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Summary

An extracellular signaling molecule acts on several types of required for mesenchyme induction, and that it plays a role
cells, evoking characteristic and different responses in making the cell response differ between notochord and
depending on intrinsic factors in the signal-receiving cells. mesenchyme induction. A zygotic event involvingsnail
In ascidian embryos, notochord and mesenchyme are expression downstream of maternamacho-1mediates the
induced in the anterior and posterior margins, respectively, suppression of notochord induction in mesenchyme
of the vegetal hemisphere by the same FGF signal precursors.

emanating from endoderm precursors. The difference in

the responsiveness depends on the inheritance of the

posterior-vegetal egg cytoplasm. We show thanacho-1  Key words: Mesenchyme, Notochord, Induction, Responsiveness,
first identified as a localized muscle determinant, is also Intrinsic factormacho-1 FGF,snail, Ascidian

Introduction from the central zone. These five tissue-forming areas are

In animal development. various oraanisms use limited Kinds ligned along the anteroposterior axis. From the anterior, nerve
ianaling mol FI) : r'int rcell I% mmunication. Th - ord, notochord, endoderm, mesenchyme and muscle
sighaling molecules for interceliuiar communication. The sa grecursors are present in this order.

signals are used over and over again in different cells tMesenchyme and notochord fates are determined by
different stages, with different biological outcomes depending,q,,ctive interactions: Endoderm precursors  induce
on the spatial and temporal context. This reflects thg,esenchyme in the posterior region of embryos (lower side in
‘responsiveness’ or ‘competence’ of the signal-receiving cells,;ig_ 1B,C), whereas they induce notochord in the anterior
In inductive interactions, extracellular signaling molecules andegion (upper side) (reviewed by Nishida, 2002). Induction of
intrinsic factors are thought to combine in signal-receivingnesenchyme and notochord shares several common features
cells, conferring particular cell fates. Intrinsic factors of(rig 1D).
responding cells play roles in defining the response. To (1) In the posterior region, the precursor of both
understand animal development, it is important to clarify hownesenchyme and muscle of the 32-cell embryo divides into
embryonic cells can respond differently to the same signajhesenchyme and muscle precursors at the sixth division. In the
Ascidian embryos provide a good system for elucidating thignterior region, the precursor of both notochord and nerve cord
ISSUE. of the 32-cell embryo divides into notochord and nerve cord
The structure of the ascidian tadpole larva is relativelyrecursors (Nishida, 1987).
simple. As shown in Fig. 1A, larval muscle cells lie laterally (2) Inductive interactions take place during the 32- and 44-
on both sides of the notochord, which is aligned in the centejell stage. Then mesenchyme and notochord precursors acquire
of the tail. The posterior nerve cord is located on the dorsalevelopmental autonomy (Kim and Nishida, 1999; Nakatani
side of the notochord in the tail. On each side of the trunknd Nishida, 1994).
region, there is a cluster of mesenchyme cells. Fig. 1B,C show (3) Directed signaling and asymmetric division play a
fate maps of the vegetal hemisphere at the blastula stage (32ucial role in fate specification in both anterior and posterior
and 64-cell stage in ascidians) (Nishida, 1987; Kim et al., 200@egetal marginal zones. Induced cells of 32-cell stage embryos
Minokawa et al., 2001). Nerve cord, notochord, mesenchymeespond to the signal by asymmetric divisions that produce
and muscle cells are derived from the anterior and posteriaglaughter cells with distinct fates. The daughter cell that faces
margins of the vegetal hemisphere. The endoderm originatéise inducing endoderm blastomere assumes a mesenchyme or
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notochord fate (induced fate). However, another daughter celiis hypothesis, we investigated the formation of mesenchyme,
follows a muscle or nerve cord fate (default fate) (Kim anchotochord, muscle and nerve cordnracho-tdeficient and
Nishida, 1999; Minokawa et al., 2001). macho-1overexpressing embryos. Our results showed that
(4) Endoderm blastomeres are the inducers, and FGfacho-1not only is a muscle determinant but also plays
signaling mediates the induction. Mesenchyme and notochoal pivotal role as an intrinsic factor that controls the
are induced by the same FGF signal. The FGF signal i®sponsiveness of mesenchyme blastomeres.
transduced by FGF receptor, Ras, MEK and MAPK (ERK1/2) Downstream of the maternal PVC factor, zygotic events
in both kinds of precursor (Nakatani et al., 1996; Kim et al.would be involved in suppression of the notochord fate in
2000; Shimauchi et al., 2001; Kim and Nishida, 2001; Imai emesenchyme blastomeresnail is a possible candidate,
al., 2002; Nishida, 2003). because it is expressed in muscle and mesenchyme precursors
(5) When the inductive influence is inhibited by isolatingat the 32-cell stage or the 44-cell stage (Erives et al., 1998;
blastomeres or by inhibitors of FGF signaling, both daughtewada and Saiga, 1999). Furthermore, Snail is a zinc-finger
cells adopt the muscle or nerve chord fate (default fate) (Figprotein known to be a transcription repres&vachyuryis a
1D, part c). By contrast, when the mother cell is isolated fronkey transcription factor that is involved in notochord formation
the embryos at the 32-cell stage and it receives the signal ovarascidians (Yasuo and Satoh, 1998; Takahashi et al., 1999a).
its entire surface by treatment with FGF, both daughter cellslisexpression ognail in notochord-lineage cells driven by a
adopt the mesenchyme or notochord fate (induced fate) (Fibeterologous promoter suppresses at least the expression of the
1D, part d) (Kim et al., 2000; Minokawa et al., 2001). reporter gene driven by thBrachyury minimal promoter
Thus, there are striking similarities at the cellular andhrough Snail-binding sites within it, although the formation of
molecular levels between mesenchyme and notochongotochord was not suppressed in experiments (Fujiwara et al.,
induction, and a similar mechanism symmetrically functions ir998). We showed thahailis a downstream target of maternal
both the anterior and posterior marginal zones. In particular, theacho-1 To examine the function shailin mesenchyme and
signaling cascade from FGF to MAPK (ERK1/2) is remarkablynotochord induction, we also injectedail mRNA into eggs,
conserved among mesenchyme and notochord induction where it suppressed endogendmchyury expression and
ascidian embryos, as well as in other organisms that have befenmation of notochord.
studied. But mesenchyme and notochord blastomeres show
distinct responses to the same FGF signal. Removal a .
transplantation of egg cytoplasm by microsurgery revealed thi¥laterials and methods
the difference in their responsiveness is caused by th&nimals and embryos
cytoplasmic factor of the responding blastomeres, which isjalocynthia roretzi were collected near the Asamushi Marine
inherited from the egg (Kim et al., 2000) (Fig. 1E,F). TheBiological Station, Aomori, Japan, and the Otsuchi Marine Research
posterior-vegetal cytoplasm (PVC) of eggs confers the muscleenter, Iwate, Japan. Naturally spawned eggs were fertilized with a
and mesenchyme fate on the posterior blastomeres. Removalsgppension of non-self sperm. Embryos were cultured in Millipore-
the PVC resulted in anteriorization of the embryos. Blastomerd#tered seawater containing §@y/ml streptomycin and 5@g/ml
positioned where mesenchyme blastomeres are normal namycin at 9-1:3 C. Tadpole larvae hatched after 35 hours of
located were converted to notochord, so that central endode velopment at 13°C.
blastomeres were encircled by notochorq blastomeres. Thugjection of MO and synthetic mMRNAs
removal of the PVC causes ectopic formation of notochord ang, s ppress translation afiacho-1 we used antisense morpholino
loss of mesenchyme in the posterior region (Fig. 1E). Howevegjigonucleotides (MO; Gene Tools) complementary to tHeTR of
transplantation of the PVC to the anterior region of anothemacho-1 (GenBank Accession Number: AB045124) '-(5
intact egg suppressed notochord formation and promote®IATTGCAAAACACAAAAATCACACG-3', antisense to a 25-
ectopic formation of mesenchyme in the anterior blastomeregicleotide sequence spanning nucleotides 13-37acho-1cDNA).
(Fig. 1F). Therefore, the factors that are localized in the PV@ control experiments, we used 4-mismatch control MG (5
are involved in differentiating cell response to the FGF signafATTCCAAATCACAATAATCTCACG-3, mismatch underlined).
In the presence of the PVC factors, blastomeres respond pped mRNAs afhacho-landHrsnawere synthesized as described

