mouse; HS,
human; RN, rat; XLXenopus laeviDR, zebrafish; BB,

AAH33434 MM Twist
CAA71821 HS Twist
AAD10038 BB Twist
NP_571059 DR Twistl
P13903 XL X- Twist
S00995 DM Twist
QL1094 CE Twist
2858 HS Athl
AAF54209 DM at onal
AANDO4086 HS N- Twist
AAN04087 DM N- Twist

B 79— CAAT1821HS Twist

i ranchiostoma belcher , Drosophila melanogaste ,
CAAGB9333RN Twist Branchiostoma belcherbM, D hila mel CE,
— AAH 33434 MM Twist aenorhabditis e egan , ENCI ytraeus coronatuy , AellX
C habd | &C,Ench $1A, Hel
NP 571059 DR Twistl aspersaPV, Patella vulgata TT, Transennella tantillalO, llyanassa
63 fp=——————AAD10038 BB Twist
P CAD47857 EC Twist
[ NP 571060 DR Twist2 3 . . . . .
80 AF519172HA Twist Ci0100140298/grail.146.25.1 of tidona intestinaligenome
55 AALI5168 PV Twist (Satou et al., 2003)]. A cDNA clone isolated for B®na
57 = TS o st savignyiortholog was 1100 bp long and encoded a polypeptide
S0099% DM Twist of 295 amino acid residues (AB105884). A BlastP search
2 - QL1094 CE Twist showed that the best-hit protein in the non-redundant public
CoTwiske? protein database waXenopusdHand although the E-value
5 Cs Twist-likel (>1e-11) was high. Because we have already found that another
W‘Ec@-wswkem gene representing an ancestral forndbfand and eHandis
% e vt €ncoded in the&€iona intestinalisgenome, we do not believe
5 {IAANmse HS N-Twist that the fourth bHLH gene is an orthologdi{andandeHand
99 AANO4085 MM N-Twist (Satou et al., 2003). The gene was designatedodsic (No
_2/?\2%;%;:2“@ Trunk lateral @lls; Cs-NoTrlcin Ciona savignyandCi-NoTrlc
AA F54209 DM atonal in Ciona intestinaliy, because it is essential for the
6L I —— AAF58026 DM CG7760 differentiation of TLCs, which give rise to blood cells and
— QUZZES MM MAaIS body-wall muscles after metamorphosis, as described below.

P70660MM Newrogenin The fifth bHLH gene is an ortholog of vertebrate Mist genes

[Ci-Mist (Satou et al., 2003)]. A cDNA clone for tl@&ona

to predict their orthologous relationship with known bHLH savignyiortholog was 1909 bp long and encoded a polypeptide
proteins (Satou et al., 2003), although the best-hit proteins yf 537 amino acid residues (AB105883). This gene was
BlastP searches were Twist and Atonal (E-value>3E-07). WeesignatedCs-Mist
identified twoCiona savignycDNA clones for their orthologs The homeobox gene predominantly expressed in
(AB105881 and AB105882). One was 1069 bp in length anchesenchymal cells is an orthologhéx[Ci-Hex (Wada et al.,
encoded a polypeptide of 318 amino acid residues, and tl2903)]. A cDNA clone for theCiona savignyiortholog was
other was 1211 bp in length and encoded a polypeptide of 252296 bp long and encoded a polypeptide of 524 amino acid
amino acid residues. Alignment of the bHLH regions of theseesidues (AB105885). This gene was design&tedHex
proteins and a phylogenetic analysis using the neighbor-joinin _ -
method indicated that the last common ancestor of the tweXpression patterns of mesenchyme-specific
Ciona species had two Twist and Atonal-like genes, and thafanscription factors
one of them was duplicated in tk@ona intestinalisineage  Expression profiles of these genes were re-examin€tbima
after the divergence of the two species (Fig. 1A,B). Assavignyiembryos. The expression patternGs-Twist-likelis
described below, because these are most likely to b&own (Fig. 2B). No maternal expressiorCsf Twist-likelwas
orthologous to Twist proteins from their function, these twodetected by whole-mount in situ hybridization. An extensive
genes were renamed awist-likeland Twist-like2[they were  EST analysis of developmentally relevant genesCafna
previously calledtwist-and-atonal-likegenes (Satou et al., intestinalisdid not yield any ESTs foCi-Twist-likela/bin an
2003)]. Ciona savignyihas only oneTwist-likel gene Cs-  egg cDNA library [http://ghost.zool.kyoto-u.ac.jp (Satou et al.,
Twist-like) and onelwist-like2gene Cs-Twist-like®, whereas 2002b)], supporting the notion that there was no maternal
Ciona intestinalishas twoTwist-likelgenes Ci-Twist-likela expression of this gene. The first zygotic expression was
andCi-Twist-like1h) and onéTwist-like2gene Ci-Twist-like).  detected in one pair of the presumptive mesenchymal cells

The phylogenetic relationship of the fourth bHLH gene wagB7.7) of the 64-cell embryo. Thereaft&@s-Twist-likelwas
not clearly predicted either [by using a gene model calleéxpressed in the remaining two lineages (B8.5 and A7.6 lines)
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of mesenchymal cells by the early gastrula stage. This the middle gastrula stag€s-NoTrlcbegan to be expressed in
Twist-likel expression continued until the neurula stage anthe endodermal cells. TLC and endoderm expression
was then downregulated so that it was rarely detected in tltisappeared by the tailbud stage, and novel expression was
tailbud embryo. detected in the anterior trunk region, the TVCs and the
The expression ofs-Twist-like2was not detected in early posterior-most part of the dorsal nerve cord in the tailbud
embryos up to the early gastrula stage (Fig. @8)Twist-like2 embryo.
expression began in cells of every mesenchymal lineage at theThe expression pattern @fs-Mistis shown in Fig. 2E. No
late gastrula stage (refer to 110-cell stage arrested embryosnraternalCs-MistmRNA was detected. The zygotic expression
Fig. 7B and Fig. 9A) and continued strongly in mesenchymabf Cs-Mistbegan in cells of the B7.7 line mesenchyme between
cells of tailbud embryos. This temporal profile @§-Twist- the late gastrula and early neurula stages, and the expression
like2 expression is consistent with the EST data ofClma  continued thereafter throughout embryogenesis. No
intestinalis counterpart [http://ghost.zool.kyoto-u.ac.jp (Satoumesenchymal cells other than the B7.7 line cells expre&3sed
et al., 2002b)]. Mist. This was confirmed in embryos arrested at the 110-cell
Cs-NoTrlc was also zygotically expressed (Fig. 2D).stage and cultivated up to the stage corresponding to tailbud
Expression began in the presumptive TLCs (A7.6) of the 64embryos. Treatment of 110-cell embryos with cytochalasin B
cell embryo. The expression was observed continuously uglisturbs cytokinesis but not the intrinsic differentiation
until the early gastrula stage and it was then downregulategrogram, which facilitates identification of the lineage of cells
No mesenchymal cells other than TLCs expressed the gene, luith Cs-Mistexpression. The treated embryos sho@seMist
non-mesenchymal cells also expressed it. For example, froexpression only in the B7.7 line cells (Fig. 2G).

32-cell stage 64-cell stage 110-cell stage early gastrula stage late gastrula stage  tailbud stage

Fig. 2. Expression profiles of
genes characterized in the
present study, as revealed by
whole-mount in situ
hybridization. (A) Schematic
representation of ascidian
embryos from the 32-cell
stage to the tailbud stage.
A7.6-line mesenchyme cells
(TLCs) are shown in red. At
the 32-cell stage, progenitor
cells (A6.3) of A7.6 are shown
in pink, because the
developmental fate of A6.3 is
not restricted to mesenchyme.
B8.5-line and B7.7-line
mesenchymal cells are shown
in blue and yellow. Prior to the
110-cell stage and the 64-cell
stage, the progenitors of B8.5
and B7.7 are not restricted to
mesenchyme and, therefore,
they are shown in light blue
and light yellow, respectively.
Up to the 110-cell stage, the
colors identify individual
blastomeres and the names for
the colored blastomeres are
shown. After the 110-cell
stage, the colors identify cell
populations sharing their
origins. (B-F) Expression of
Cs-Twist-likel(B), Cs-Twist-
like2 (C), Cs-NoTrlc(D), Cs-
Mist (E) andCs-Hex(F).

(G,H) Expression o€s-Mist
(G) andCs-Hex(H) in

embryos arrested at the 110-
cell stage. Embryos from the
32-cell stage to late gastrula
stage are shown in a vegetal
view and tailbud embryos are
shown in a lateral view. Scale
bar represents 1Q@m.

Twist-likel

Twist-like2
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The expression ofCs-Hex was also zygotic (Fig. 2F). for Cs-Mistand 0/12 foiCs-Hey, indicating that transcription
Expression was not detected in embryos at the neurula stagke the genes for these four factors is regulated by Cs-
or earlier, but zygotic expression was detected in all th€GF9/16/20 (Fig. 3). Howevegs-NoTrlcexpression was not
mesenchymal cells of the tailbud embryo. This was confirmedownregulated in most experimental embryos (9/14),
in embryos arrested at the 110-cell stage and cultivated up soiggesting that the expression of this transcription factor gene

the stage corresponding to tailbud embryos (Fig. 2H). is at least partly regulated by factor(s) other than Cs-
FGF9/16/20.