. . . . eviously (Nishida and Sawada, 2001), except for the use of the
forming mesenchyme,_ and, in_their absence, blastomerg? essage(mMachine kit (Ambion). Mutgmachof)lmRNA lacking
respond by developing into notochord. ._a zinc-finger domain (Nishida and Sawada, 2001) laod mRNA

The molecular nature of the PVC factors that determingere used as controls. MO and/or synthetic mRNA was suspended in
cellular regponstlvencesskll_s unknowr}. The TVC Is Ithte reg'(;c’&erile distilled water and injected into intact eggs after fertilization.
corresponding to Conklin’s myoplasm at completion offFor microinjection, we followed the method described previousl
ooplasmic segregation (Conklin, 1905). Recently, it was show(Miya et al.,J 1997). P g
that maternal mRNA ofnacho-1 which is localized in the _ N o
PVC region, is an ascidian muscle determinant (Nishida argelation of blastomeres and inhibition of cell division
Sawada, 2001)nacho-lencodes a putative transcription factor Embryos were manually devitellinated with tungsten needles and
with zinc-finger domainsnacho-1would be a good candidate reared in 1.2% agar-coated plastic dishes filled with seawater.

. stomeres were identified and isolated from embryos with a fine
for_(';he PV({’ factor tha}[t rt(;gula_lées Ce.”uﬁ:r :esp(t)r?s“ienej’s'?thgass needle under a stereomicroscope (SZX-12; Olympus). Isolated
eviaence 1o suppor IS 1dea 1S {hat without Inducliony, ,iomeres were cultured separately as partial embryos in agar-
mesenchyme blastomeres assume muscle fate directed Ryiteq plastic dishes, then the partial embryos were fixed for

macho-1 (Kim and Nishida, 1999). Thereforemacho-1  immunohistochemistry or in situ hybridization. To inhibit cell

products are supposed to be present also in mesenchy@igision, cleavage was permanently arrested with Adml
blastomeres, and can play a role as the PVC factor. To examiagochalasin B (Sigma) at the 110-cell stage.
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Fig. 1. Fate specification in the vegetal hemisphere of ascidian
embryos. (A-C) Endoderm (En)-lineage cells are yellow.
Mesenchyme (Mes)-lineage cells are shown in green and muscle
(Mus)-lineage cells in red. Notochord (Not)- and nerve cord (NC)-
lineage cells are pink and purple, respectively. (A) Tailbud
embryos. Lateral view. Anterior is towards the left. Upper and
lower diagrams illustrate midsagittal and parasagittal sections,
respectively. (B) 32-cell stage embryo. Vegetal view. Light-blue
arrows indicate direction of induction of FGF signaling. Red
hatching indicates the location of the posterior-vegetal cytoplasm
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D (PVC). (C) 64-cell stage embryo. Blastomeres connected with blue
a b C d bars are sister blastomeres. (D) A directed signaling and
32-cell stage 64-cell stage wwithout tregt?n';m asymmetric division model of the tissue specification mechanism in
the vegetal hemisphere of the ascidian embryo. The model is
PVC |5 NC NC Not applicable to both the anterior and posterior margins of the vegetal
(—) | Not NC Not hemisphere. Light-blue arrows indicate direction of induction of
L I< FGF signaling. (a) Schematic drawing representing embryo at the
32-cell stage. Endoderm precursors (En) emanate the inductive
En j FGF signal (light-blue arrows) to neighboring anterior and
posterior blastomeres and polarize them. The PVC (red hatching)
s
8
1%
g

En
brings about different responsiveness of posterior marginal cells.
(b) Asymmetric divisions occur at the 64-cell stage in both the
anterior and posterior marginal zones. For precise positions of
blastomeres, see (C). (c) Without inductive signal, both daughter

/s
blastomeres in the anterior region assume the default nerve cord
E F . fate (NC), and those in the posterior region assume the default
PVC removal PVC transplantation muscle fate (Mus). (d) When isolated blastomeres receive inducing

32-cell stage 64-cell stage 32-cell stage 64-cell stage FGF signal all over the surface, both daughter cells develop into

notochord (Not) or mesenchyme (Mes), depending on absence or
PVC | & NC S presence of PVC, respectively. (E,F) The results of PVC removal
(=) £ Not A £ and PVC transplantation, respectively. Light-blue arrows indicate
IO s < direction of induction of FGF signaling. (E) When the PVC is
removed, ectopic notochord is induced in the position of
En I j En En I j En presumptive mesenchyme in the posterior region. Mesenchyme
formation is suppressed. (F) PVC transplantation to the anterior
(_)— 5 10N 5 region of intact eggs results in ectopic mesenchyme and muscle
I 5 formation in the anterior region. On the other hand, notochord
OA\d § ON A § formation is suppressed. NC, nerve cord; Not, notochord; En,

endoderm; Mes, mesenchyme; Mus, muscle.