FGF9/16/20 regulates the expression of the Of these five transcription factor gen€s-Twist-likelis the

mesenchyme-specific transcription factors first gene expressed in B-line mesenchymal cells, whé&eas

A previous study demonstrated th@s-Fgf9/16/20induces  NoTrlcis the first gene expressed in A-line mesenchymal cells
mesenchymal identification in ascidian embryos, becaus@LCs), as shown in Fig. 2. Therefore, it is possible @&t
inhibition of the translation o€s-Fgf9/16/20mRNA with a  Twist-likel or Cs-NoTrlc regulates the expression of the
specific morpholino resulted in failure of the differentiation ofremaining transcription factor genes, and we therefore
mesenchymal cells, and overexpression Gs-Fgf9/16/20 examined this possibility. Microinjection of a morpholino
MRNA resulted in ectopic differentiation of mesenchymal cellsagainstCs-Twist-likelsuppressed the expressionQs-Twist-
(Imai et al., 2002a). We examined here, whether or not thige2 (0/51 at the late gastrula stage, and 0/16 at the tailbud
transcription of the five transcription factor genes identifiedstage),Cs-Mist(0/9 at the tailbud stage) arek-Hex(0/17 at
above is under the control of Cs-FGF9/16/20. For this purposthe tailbud stage), indicating th@s-Twist-like2 Cs-Mistand
Cs-Fgf9/16/20morpholino was microinjected into fertilized Cs-Hexare regulated downstream ©6-Twist-like1(Fig. 4A-
eggs ofCiona savignyiThe specificity of this morpholino was C').

demonstrated in a previous study (Imai et al., 2002a). The

expression ofCs-Twist-like]l Cs-Twist-like2 Cs-MistandCs-  Fig. 4. Genetic SRt Twist-likel
Hex was completely suppressed in the morpholino-injectegascade among the 5 : ,m""Ph“]mo
embryos (0/22 foCs-Twist-like1 0/16 forCs-Twist-like20/g  transcription factors A

identified in the

present study.
FGF9/16/20 (A-C) Control

Twist-like2

control morpholino embryos
i (A'-C'") Experimenta
) embryos developed
= from eggs injected
2 with the Cs-Twist-
S likel morpholino.
Expression o€s- B
Twist-like2in the late =
gastrula embryo
~ (A,A") and in the
£ tailoud embryo
I (insets in A and A.
§ (B,B') Cs-Mist
expression in the
Fig. 3. Effects of tailbud embryo.
functional (C,C) Cs-Hex
suppression ofs- expression in the
Fgf9/16/200n the & tailbud embryo.
expression o€s- E (D,D'\E,E)
Twist-likelin the late < Expression ofCs- control CS'}\‘;]‘T’][’;'-'C
gastrula (AA), Cs- = Twist-like1 (D,E) In ey ey
Twist-like2in the control early b
tailbud embryo gastrulaeCs-Twist- =
(B,B'), Cs-NoTrlcin likelwas evident in =
the 64-cell embryo A7.6 blastomeres =
(C,C), Cs-Mistinthe ~ _ (black arrowheads). &
tailbud embryo ] (D',E) In early
(D,D") andCs-Hexin = gastrulae developec
the tailbud embryo from eggs injected
(E,E), as assessed by with theCs-NoTrlc b
in situ hybridization. morpholino,Cs- =
(A-E) Control Twist-likel B
embryos and (AE') expression was lost =

in A7.6 blastomeres
(white arrowheads).

embryos developed
from eggs injected

with theCs- Embryos shown in E
Fgf9/16/20 ,E were arrested at the 110-cell stage and cultivated until the control
morpholino. untreated embryos developed to the late gastrula stage.
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Microinjection of a morpholino again§ls-
NoTrlc into fertilized eggs resulted in loss
expression ofCs-Twist-likelin TLCs at the
early gastrula stage (white arrowheads in
4D'; 0/15). To demonstrate this result m
clearly, cleavage-arrested embryos were
In embryos arrested at the 110-cell stage |
4E), Cs-Twist-likelwas expressed in B7.7 a
B8.5 cells, but not in A7.6 (TLC) cells (0/3:
whereas the control embryos (Fig. -
expresses-Twist-likelin A7.6 (TLC) cells ir
addition to B7.7 and B8.5. Therefore,
expression o€Cs-Twist-likelin the A7.6 (TLC
lineage is under the control 65-NoTrlc

Cs-Twist-like2and Cs-Hexare also thoug!
to be under the control &s-NoTrlg becaus
Cs-Twist-like2 and Cs-Hex are under th
regulation of Cs-Twist-likel Injection of the
Cs-NoTrlc morpholino resulted in loss
expression ofCs-Twist-like2in TLCs (0/27
refer to Fig. 7B). Cs-Mistwas not examined |
the present study, because it is not express
TLCs. These results strongly suggest tGat
Twist-likelandCs-NoTrlcplay important role
in determination of the mesenchymal fi
Therefore, we further examined the function
these two genes as described in the follo
sections.

Twist-likel is essential for
determination of mesenchymal fate

Microinjection of the Cs-Twist-likel
morpholino into fertilized eggs resulted
larvae that appeared morphologically nor
(Fig. BA,A). The differentiation of majc
tissues was examined with molecular mar
at the tailbud stage. Marker genes for epide
(Cs-Epid, nervous system Cs-ETR and
notochord Cs-fibrr) were expressed

experimental embryos (Fig. 5B') as they ar
in control embryos (Fig. 5B-D), suggesting t
the differentiation of these tissues is

disturbed by injection of theCs-Twist-like]
morpholino. A marker gene for muscl€g-
MA1) was expressed in the tail muscle cell
experimental embryos (Fig. 9Eas it was it
control embryos (Fig. 5E). However, in
cases, the anterior boundary ds-MAL
positive cells was extended anteriorly (16/:
suggesting ectopic expression of the mu
marker gene (arrow in Fig. SEDifferentiation
of endoderm appeared normal, as indicate
examination of the histochemical staining
endoderm-specific alkaline phosphatase (Al
larvae (Fig. 5FF 13/13). However, th
differentiation marker for mesenchym€&€st
Mech]) was completely lost in experimen
embryos (Fig. 5G,G 0/17), suggesting ¢
essential
mesenchymal fate.

To examine to which tissues the presumptive mesenchymeleavage-arrested embryos.

role for Twist-likel in the determination of cells

®  Fig. 5.(A-I,A'-I') Suppression oEs-
Twist-likelusing specific morpholinos,
showing the effects on: larval
morphology (A,A); the expression of the
epidermis-specific gen@s-Epil(B,B'),
the pan-neural marker gefis-ETR
(C,C), the notochord-specific gefs-
fibrn (D,D'), and the muscle-specific
actin geneCs-MA1(E,E H,H'); the endoderm-specific histochemical activity of
alkaline phosphatase (FJR'); and the mesenchyme-specific g&®Mech1(G,G).
(A-1) Control embryos. (Al") Embryos developed from eggs injected with Tidst-
likel-morpholino. (H,H,1,1") Embryos arrested at the 110-cell stage. Arrows &n#
H' indicate the appearance of extra cells diMAlexpression. Arrows in |
indicate the occurrence of extra cells with histochemically detected activity of
alkaline phosphatase. Arrowheads in | driddicate pigmented cells that are not
alkaline-phosphatase positive. (J,K) Effect of overexpressi@saiwist-likel
mMRNA as assessed by expressio€sfMech1(J) andCs-Twist-like2K). (L,M) Co-
injection of theCs-FGF9/16/2@morpholino andCs-Twist-likeImRNA resulted in the
recovery ofCs-Mech1(L) andCs-Twist-like2AM) expression. The insets in L and M
are control embryos injected with tlBs-FGF9/16/2Gmorpholino and examined for
Cs-Mech1(L) andCs-Twist-likeAM) expression.

were trans-differentiated in theCs-Twist-likel
morpholino-injected embryos, we again took advantage of
In control 110-cell-arrested
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Fig. 6. Specificity ofCs-Twist-likeImorpholino as assessed by the
expression o€s-Mechl(A,A") andCs-Twist-like2B,B"). (A,B) Co-
injection of theCs-Twist-likelmorpholino andCs-Twist-likeInRNA
with the morpholino recognition sequence resulted in loss of
expression o€s-Mech1(A) andCs-Twist-like2AB). (A',B') Co-

injection of theCs-Twist-likelmorpholino andCs-Twist-likeInRNA
lacking the morpholino recognition sequence resulted in recovery of
the expression afs-Mech1(A') andCs-Twist-likeAB').

embryosCs-MAlwas expressed in 10 cells with a muscle fat F'g;5Zhggsﬁfz_ggzléﬁﬁrzz%{;?hﬁgctﬁ Al\f;g%rgggpr%w:gto Hokre]zthe

(Fig. 5H). By contrast.Cs-Twist-likelmorpholino-injected g gy ‘(A B) Control embryos. (AB') Embryos developed from

embryos expresseds-MALin one extra pair of cells (B7.7; eggs injected with the€s-NoTrlcmorpholino. (B,B) Embryos

arrows in Fig. 5H 20/22) Together with the result shown in arrested at the 110-cell stage and (B ahih®ts) tailbud embryos.