. (Nishikata et al., 1987). It recognizes the myosin heavy chain of
Removal and transplantation of egg cytoplasm Halocynthia(Makabe and Satoh, 1989). The specimens were fixed
Removal and transplantation of PVC were carried out as describedter the hatching stage for 10 minutes in methanol at —20°C. The
previously (Nishida, 1994). After completion of ooplasmic monoclonal antibody Notl recognized a component of the
segregation, fertilized eggs were oriented by using the position of theotochordal sheath that is secreted by notochord cells (Nishikata and
polar bodies and the posterior transparent myoplasm. Egg fragmer8atoh, 1990). At the middle tailbud stage, this antibody is strictly
containing the PVC, which was 8%-15% of the total egg volume, werspecific to notochord cells (Nakatani and Nishida, 1994). Specimens
removed from the eggs by severing the eggs with a fine glass neediere fixed at the middle tailbud stage for Notl staining. Indirect
The eggs were cultured as PVC-deficient embryos. For transplantatiotmmunofluorescence detection was carried out by standard methods
of the PVC, an egg fragment containing PVC that had been severeding a TSA fluorescein system (PerkinElmer Life Sciences)
from an egg was transplanted into the anterior-vegetal region efccording to the manufacturer’s protocol.
another intact egg by using polyethylene glycol and electric field-

mediated fusion. Whole-mount in situ hybridization
) Whole-mount in situ hybridization was carried out as described
Treatment with FGF previously (Wada et al., 1995). Specimens were hybridized by

Isolated blastomeres were transferred into seawater that containeging digoxigenin-labeleddrBra, HrETR-1 and Hrsna antisense
0.1% bovine serum albumin (BSA; Sigma) and 2 ng/ml recombinangrobes HrBra, encodingHalocynthia Brachyurygene, was used to
human bFGF protein (Amersham). This concentration of FGF iassess notochord specification (Yasuo and Satoh, 1993). The
effective enough to induce notochord and mesenchyme formation #xpression ofHrBra was monitored at the 110-cell stag#ETR-1,
Halocynthia (Nakatani et al., 1996; Kim et al., 2000). In controls, encoding an RNA-binding protein of the Elav family, was used

blastomeres were treated with BSA in seawater. as a molecular marker for nerve cord specification (Yagi and
. . Makabe, 2001). The expression BFETR-1 was monitored at
Immunohistochemistry the 118-cell stage or the neural-plate stage in cleavage-arrested

Formation of mesenchyme cells was monitored by staining witli10-cell embryosHrsna encodes a Snail homolog khalocynthia
the Mch-3 monoclonal antibody (Kim and Nishida, 1998). The(Wada and Saiga, 1999). The expression was examined at the 64-
monoclonal antibody Mu-2 was used for monitoring muscle formatiorcell stage.
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control

Fig. 2. Effect of suppression ahacho-1function
by MO on formation of muscle and notochord.

c
‘0 : (A-C) Expression of the muscle myosin protein.
g o (A) Control larva in which 300 pg of control MO
™~ = < was injected into fertilized egg. Anterior is towards
Q o the left. (B) 100 pg and (C) 300 pgmfacho-1
ﬁ s ' MO was injected. (D-F) Expression of notochord-
© & C & specific Not1 antigen. (D) Control tailoud embryo
g % : o that was injected with 300 pg of control MO.
£ ' 2 (E) 100 pg and (F) 300 pg ofacho-IMO was
e L e injected. (B,C',E',F) Morphologies of embryos
E g are shown in B,C,E,F, respectively. Scale bars:
ki 100pm.
Results ascidian embryos (Fig. 2CThis morphology was very similar
to that of the larvae from which the posterior-vegetal egg
Inhibition of macho-1 function disrupts the anterior- cytoplasm (PVC) containing maternalacho-1mRNA was
posterior axis removed (Nishida, 1994). There were no muscle cells in these

In previous studies to characterireacho-1as a muscle embryos (Fig. 2C). This phenotype was unlikely to be the result
determinant, we used antisense phosphorothioate DN&f nonspecific toxic effects, because notochord cells that
oligonucleotides (S-DNA) to depletanacho-1 maternal express notochord-specific Notl antigen were formed in every
messages (Nishida and Sawada, 2001). Recently antisemsacho-tdeficient embryo (Fig. 2E,F). And the muscle
morpholino oligonucleotides (MO) have been introduced tdormation was restored in isolated primary-muscle-lineage
study maternal and zygotic gene functions in ascidian embry@B84.1) blastomeres by injection ehacho-1MO (300 pg)
(Satou et al., 2001). In this study, we also used MO to prevetdgether with macho-1 mRNA (100 pg) that had no
the function ofmacho-1by inhibiting its translation, and MO complementary sequence to the MO in the BR (n=24) (data

was more effective than S-DNA. In control larvae derived frormot shown). Furthermore, it has been shown that the effects of
fertilized eggs injected with 300 pg of 4-mismatch control MO,MO are dose dependent (Heasman, 2002). Thus, the phenotype
their morphology looked normal and muscle cells wereof the high dose seems to be result of complete inhibition of
normally detected by immunostaining of muscle myosinthe macho-1function. Therefore, we usegiacho-1MO to
protein (Fig. 2A). By contrast, when a low dose (100 pg) ofnhibit the macho-1function in the following experiments.
macho-1IMO was injected into eggs, the tail was shortened and

primary muscle cells were lost (Fig. 2B\BThis phenotype is macho-1 confers on blastomeres the

similar to that observed in the previous study using S-DNA€sponsiveness to be induced to form mesenchyme

(Nishida and Sawada, 2001). However, at a high dose (300 pggemoval of the PVC caused loss of mesenchyme in the
resultant malformed larvae did not have a distinct head and tagipsterior region (Fig. 1E). However, transplantation of the
and they seem to be almost radially symmetrical along thBVC to the anterior region promoted ectopic formation of
animal-vegetal axis without an obvious anterior-posterior axisnesenchyme in the anterior blastomeres (Fig. 1F). To examine
which is normally perpendicular to the animal-vegetal axis irthe possibility thatacho-1plays a role as the PVC factor that

Table 1. Expression of mesenchyme-specific Mch3 antigenrracho-1mRNA-injected partial embryos derived from
isolated blastomeres

Partial embryos with Mch3 expression/embryos examined (%)

Control (mutant) macho-1
Isolated blastomeres 100 pg 50 pg 100 pg
BSA FGF BSA FGF BSA FGF
A4.1 0/19 (0%) 0/11 (0%) 17/1277%) 16/19 84%) 5/17 (29%) 10/1663%)
B4.1 11/11 100%) 16/16 (L00%) 8/10 @0%) 7/9 (718%) 4/13 (31%) 8/1362%)
a4.2 0/10 (0%) 0/10 (0%) 0/10 (0%) 7/1I006) 0/12 (0%) 0/10 (0%)
b4.2 0/10 (0%) 0/10 (0%) 0/10 (0%) 6/16000) 0/10 (0%) 2/12 (17%)

Synthetic mMRNAs were injected into eggs, then each blastomere was isolated at the eight-cell stage. Isolated blastoreated welewith BSA-seawater
or with FGF in BSA-seawater. Control mRNA encodes mutant Macho-1 that lacks the zinc-finger domain (Nishida and Sawada, 2001).
Proportions over 50% are indicated in bold.
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control macho-1 MO Fig. 3. Formation of mesenchyme detected with Mch-3
B 100pg C antibody inmacho-deficient and -overexpressing
embryos. (A,B) Expression of mesenchyme-specific
Mch-3 antigen. (A) Control larva in which control MO
was injected. Anterior is towards the left. (B) 100 pg of
macho-1IMO was injected. (C) Diagram illustrating the
vegetal hemisphere of the 110-cell stage embryo.
Presumptive mesenchyme blastomeres are indicated in
control green. (D-G) Expression of mesenchyme-specific Mch-3
antigen. Embryos whose cleavages were arrested at the
110-cell stage. (D) Control embryo injected with control
MO. Anterior is upwards. (E) 100 pg ofacho-IMO
was injected. (F) PVC-removed embryo. (G) 50 pg of
macho-ImRNA was injected. White arrowheads indicate
ectopic expression of Mch-3 antigen in the anterior half.
Anterior is upwards. (H) Lateral view of the eight-cell
stage embryo and fate map. Nerve cord (NC), notochord
(Not), endoderm (En), mesenchyme (Mes) and muscle
(Mus)-forming areas are indicated. Color of each area is
the same as in Fig. 1. (I) Expression of mesenchyme-
e specific Mch-3 antigen in the partial embryos derived
from isolated blastomere of the eight-cell embryos.
Embryos were injected with 50 pg of contneacho-1
macho-1 MRNA that lacks the zinc-finger domain or 50 pg of
mRNA macho-ImRNA. After isolation, blastomeres were
L treated with FGF or BSA only. Scale bars: 100.
FGF macho-1 FGF

treatment mRBNA treatment

larva

Poster|or «ai==j= Anterior

110-cell
cleavage-arrest

control

pairs) eventually expressed the mesenchyme marker,
as expected from the cell lineage when cleavage and
morphogenesis were arrested at the 110-cell stage
(Fig. 3C,D) (four cells were stained in 74% of 15
cases). Expression of the mesenchyme marker was
also suppressed bynacho-1 MO injection in
cleavage-arrested 110-cell embryos (Fig. 3E) (four
cells were stained in 8% of 13 cases). This
phenotype coincides well with the PVC-deficient
embryos (Fig. 3F) (Kim et al., 2000). As will be
described later, mesenchyme precursorsyécho-
1-deficient embryos assumed a notochord fate.
Next, to investigate in an opposite way whether
macho-1plays a role as the PVC factor, we over-
and/or mis-expressemacho-1by injecting 50 pg
of syntheticmacho-1mRNA into fertilized eggs.
This resulted in ectopic formation of mesenchyme
in the anterior region of the cleavage-arrested 110-
controls the responsiveness of mesenchyme blastomerescell embryos (ectopic staining: 71% of 17 cases; Fig. 3G,
endodermal inducing signal, we investigated mesenchymarrowheads). This phenotype coincides with the PVC-
formation in macho-tdeficient embryos in order to ask transplanted embryos (Kim et al., 2000). Mch-3 antibody
whether the phenotypes ofmacho-tdeficient embryos recognizes particles in mesenchyme cells. For an unknown
reproduce those of the PVC-removed embryos. reason, the particles were somewhat dispersed in the
In control larvae derived from fertilized eggs injected withanterior marginal zone. But the presence of these particles
4-mismatch control MO, mesenchyme cell clusters weréndicates that mesenchyme differentiates ectopically in the
normally detected by immunostaining of mesenchyme-specifianterior blastomeres, which is never observed in the controls.
Mch3 antigen in 20 cases (Fig. 3A). By contrast, injection ofThis experiment was somewhat tricky, because when too
100 pg ofmacho-1IMO abolished the expression of the antigenmuch macho-ImRNA (100 pg) was injected into fertilized
in all 13 cases (Fig. 3B). This was also confirmed in anothexggs, mesenchyme formation tended to be suppressed in the
way. In ascidian embryos, even when cleavages werentire embryos (no staining: 43% of 14 cases). Every cell is
permanently arrested with cytochalasin B at a cleavage stadikely to assume muscle fate in such condition, as we
cleavage-arrested blastomeres continued some differentiatiofbserved previously (Nishida and Sawada, 2001) (also see
processes and eventually expressed different featurésg. 5D).
according to their developmental fates (Whittaker, 1973; Therefore, ectopic mesenchyme formation in the anterior
Nishikata and Satoh, 1990). In embryos injected with contralegion was confirmed in another way by isolating blastomeres
MO, four mesenchyme precursors (B8.5 and B7.7 blastomend the eight-cell embryos (Table 1, Fig. 3H,1). Fig. 3H shows

A4

B4.1

a4.2

b4.2
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the developmental fate of each blastomere of the eight-ce” control PVC removed macho-1 MO macho-1 mRNA
embryo. In normal embryos, mesenchyme cells originate fror i\

the posterior-vegetal blastomeres (B4.1 pairs), but not from tt o
anterior-vegetal (A4.1 pairs) or animal blastomeres (a4.2 pai@
and b4.2 pairs). When these blastomeres were isolated frcX
control embryos injected with mRNA that encodes a mutar
form of macho-1lacking the putative DNA-binding zinc-finger
domain (Nishida and Sawada, 2001) and treated with BS/
only B4.1 partial embryos developed mesenchyme features, .
all cases. FGF treatment causes muscle precursors to deve 2
into mesenchyme cells (Kim et al., 2000). Therefore, the
amount of mesenchyme cells increased in each B4.1 parti
embryo treated with 2 ng/ml FGF protein, but still
mesenchyme formation was restricted only to the B4.1 partic
embryos. In embryos injected with wild typgacho-1ImRNA