Fig. 5E, this result demonstrates that the fate of B7.7-linévhite arrowheads in ‘Aand B indicate loss of expression 66-

mesenchymal cells was changed to muscle. Similarly, theechlandCs-Twist-like2respectively, in TLCs (compare with

developmental fate of B8.5-line mesenchymal cells wagxpression shown by black arrowheads in A and B).

changed to endoderm in embryos injected with@seTwist-  (C.C) Expression oCs-Twist-likedn control (C) andCs-NoTrle

like1 morpholino (arrows in Fig. 51; 36/36). Because A7.6 cells"RNA overexpressing (Lembryos.

could not be easily discriminated in the 110-cell-arrested

embryos, we could not determine into what kind of cells A7.6

differentiated. overexpression in theCs-Fgf9/16/20 suppressed embryos
The specificity of theCs-Twist-likel morpholino was should cause recovery of the expression of mesenchyme-

confirmed by a rescue experiment. Co-injection of thespecific genes. Microinjection diwist-likelmRNA with the

morpholino and an in vitro synthesiz€d-Twist-likeImRNA  Cs-Fgf9/16/2émorpholino into fertilized eggs resulted in

with the morpholino recognition sequence resulted in the los®covery of Cs-Mechl (13/15) and Cs-Twist-like2 (15/15)

of expression o€s-Mechl(Fig. 6A; 0/11) andCs-Twist-like2  expression at the tailbud stage (Fig. 5L,M), although the

(Fig. 6B; 0/10), as had occurred in the embryos injected witkxpression was not as strong as that seen @Whefwist-likel

the morpholino only (Fig. 5G Fig. 4A). However, co- mMRNA was injected alone. These results suggestTivast-

injection of the morpholino antwist-likeImRNA without the  likel acts as a ‘key regulatory gene’ in the differentiation of

morpholino  recognition  sequence AM-Cs-Twist-like)  ascidian mesenchymal cells.

resulted in the recovery @fs-Mech(Fig. 6A’; 11/11) andCs- ) ) o

Twist-like2 expression (Fig. 6B 10/10). Therefore, these NOTrIc is essential for the determination of trunk

results strongly suggest that this morpholino works as kteral mesenchyme cells

specific inhibitor ofCs-Twist-likeImRNA. Microinjection of theCs-NoTrlcmorpholino into fertilized eggs
Next, we examined the effects @fs-Twist-likelmRNA  resulted in larvae whose morphology appeared normal (data not

overexpression. Microinjection of syntheti€s-Twist-likel shown). The differentiation of major tissues was examined with

MRNA resulted in the ectopic differentiation of mesenchymamolecular markers. The expression of marker genes for

cells, as revealed by the expressiorCefMech1(25/28) and epidermis Cs-Epil), nervous systenCs-ETR, notochord Cs-

Cs-Twist-likeX18/18). The 110-cell-arrested embryos showedibrn) and muscle @s-MA) was normal in the experimental

ectopic expression @s-Mech1(Fig. 5J; 21/21) an@s-Twist-  tailoud embryos (data not shown). Normal differentiation of

like2 (Fig. 5K; 20/20), mainly in vegetal cells and a-line cells,endoderm was also confirmed by histochemical staining of AP

but not in b-line cells. in larvae (data not shown). However, the differentiation marker
If Twist-likel plays a central role in mesenchyme of mesenchyme Qs-Mech)l was lost in TLCs of the

determination after induction by Cs-FGF9/16/2Wist-likel  experimental embryos (Fig. 7AA 0/18), suggesting an
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NoTrle morpholino  NoTrle morpholino FoxD
& NoTrle RNA & AM-NoTric RNA control e L

tailbud embryos
Twist-like2

]
Twist-likel

110-cell arrested
embryos

Fig. 8. Specificity ofCs-NoTrlcmorpholino as assessed by the
expression o€s-Twist-like2n tailbud (A,A) and 110-cell-arrested
tailbud (B,B) embryos. (A,B) Co-injection of thés-NoTrlc
morpholino andCs-NoTrlcmRNA with morpholino recognition
sequence resulted in loss of expressio@ofTwist-likedn TLCs.
(A",B") Co-injection of theCs-NoTrlcmorpholino andCs-NoTrlc
mRNA without a morpholino recognition sequence resulted in
recovery of the expression G6-Twist-like2