(50 pg), A4.1 blastomeres ectopically developed mesenchyn
cells without FGF treatment. Further treatment with FGF
increased the amount of formed mesenchyme cells in ea : S iEpary raahact
A4.1 partial embryo (Fig. 3I). Most interestingly in embryos control MO  control MO
injected with macho-1mRNA, treatment with FGF led to B8.5 L ©&77|\ _B77
ectopic formation of mesenchyme cells even in anima
blastomeres (a4.2 pairs and b4.2 pairs). This is strong eviden
thatmacho-1confers on blastomeres the responsiveness to t
induced to mesenchyme when the cel[s receive FGF. TQO mu‘Fig. 4.Expression of notochord markersnracho-1deficient and -
macho-1 mRNA (100 pg) resulted in a decrease in theyerexpressing embryos. (A-D) ExpressioHoBra gene at the
frequency of positive partial embryos forming mesenchyme 10-cell stage. (E-H,GH') Expression of notochord-specific Not1
cells (Table 1) as well as the amount of mesenchyme celantigen in embryos whose cleavage was arrested at the 110-cell

in each positive partial embryo again. The reduction ostage. (A,E) Embryos injected with control MO. Anterior is upwards.
mesenchyme formation was restored to a certain extent by F((B,F) PVC-removed embryos. (C,G)E&mbryos injected with

Posterior == Anterior

treatment (Table 1). (C,G) 100 pg and (G300 pg ofmacho-1IMO. White arrowheads
indicate ectopic expression in mesenchyme precursors. Anterior is

Knockdown of macho-1 results in ectopic notochord upwards. (D,H,) Embryos injected with (D,h1100 pg and (H) 50

formation, and the overexpression suppresses pg of macho-ImRNA. (I) The vegetal hemisphere of the 110-cell

notochord induction stage embryo. Color of blastomeres is the same as in Fig. 1. (J-
. . . . M) Expression of Notl antigen in the partial embryos derived from
Next, we investigated notochord formation macho-1 ig5jated mesenchyme precursor blastomeres. (J,K) B8.5 partial
deficient and -overexpressing embryos. Notochord formatioempryos. (L,M) B7.7 partial embryos. (J,L) Isolates from control
was monitored by expression of two distinct markers. One Wéembryos. (K,L) Isolates from embryos injected with 100 pg of
HrBra, aBrachyuryhomolog ofHalocynthia roretziwhich has  macho-IMO. Scale bars: 10am.
been shown to be a key transcription factor involved ir
notochord formation (Yasuo and Satoh, 1998; Takahashi et a
1999a). The expression EfBra is induced by an endodermal notochord blastomeres were formed in the posterior region,
FGF signal at the 32-cell stage and is initiated at the 64-cedind notochord blastomeres encircled the central endodermal
stage. The expression is strictly restricted to notochordrea. The maximum number of Not1-positive blastomeres was
precursors in ascidian embryos (Fig. 4A) (Yasuo and Satoli6 (Table 2).
1993; Nakatani et al., 1996). Another marker was the We examined notochord formation in embryos injected with
notochord-specific Notl antigen. As shown in Fig. 2D, Notlmacho-1MO. Notl antigen was expressed in every larva
antigen is expressed in differentiated notochord cells of thimjected withmacho-1MO (Fig. 2E,F). However, it was hard
middle tailbud embryos. Fig. 41 shows the fate map of 110-cetb tell the amount of notochord cells in such larvae. So cleavage
embryos. Ten presumptive notochord blastomeres are coloradis arrested at the 110-cell stage. In control embryos injected
pink. In cleavage-arrested 110-cell embryos, the antigen isith control MO (300 pg), presumptive notochord cells
expressed in notochord precursor blastomeres, and tlespressed both marketdrBra and Notl (Fig. 4A,E, Table 2).
maximum number of Notl-positive blastomeres nevein embryos injected witlmacho-1MO, ectopic expression of
exceeded 10 [i.e. the number of notochord precursddrBra and Notl in the posterior region was observed. The
blastomeres at the 110-cell stage (Fig. 4E)]. It has been shownmber of ectopically formed notochord cells was increased
that removal of the PVC results in mirror image duplication odose dependently. When a low dose (100 pg) of MO was
the anterior half in the posterior region of the early embryodnjected, the maximum number of Notl-positive blastomeres
and in ectopic expression of Notl in the posterior regiomwas 14 (Fig. 4G, arrowheads). In these specimens, blastomeres
of cleavage-arrested 110-cell embryos (Nishida, 1994). Wi the posterior region never expressed Notl antigen. We
reconfirmed the phenotype by monitoring expressiddrBfa  obtained the same results for the expressidirBfa (Fig. 4C,
in the 110-cell embryos and Notl in the cleavage-arrested 118rrowheads). At a high dose (300 pg), the maximum number
cell embryos (Fig. 4B,F). In PVC-removed embryos, ectopiof Notl-positive blastomeres reached 17 (Table 2). They
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Fig. 5.Muscle and nerve cord formation in

gEtiGT macho-1deficient and -overexpressing
control  PVC removed macho-1 MO mRNA embryos. (A-D) Expression of muscle
myosin protein in embryos whose cleavage
was arrested at the 110-cell stage. (E-I,E
G') Expression oHrETR-1in (E-
1) cleavage-arrested 110-cell embryos and
(E'-G') 118-cell stage embryos without
cleavage arrest. (A,E ) Embryos injected
with control MO. Anterior is upwards.
I (B,F,F) PVC-removed embryos.
(C,G,G) Embryos injected with (C,G) 100
pg and (G 300 pg ofmacho-1IMO. White
arrowheads indicate ectopic expression of
HrETR-1 Black arrowheads indicate the
posterior blastomeres that show no signal.
Anterior is upwards. (D,H) 100 pg of
macho-ImRNA was injected. (I) PVC-
transplanted embryo. (J) The vegetal
hemisphere of the 110-cell stage embryo.
Color of blastomeres is the same as in Fig.
1. Scale bars: 100m.

Muscle
Myosin

transplanted

Nerve cord
HrETR-1
110-cell
cleavage-arrest

118-cell

Posterior agi=gpe Anterior

encircled the central endodermal area (Fig)4& observed Muscle precursor blastomeres assume nerve cord
in the PVC-removed embryos (Fig. 4F). fate without macho-1

To directly confirm the fate conversion of mesenchyme tanacho-deficient embryos lose primary muscle cells (Fig.
notochord, presumptive mesenchyme blastomeres (B8.5 a@#,C) (Nishida and Sawada, 2001). However, it is not known
B7.7 in Fig. 41) were identified and isolated at the 110-celivhat kind of tissue cell the muscle precursor cells are
stage and cultured as partial embryos without cleavage-arresbnverted to in those embryos, although we expected it to be
Expression of Not1l was never observed in BB2() or B7.7  nerve cord (Fig. 1E). Formation of nerve cord has not yet been
(n=18) partial embryos injected with control MO (Fig. 4J,L). examined in PVC-removed and -transplanted embryos or in
By contrast, B8.5 and B7.7 partial embryos isolated frommacho-deficient and -overexpressing embryos. Therefore,
embryos injected witlmacho-1IMO (100 pg) expressed Notl we examined muscle and nerve cord formation in these
in 63% (=40) and 39% r=53) of cases, respectively (Fig. embryos to fully understand fate specification in the marginal
4K,M). zone of early ascidian embryos, although this issue is not