Twist-likel

Fig. 9. Effect of functional suppression 6&-FoxDon the
differentiation of TLCs. Expression @fs-Twist-likeAA,A") andCs-
Twist-like1(B,B',C,C) in control embryos (A-C) and embryos
developed from eggs injected with te-FoxDmorpholino (A-C').
essential role fo€s-NoTrlcin the specification of TLCs. This The loss of expression of the genes in TLCs is shown by white

was consistent with the loss @fs-Twist-like2expression in  arrowheads. (A,AC,C) Embryos arrested at the 110-cell stage, in
TLCs of theNoTrlc morpholino-injected embryos (Fig. 7B;B  which ectopic expression @fs-Twist-likelandCs-Twist-like2vas
0/9 for tailoud embryos and 0/27 for the 110-cell-arrestegvident in B-line notochord cells (black arrows).
embryos). Becaus€s-Twist-like2is expressed more strongly
in TLCs thanCs-Mechl we usedCs-Twist-like2as a marker
for TLCs in the subsequent experiments. A6.3 are progenitors of A7.6 TLCs (see Fig. 2A). Therefore,
Conversely, overexpression 66-NoTrlcby microinjection ~ Cs-FoxD is a potential regulator of TLC specification. In the
of its synthetic mMRNA led to ectopic expressionCst-Twist-  previous study, the differentiation of mesenchyme was
like2 in experimental tailbud embryos (data not shown; 10/10assessed by examining the expressionCsfMechl and
and in embryos arrested at the 110-cell stage (Fig.'7C,Cexpression of Cs-Mechl was not lost in theCs-FoxD
27/27), suggesting th@s-NoTrlcoverexpression promotes the knockdown embryos. However, it was not determined whether
ectopic differentiation of mesenchyme. all mesenchyme cells, including TLCs, were differentiated.
The specificity of the morpholino was confirmed by a rescudherefore, we re-examined this issue using cleavage-arrested
experiment. Co-injection of the morpholino and in vitroembryos. As shown in Fig. 9AJAin Cs-FoxD knockdown
synthesizeds-NoTrlcmRNA with the morpholino recognition embryos,Cs-Twist-like2was not expressed in TLCs (white
sequence resulted in the loss@8-Twist-like2expression in  arrowheads in Fig. 9 although B-line notochord cells
TLCs of experimental tailoud embryos (Fig. 8A; 0/8) andexpresseds-Twist-like2(arrows in Fig. 94). Therefore Cs-
embryos arrested at the 110-cell stage (Fig. 8B; 0/16), as it di@xD is essential for specification of TLCs.
in embryos injected with the morpholino alone (Fig.)7B  Next, the expression d@s-Twist-likeland Cs-NoTrlcwas
However, co-injection of the morpholino a@d-NoTricmRNA  examined inCs-FoxD knockdown embryos, because these
without the morpholino recognition sequena&M(NoTrl)  genes are the upstream factorsCsfTwist-like2 Suppression
resulted in the recovery dfs-Twist-like2expression in the of Cs-FoxDresulted in loss ofCs-Twist-likelexpression in
experimental tailbud embryos (Fig. 88/9) and in the 110- TLCs of early gastrulae (Fig. 9B,B0/31) and of cleavage-
cell arrested embryos (Fig. 8BL8/18), suggesting that this arrested embryos (Fig. 9C;®@/14). In the case &s-NoTrlg
morpholino works as a specific inhibitor @6-NoTricmRNA.  74% of experimental embryos lost expression, whereas the
remaining 26% expressétis-NoTrlcweakly (1=26; data not
FoxD is necessary for specification of trunk lateral shown). To confirm this result, quantitative RT-PCR was
cells and partially regulates ~ NoTrlc performed. Template RNA was extracted from 25 embryos and
Previously, we showed that Cs-FoxD is an essential factor fogverse-transcribed. Then real-time PCR was performed using
notochord specification (Imai et al., 2002I§s-FoxD is a quantity of cDNA that was equivalent to one embryo. A 56%
transiently expressed in A5.2 blastomeres of the 16-cefind 67% reduction of the amount G65-NoTrlcmRNA was
embryo and A6.3 blastomeres of the 32-cell embryo. A5.2 andbserved in 64-cell and 110-cell stage embryos, respectively,
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when compared with uninjected control embryos (Fig. 10). Th B-catenin y| FoD
amount ofEF2 mRNA, used as a control, was not changec \ 5 NoTrlc l
(Fig. 10). Therefore, Cs-FoxD is highly likely to be one of the FGFQ/WZO_f 7 \'Il'miesi-
upstream factors ofCs-NoTrlg and some other unknown
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Genetic cascades for specification of mesenchyme _ _ _ _ _

In the present and previous studies, we identified key playefdd- 11.Representation of the genetic cascades involved in the

for specification, determination and differentiation of ascidiarp'gigen”gﬁ;tﬁg ?Tfl?géi_m?osvo\s)’ir?d?i'c7eit|g]ScEsBizi\?g?eAgzjig;ilz)nnecgfcéenes
l(?.;fval mesenchymea_'lizrhe prtetsent Stl;dy also dr']Sdoseg. |nt£|£1 otted arrows indicate a possible involvement that is suggested on
a'n eéig?r?es ﬁ?]?]:](?le(;ugfr::agg;dseg frgfiﬁgc S%Z‘giﬁc;%b . e basis of results from another ascidian species. See details in text.
ascidian mesenchyme.