Transplantation of the PVC to the anterior region suppressetirectly relevant to the mechanisms that control cellular
notochord formation (Fig. 1F). To examine whethmcho-1 responsiveness.
overexpression reproduces the phenotype of PVC-transplantedFig. 5J shows a fate map of 110-cell stage embryos; 10
embryos, we examined notochord formation rracho-1  presumptive primary-muscle blastomeres are colored red.
overexpressing embryos. Injectionmécho-ImMRNA resulted  First, we examined muscle formationntacho-deficient and
in the decrease (50 pgs32) or loss (100 pgy=29) of Notl  -overexpressing embryos. In control embryos, when cleavage
expression in cleavage-arrested 110-cell embryosHaBda  was arrested at the 110-cell stage, 10 muscle precursors
expression at the 110-cell stage (Fig. 4D,H,hh these cases, eventually expressed muscle myosin, as expected from the fate
as mentioned in the previous section, presumptive notochordap (Fig. 5A). In embryos injected witmacho-1 MO,
blastomeres presumably failed to develop into notochordxpression of muscle myosin was suppressed (Fig. 5C), as
because they assumed mesenchyme or muscle fates. in the PVC-deficient embryos (Fig. 5B). By contrast,

Table 2. Number of Not1-positive blastomeres in cleavage-arrested 110-cell embryos
Number of blastomeres (%)

Dose n <10 11 12 13 14 15 16 17
PVC removal - 16 44 6 13 6 13 13 6 0
Control MO 300 pg 15 100 0 0 0 0 0 0 0
macho-1IMO 100 pg 23 43 13 22 0 22 0 0 0
macho-1IMO 300 pg 13 38 23 0 0 8 0 23 8
Number of blastomeres (%)
3 4 5 6 7 8 9 10
lacZ mRNA 100 pg 15 0 0 0 0 0 0 7 93
HrsnamRNA 100 pg 31 6 6 19 26 10 13 6 13

Cleavages of embryos were permanently arrested at the 110-cell stage.
Positive proportions are indicated in bold.
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overexpression of thenacho-1 mRNA resulted in ectopic mMRNA (100 pg) resulted in short-tailed embryos (Fig. 6B). To
formation of muscle cells (Fig. 5D), as observed previously irevaluate notochord formation, we carried out a cleavage-arrest
PVC-transplanted embryos (Nishida, 1994). All of theseexperiment. As mentioned previously, 10 notochord precursor
results reconfirm the previous results, showing the validity oblastomeres eventually expressed Notl antigen when cleavage
macho-IMO and mRNA, as well as cytoplasmic removal andwas permanently arrested at the 110-cell stage. Injection of
transplantation in the present study. controllacZmRNA (100 pg) had no effect on Notl expression.

Eight nerve cord precursor blastomeres are colored purpRy contrast, the number of Notl-positive blastomeres was
in the fate map (Fig. 5J). We investigated nerve cord formatiosignificantly reduced in embryos injected witlisna mRNA
by monitoring the expression of a neural plate marker gen¢100 pg) (Fig. 6C, Table 2). Muscle and mesenchyme
HrETR-1 in PVC-removed embryos anadacho-ideficient formation detected with the Mu-2%37) and Mch-3 1{=33)
embryos. The expression bfETR-1is restricted in neural antibodies was not affected in the cleavage-arrested 110-cell
plate precursors at the 110- or 118-cell stage in ascidiaambryos injected withirsnamRNA (data not shown). We also
embryos (Fig. 5E,& (Yagi and Makabe, 200I0rETR-1gene  examinedHrBra expression in notochord blastomeres at the
expression was monitored in cleavage-arrested 110-c€lllO-cell stage (Fig. 6D). The expression became weak and
embryos and 118-cell embryos without cleavage-arrest. lpunctate, and the number d&irBra-positive blastomeres
cleavage-arrested 110-cell embryos=30) and 118-cell decreased in embryos injected wilhrsnamRNA (n=13), but
embryos (=33) injected with control MO, nerve cord notin embryos injected with contridicZ mRNA.
precursors expressddrETR-1, as expected from fate map
(Fig. 5E,E). The number oHrETR-Lpositive blastomeres in .. .
the vegetal hemisphere ranged form six to eight. Discussion

Removal of the PVC (total number examined=60) resulted’he same signal is used to elicit different outcomes in different
in ectopic expression dirETR-1in the entire marginal zone cells in animal embryogenesis. The response to inductive
(Fig. 5F,F). Thus, presumptive muscle blastomeres assumesignals depends on the internal state of the signal-receiving
nerve cord fate in these embryos. In embryos injected witbells. Intrinsic factors thus determine the way a cell responds.
macho-1IMO (total number examined=87), ectopic expressioiWe have focused on this issue using ascidian embryos. In
of HFETR-1 was also observed in the lateral and posterioascidian embryos, mesenchyme and notochord fates are
region, which corresponds to muscle blastomeres (Fig.'5G,@nduced by the same FGF signaling molecule originating from
white arrowhead). Ectopic nerve cord formation in theendoderm precursors. The PVC of eggs causes the difference
posterior-vegetal region imacho-tdeficient embryos was in the responsiveness of mesenchyme and notochord precursor
also confirmed by isolation of blastomeres at the eight-ceblastomeres. We have demonstrated thadcho-1 first
stage (data not shown). The nerve cord phenotype was simili@entified as a muscle determinant, also plays a role as an
in both macho-1deficient and PVC-deficient embryos. intrinsic factor that controls the responsiveness of mesenchyme
However, inmacho-1deficient embryos, the posterior (B7.5) blastomeres to an inducing signal.
cells never expressddrETR-1 (Fig. 5G, black arrowheads),
while in PVC removed embryos, the posterior cells werelhe effect of macho-1 MO
ectopically expressedrETR-1 We noticed that the posterior We used antisense morpholino oligonucleotides (MO) to
(B7.5) blastomeres imacho-tdeficient embryos assumed an prevent the function ofacho-1by inhibiting its translation.
endoderm fate but not a nerve cord fate (data not shownJhe phenotype caused by a low dose injection (100 pg) is
We then examined nerve cord formation macho-1  almost the same as that seen in our previous study using
overexpressing embryos and PVC-transplanted embryos. phosphorothioate DNA oligonucleotides (S-DNA) to deplete
embryos injected withmacho-1mRNA (100 pg),HrETR-1  macho-ImRNA (Nishida and Sawada, 2001). However, a high
expression was completely suppressed3f) (Fig. 5H), as dose injection (300 pg) resulted in a phenotype that is similar
well as in the PVC-transplanted embrynsg) (Fig. 51). These to that of PVC-removed larvae. This phenotype is unlikely to
results indicate that muscle precursors assume a nerve cord fate been the result of non-specific toxic effects, because