B8.5-line mesenchyme (Fig. 11A) embryos (Imai et al., 2002a). Halocynthia roretzjit has been
Previous studies demonstrated that the presumptive endodedemonstrated that posterior vegetal cytoplasm containing a
cells induce the B-line mesenchyme (Kim and Nishida, 1999nuscle determinant, machol, is essential for differentiation of
and thatCs-Fgf9/16/20which is expressed in endodermal cellsmesenchyme (Kim et al., 2000; Nishida and Sawada, 2001).
under regulation of maternally suppligétcatenin, is an This may be the case witiona, although it has not yet been
inducer of this mesenchyme (Imai et al., 2002a). As shown iproven.

Fig. 3A, this induction is essential for the expressioiivabt- ) .

likel. Twist-likel then triggers the differentiation of this line B7.7-line mesenchyme (Fig. 11B)

of mesenchyme, which leads to expressiomvaitt-like2 Hex  This line of mesenchyme is probably determined in a similar
and Mechl Without Twist-likel activity, B8.5-line cells way to the B8.5-line. The differences are (1) thaist-likelis
differentiate into endoderm; however, they differentiate intcexpressed earlier in B7.7 than in B8.5, (2) that suppression of
muscle without induction through FGF9/16/20. The reason fofwist-likelresults in ectopic differentiation of muscle cells,
this difference remains to be determined. What makes B8&nd (3) thaMistis expressed in this line of mesenchyme under
cells competent to respond to FGF9/16/20? Our previous studlye control ofTwist-likel

showed thaf3-catenin is not required for B8.5 to acquire this ) )

competence, because mesenchyme is able to differentiate A .6-line mesenchyme (TLCs; Fig. 11C)

embryos co-injected with B-catenin-morpholino and Twist-likel is also essential for the determination of this
FGF9/16/20 synthetic mRNA, although we did not determinedineage. As in the other two lines of mesenchyRrg#9/16/20
which types of mesenchyme differentiated in the experimenta required for expression ofTwist-likel and, thus,
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differentiation of TLCs. At present, we do not know when andConserved and non-conserved mechanisms for
from where this FGF signal is emitteBgf9/16/20is also  mesoderm induction within chordates

expressed transiently in the presumptive TLC blastomerefyist-likeland Twist-like2are bHLH factor genes that have
(A5.2 at the 16-cell stage and A6.3 at the 32-cell stagejecently duplicated in the ascidian lineage (Fig. 1B). A Blast
Therefore it is also possible that the presumptive TLGsearch revealed the factors to have the closest relationship with
blastomeres induce themselves during this period through afjist. However, a detailed phylogenetic analysis did not
autocrine loop. In additionNoTrlc and FoxD are also  gypport this orthology with a high bootstrap value, although
intrinsically required for expression ofwist-likel in this  Tyist proteins have been identified in a wide range of animals
lineage. NoTrlc is also partially regulated by FGF9/16/20, from jellyfish to vertebrates. In addition to the bHLH domains,
whereasFoxD is independent of FGF9/16/20 (Imai et al., yertebrate and jellyfish Twist proteins have a conserved motif
2002D). Injection of théoxD morpholino results in a complete c5)jed the WR motif (Castanon and Baylies, 2002). The WR
loss of expression ofwist-likelin this line, althougiNoTrlc it was not found inTwist-likeLor Twist-like2 In spite of
expression is not completely lost in experimental embryospe |ack of supporting evidence for their orthology, @iena
Therefore, NoTrlc and FoxD goverfwist-likel expression, intestinalisgenome does not contain any genes cios@wist

and NO.T”C Is partiz_';llly fe_g“'?ted by FoxD. Because '_:OXDthanTWist-IikelandTwist-IikeZ(Satou et al., 2003). Therefore,
regulation ofNoTrlcis partial, it would appear that there is an if genes orthologous tdwist have been maintained in the

unknown factor that regulatedloTric. Kawaminani and  cigna genome Twist-likeland Twist-like2are the most likely
Nishida showed by embryological manipulation Ofcandidates