without macho-1 notochord cells were formed in evemypacho-tdeficient

] ) . embryo, and embryonic cells transfated rather than failed to
Zygotic expression of  snail is downstream of differentiate. Thus, it is plausible that MO inhibited thacho-
macho-1 and inhibits notochord formation 1 functions more efficiently than did S-DNA. This conclusion

snail seems a good candidate for mediating suppression ofia supported by the observation that injection of another MO
notochord fate in presumptive mesenchyme precursors. What covers a different region ofiacho-1mRNA produced
first examined whether zygotic expression shailhomolog,  similar phenotypes as the main MO we used in this studies
Hrsna occurs downstream of maternalacho-1(Fig. 6A).  (data not shown).
Injection of control mutant form ahacho-1ImRNA (100 pg) No muscle cells formed in high-dose-injected embryos (Fig.
had no effect ofdrsnaexpression at the 64-cell stage82). @ 2C). This phenotype could be an indirect effect of the
When macho-1 mRNA (100 pg) was injectedHrsna  prevention ofmacho-1functions. Formation of the primary
expression was ectopically activatedh=89). However, lineage (B-line) of muscle cells depends on matemsatho-1
injection of macho-1 MO (100 pg) suppresseddrsna  (Nishida and Sawada, 2001). However, the fate of the
expression r=22). Therefore,macho-1is necessary and secondary lineage (A-line and b-line) of muscle cells is
sufficient forHrsna expression. specified by cell interactions, probably during gastrulation
Then we injected synthetldrsnamRNA to investigate the (Nishida, 1990). Although the inducer cells and the inducing
effects ofHrsna on notochord formation. Injection ¢frsna  signal involved in secondary muscle formation are as yet
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A control macho-1 mMRNA macho-1 MO B Hrsna mRNA

~ 100pg 100pg 3 __100pg
o L, Ly
» % : Fig. 6.Hrsnais downstream ofmacho-land inhibits
T . 5 notochord formation. (A) Expression dfsnaat the 64-cell
| & A stage in embryos injected with mutamacho-ImRNA (100
pg, control),macho-ImRNA (100 pg) ananacho-1IMO (100
c D pg). Anterior is upwards. (B) Morphology of the embryo
control Hrsna mRNA control HrsnamRNA  jhiected with 100 pg ofirsnamRNA. (C) Expression of
100pg n 100pg  notochord-specific Notl antigen in cleavage-arrested 110-cell
Q . ' embryos injected wittacZ mRNA (100 pg, control) oHrsna

’ mMRNA (100 pg). Anterior is upwards. (D) Expression of

Not-1
HrBra

HrBra in the 110-cell stage embryos injected w#bZ mRNA

ﬂ ﬂ . . (100 pg, control) oHrsnamRNA (100 pg). Anterior is

upwards. Scale bars: 1Qén.

unknown, it is possible that inhibition of theacho-1function  Therefore, another molecule involved in the formation of the

would perturb secondary muscle induction. CAB would also be present in the PVC. Several kinds of

] ) maternal mMRNA show a similar localization pattern to that of
macho-1 is not only a muscle determinant but also a macho-1 namely localization to PVC in fertilized eggs
main component of the PVC factor (Yoshida et al., 1996; Satou and Satoh, 1997; Sasakura et al.,

We investigated the formation of mesenchyme and notochortP98a; Sasakura et al., 1998b; Sasakura et al., 2000; Satou,
in macho-tdeficient and -overexpressing embryosmacho-  1999; Caracciolo et al., 2000; Makabe et al., 2001; Nishida and
1-deficient embryos, mesenchyme formation was completelgawada, 2001; Nishikata et al., 2001; Nakamura et al., 2003).
suppressed, and instead ectopic notochord formation was ]
promoted in the presumptive mesenchyme precursor$nail is downstream of macho-1 and mediates
Conversely, inmacho-toverexpressing embryos, notochord suppression of notochord fate in mesenchyme
formation was suppressed, and ectopic mesenchyme formati@feCursors
was observed in the anterior-vegetal region. These phenotypEgpression of ascidiarsnail preferentially starts in the
were the same as those of PVC-removed embryos and PV@esenchyme-muscle precursor blastomeres at the 32-cell stage
transplanted embryos, respectively. These results support thethe 44-cell stage (Erives et al., 1998; Wada and Saiga, 1999).
idea that maternal mRNA ahacho-1 first identified as a Our preliminary results show that the expressionsiodil
muscle determinant, also plays a role as an intrinsic factor thdepends on the presence of the PVC (A. Yamada, H.
controls the responsiveness of mesenchyme blastomeres. M¥aimamoto and H. Nishida, unpublished). Similarly, the
importantly, in embryos injected withmacho-1 mRNA,  phenotype ofnacho-deficient and -overexpressing embryos
treatment with FGF led to ectopic mesenchyme formation eveindicates thatnacho-1lis necessary and sufficient for zygotic
in animal blastomeres. This result provides strong evidenddrsnaexpression in these blastomeres. The overexpression of
that macho-1plays a key role in determining that cells areHrsna reducedHrBra and Notl antigen expression. These
induced to develop into mesenchyme when they receive thresults suggest that zygotldrsna expression mediates the
FGF signal. suppression of notochord fate by matern@cho-1in the
macho-1deficient embryos reproduced only some of theposterior region. This idea is supported by the following
phenotypes of the PVC-removed embryos. In the PVCebservations. Snail is a zinc-finger protein known to be a
removed embryos, in addition to loss of muscle andranscription repressor Drosophila(lp et al., 1992). IfCiona
mesenchyme, the cleavage pattern of the posterior-vegeiatestinalis misexpression onail in notochord-lineage cells
region was converted to that of the anterior-vegetal regiodriven by a heterologous promoter suppresses at least the
(Nishida, 1994). The cleavage patternmécho-1deficient expression of the reporter gene driven by Brachyury
embryos was normal at least up to the gastrula stage. Therefong@nimal promoter through Snail-binding sites within it.
PVC is likely to have two distinct functions. One function isHowever, neither endogenolsachyury expression nor the
muscle and mesenchyme formation, and is accounted for igrmation of notochord was suppressed in experiments
maternal mMRNA ofnacho-1 Another function of PVC is the (Fujiwara et al., 1998), contrary to our results.
generation of the posterior cleavage pattern. It has beenThe difference between these previous results and ours is the
reported that a unique subcellular structure designated tmeode of misexpression. I€iona misexpression ofnail
centrosome-attracting body (CAB), which exists in thewas driven by theBrachyury promoter, which promotes
posterior pole cortex of cleaving embryos, plays essential rolesisexpression after the 64-cell stage, whesaad expression
in generating the posterior cleavage pattern and the unequsarts at the 32-cell stage or the 44-cell stage in normal
cleavages within it (Hibino et al., 1998; Nishikata et al., 1999embryos. That stage could be too late for misexpressaitl
Iseto and Nishida, 1999). Removal of the PVC results in los® suppress initiation of endogendBiachyuryexpression. In
of the CAB. Transplantation of the PVC into the anterior regiorthe present study, we injected synthstiailmMRNA into eggs.
causes ectopic formation of the CAB in the anterior region, an@iherefore, enough protein could accumulate before the
the cleavage pattern of the anterior region converts to thaitiation of Brachyuryexpression. Of course, the difference
posterior type (Nishida, 1994; Nishikata et al., 1999)may be attributed to species difference. But this explanation is
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A HrETR-1lexpression was suppressed and ectopic formation of
Yes » Mesenchyme muscle was observed. These results together led us to propose
Yes o received? g:Muscle a simple model for fate specification in ascidian embryos (Fig.
macho-1 inherited? <: 7). . o _
No Yes Two steps of binary specification of cell fates operate in the
received? {: marginal zone of the vegetal hemisphere. Depending on