Halocynthiaembryos that induction from animal blastomeres Twist can be found across various species in cells

is required for differentiation of TLCs (Kawaminani and P : S )
o o o L contributing to mesoderm and/or its derivatives, suggesting that
Nishida, 1997). If this is the case wiliona, then this signal Twist may have a common role in mesoderm differentiation

might regulateNoTrlc. reviewed by Castanon and Baylies, 2002).Drosophil
In the FoxD-knockdown embryos, the presumptive B'I'ne(wist is re()q/uired for the inda/ctioﬁ of ZflesodeF;maand

notochord blastomeres did not differentiate into notochor astrulation, and subsequently acts as an activator in the

(Imai et al., 2002b) (this study), but instead expressed process of somatic muscle development. In nTieastlis first

Twistlikel and Cs-Twist-lke2 suggesting that the B-line  yeoo o nressed in the early somites, and is then expressed
notochord precursors trans-differentiated into the mesenchynﬁ’é] Y €xp y ’ - P
in the sclerotome and the dermatome, but not in the myotome,

(Fig. 9A,C). BecauséoxDis essential for notochord (Imai et @fter the somites are compartmentalized. The myotome

al., 2002b) and TLCs, the differentiated mesenchyme in th .
FoxD-knockdown embryos is likely to be B-line mesenchymee)(presSes other bHLH genes called myogenic factors,
and not TLCs. For example, the B-line notochord precursoﬂé‘du.dmg MyoD gnd My.f5.. Indeed, Twist1 has an inhibitory
(B8.6) may trace the same developmental fate as their siblifg'e N muscle differentiation. . .
mesenchymal blastomeres (B8.5) in tRexD-knockdown If Twist-likeland Twist-like2are orthologs offwist, their
embryos. Nevertheless, it is also possible that the B-lingPles. especially the role divist-likel, appear to be similar to
notochord precursors trans-differentiated into TLCs. athose of vertebrat@wist Twist-likeland Twist-like2are not

present, we do not have any good marker for discriminatin xpressed in muscle cells. In ascidian larval muscle cells, a
the B-line mesenchyme from the TLCs; this will be one of thdnyogenic factor (AMD1 irHalocynthiaand Ci-MDF inCiona

subjects for future research. intestinalig, which represents an ancestral form of four
vertebrate myogenic factors (MyoD, Myf5, myogenin and
Determination of mesenchyme MRF4), is expressed (Satoh et al., 1996; Meedel et al., 1997).

In Halocynthiaembryos, B-line (B8.5 and B7.7) mesenchymeWithout induction by Cs-FGF9/16/20, mesenchyme precursors
is specified or committed to mesenchyme fate at the late 64l to expressTwist-likeland differentiate into muscle cells.
cell stage, and TLCs are specified at the 44-cell stage whdhese ectopic muscle cells express a myogenic factor (K.S.1.,
A6.3 cleaves into A7.6 (TLC precursor) and A7.5 (endoderninpublished). This mutually exclusive expressionTefist-
precursor) (Kawaminani and Nishida, 1997; Kim and Nishidalikel and the myogenic factor is closely comparable to the
1999). The expression offwist-likel begins after the Vertebrate situation.
specification of these precursors, and all known mesenchymalIn the Ciona intestinaligenome, there are two orthologous
genes inCiona are completely regulated bywist-likel genes foiMwist-likeland one orthologous gene fowist-like2
Therefore, it is likely that Twist-likel is a transcription factor These three genes are aligned in tandem within 15 kb of the
that determines the mesenchymal fate, triggering a final stéf¢nome. The sequence similarity shown in Fig. 1, and the
for the differentiation of mesenchyme. genomic organization strongly suggests that these genes
In Ciona embryos, Cs-FGF9/16/20 and a Notch signalingoccurred recently by gene duplications after the divergence of
pathway are potential inducers of notochord (Corbo et alascidians and vertebrates. The phylogenetic tree shown in Fig.
1998; Imai et al., 2002a). After induction, the notochordlB also shows thatwist-likelwas further duplicated in the
precursors expre®rachyury which triggers differentiation of Ciona intestinalidineage. Although the function divist-like2
the notochord. Therefore, a genetic cascade for notochoh#is not yet been determinddyist-like2may have acquired a
differentiation converges oBrachyury which then activates novel function during ascidian evolution, if an ancestral
expression of a variety of notochord-specific genes. Thifunction of Twist-likeland Twist-like2is the specification of
scheme is probably applicable to mesenchyme. That is, theesoderm (mesenchyme), the common function Tiarst
genetic cascade for mesenchyme differentiation converges among other organisms.
Twist-likel The phylogenetic relationship of another bHLH gene,
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