presence or absencerofcho-1(the first step), and depending
(st step) (2nd step) on reception of the FGF signal (the second step), four types of
cell are generated in the marginal zone of the vegetal
hemisphere (Fig. 7A). The marginal cells receive an
endodermal FGF signal from the vegetal pole at the 32-cell
NC stage (Fig. 7B), and only one of the daughter cells facing the
endoderm assumes an induced cell fate, namely mesenchyme
Not or notochord. A directed signal that emanates from endoderm
blastomeres polarizes the responding blastomeres at the 32-cell
En stage and promotes asymmetric divisions that operate in both
the anterior and posterior regions (Kim et al., 2000; Minokawa
et al.,, 2001; Nishida, 2002). The posterior marginal cells
inheriting Macho-1 protein divide into two daughters that
assume default muscle and induced mesenchyme fates. The
anterior marginal cells without Macho-1 protein divide into
two daughters that assume default nerve cord and induced
) ) S ) notochord fates. Thus, althougtacho-lwas first identified as
Fig. 7. Two-step model qf blnary.fate s.p.ecmcatlon inthe marginal 5 muscle determinant, it is also required in mesenchyme
cells of the vegetal hemisphere in ascidian embryos. (A) There are o nation . Indeedmacho-1promotes muscle fate as a default
two distinct steps to specify the four cell types. The first step is fate, but it directs the mesenchyme pathway when cells receive

inheritance (or not) afhacho-1 The second step is receipt (or not) of ! . .
the FGF signal. (B) Presence or absenaaaxho-1is responsible the FGF signal. It is noteworthy that if too much Macho-1

for making cell responses different in mesenchyme and notochord Protein was present, the cells were assigned to default muscle
induction. The molecular identity of the PVC factor shown in Fig. ~ fate irrespective of reception of the FGF signal (Fig. 5D; Table.
1D is themacho-1product. 1)

32-cell stage 64-cell stage

imacho-1

(=)

En

Posterior <@—— Anterior

The future question is how cells integrate the intrinsic
activity of macho-1with information from extrinsic cues that
unlikely, because the promoters Gfona and Halocynthia  are delivered into the cell by the signal-transduction machinery.
Brachyuryare interchangeable and are able to drive notochoriihe Macho-1 protein has five CCHH-type zinc-finger repeats
expression in either species (Takahashi et al., 1999b). It is nibtat show similarity with Zic, GLI and odd-paired proteins
known whether there is a Snail-binding site inlfadocynthia  (Nishida and Sawada, 2001). All of these proteins are
Brachyury promoter, but above-mentioned observationsranscription factors. Because Macho-1 protein synthesized
suggests that a similar mechanism operate€iona and  from FLAG-tagged mRNAs accumulates in the nuclei during
Halocynthia Thus, our results confirm thahail is indeed the cleavage stage, it was suggested that Macho-1 functions as
involved in suppression of notochord fate in the posterioa transcription factor (Nishida and Sawada, 2001). Our recent
blastomeres. To confirm the role ifsnain suppression of results using VP16 and Erfusion protein further support the
notochord fate, we injected MO complementaryHsna possibility that Macho-1 indeed functions as a transcription
However, there was no ectopic notochord formation. At thectivator (K. Sawada and H. Nishida, unpublished). Recently,
moment, it is not clear whether thérsna MO was not we also found that an Ets transcription factor is the target
sufficiently effective or there is a redundant mechanism tactivated by FGF-MAPK (ERK1/2) signaling and is involved
suppress notochord fate other than that involvitigna  in notochord and mesenchyme induction in ascidians (Miya
Furthermore, overexpression éfrsna was not enough to and Nishida, 2003). Thus, it is important to elucidate how these
promote ectopic mesenchyme formation, suggesting thavo transcription factors cooperate to promote mesenchyme
Hrsnais involved only in suppression of a notochord fate bufate. There are two possibilities. The Ets transcription factor is

not in promotion of a mesenchyme fate. known to interact with other transcription factors to direct
signals for the transcription of specific target genes (Sharrocks,

Model for fate specification in the vegetal-marginal 2001). For example, it has been shown that mammalian Ets1

cells of ascidian embryos: two-step model interacts with Pit-1, a pituitary-specific POU-homeodomain

The default fates of mesenchyme precursors and notochopdotein, and activates the transcription of pituitary-specific
precursors are muscle and nerve cord, respectively (Fig. 1Djenes (Bradford et al., 1997). Another possibility is that inputs
In this study, we also investigated formation of muscle androm the signal resulting in Ets activation and Macho-1 activity
nerve cord irmacho-tdeficient and -overexpressing embryos.could be combined at the level of regulatory regions of the
In macho-1deficient embryos, the formation of muscle wastarget genes without direct interaction of either Ets or Macho-
suppressed, anHrETR-1, a neural plate marker gene, was1l protein. Both factors might independently bind dis-
ectopically expressed in the presumptive muscle blastomereggulatory elements and cooperate to activate or silence the
On the other hand, irmacho-toverexpressing embryos, target gene transcription.
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