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SUMMARY

Fox factors (winged-helix transcription factors) play
important roles in early embryonic patterning. We show
here that FoxD3 (Forkhead 6 regulates neural crest
determination in Xenopusembryos. Expression ofFoxD3
in the presumptive neural crest region starts at the late
gastrula stage in a manner similar to that ofSlug, and
overlaps with that of Zic-rl. When overexpressed in the
embryo and in ectodermal explants, FoxD3 induces
expression of neural crest markers. Attenuation of FoxD3-

coinjecting Slug. In animal cap explants, neural crest
differentiation induced by Slug and Wnt3a is also inhibited
by FoxD3delN but not by a dominant-negative form of
XBF2. Loss-of-function studies using dominant-negative
forms of FoxD3 and Slug indicate that Slug induction by
Zic factors requires FoxD3-related signaling, and that
FoxD3 and Slug have different requirements in inducing
downstream neural crest markers. These data demonstrate
that FoxD3 (or its closely related factor) is an essential

related signaling by a dominant-negatived-oxD3 construct
(FoxD3delN) inhibits neural crest differentiation in vivo
without suppressing the CNS markerSox2 Interestingly,
these loss-of-function phenotypes are

upstream regulator of neural crest determination.

Key words:FoxD3 Slug Neural crest, Dominant-negative mutant,
reversed by Xenopus

INTRODUCTION Sasai et al.,, 1995) do not induce neural crest cells when
overexpressed alone in théenopusanimal cap assay. In
Neural crest cells originate from the ectoderm at the junctionontrast, when Wnt or FGF acts in concert with Noggin or Chd,
of the prospective neural plate and the prospective epiderm®ug is efficiently induced in the animal cap ectoderm
(Le Douarin and Kalcheim, 1999; Mayor et al., 1999). TheséMcGrew et al., 1995; Mayor et al., 1995; Sasai et al., 1996;
unigue cells are characterized by their extensive migration aridayor et al., 1997; LaBonne and Bronner-Fraser, 1998).
ability to generate a large spectrum of cell types (Selleck et aHowever, it remains to be elucidated how Wnt or FGF signals
1993; Bronner-Fraser, 1994; LaBonne and Bronner-Frasecpoperate with anti-BMP signaling. Overexpression of
1999). The derivatives of the neural crest include neurons arithnscription factors such as Zic and SoxD induce neural crest
Schwann cells in the peripheral nervous system, adrenaéllsin the animal cap (Nakata et al., 1997; Nakata et al., 1998;
medulla cells, pigment cells, facial cartilage cells and smootMizuseki et al., 1998a; Mizuseki et al., 1998b). Also, Sox2
muscle cells. overexpression together with FGF treatment induces neural
In Xenopusthe earliest gene markers of prospective neuradrest markers and melanophores (Mizuseki et al., 1998a).
crest are two genes encoding Zinc-finger transcription factotdowever, as these transcription factors induce gene markers of
related toDrosophila snail Xenopus Snaibnd Slug which  both the central nervous system (CNS) and the neural crest, it
start to be expressed by the late gastrula stage (Essex et @lnot clear whether their role in neural crest formation is direct
1993; Mayor et al., 1995; reviewed in Mayor et al., 1999)or indirect.
Although Slugis suggested to function in specification and Formation of the neural crest can be induced also by
migration of neural crest cells (Nieto et al., 1994; Carl et al juxtaposing presumptive neural plate and epidermal tissues
1999; LaBonne and Bronner-Fraser, 2000), relatively little i9ooth in vitro and in vivo (Moury and Jacobson, 1990;
understood about the molecular mechanisms underlying neur2ickinson et al., 1995; Selleck and Bronner-Fraser, 1995; Liem
crest determination in the early ectoderm. et al.,, 1995; Mancilla and Mayor, 1996). This raises the
Molecular embryological studies have indicated that severgdossibility that the neural crest formation is dependent on
genes may be involved in neural crest determination. Thimteractions between neural and non-neural tissues. However,
neural inducers Noggin (Lamb et al., 1993) and Chordin (Chdzebrafish studies have suggested that a BMP gradient, which
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patterns tissues along the dorsoventral axis during gastrulation,Whole-mount in situ hybridization was performed as described
plays a crucial role in the formation and positioning of thepreviously (Chitnis et al., 1995) with minor modifications (Sive et al.,
neural crest (Nguyen et al., 1998; Barth et al., 1999). A998). For double in situ hybridization, one DIG-labelled probe was

mechanism. ' labelled probe was stained with BM purple (indigo; Boehringer

To further understand the molecular regulation of neural}/'an”he'm)'
crest formation, we investigated the role of the neural crespiasmid construction

specific winged-helix transcription factdtoxD3 (formerly T entire coding region of 99A was subcloned into pCS2 vector at
Forkhead § in Xenopus FoxD3 expression starts in the theEcoRrl andXhd sites (0CSFoxD3). To generate thEoxD3delN
presumptive neural crest at the late gastrula stage, as earlycasstruct, the carboxyl-terminal part of FoxD3 (amino acid residues
that of Slug Gain-of-function and loss-of function studies 195-371) was amplified by PCR and subcloned into pCS2-NLS.
showed that FoxD3 acts as an essential upstream regulatorXiF2delN(amino acid residues 169-345) was constructed in a similar
neural crest determination in complex regulatory pathwayway and used as a specificity control. To generafex®3-VP16
together with Slug and Zic factors. construct, the DNA-binding domain &bxD3 (amino acid residues
85-194) was fused to théP16 activation domain (Sadowski et al.,
1988) and subcloned into pCS2 vector at ®itel site. pCS2-
FoxD3delN-GRwas constructed by fusing the human glucocorticoid
receptor ligand-binding domain to the FoxD3 carboxyl-terminal
. domain (Kolm and Sive, 1995). PoxA4 (amino acid residues 110-
Isolation of XFD6/FoxD3 219) VP16construct was similarly generated, and used as a control
To search for genes activated by neural inducers plus FGF, far specificity. FoxA4 formerly called XFKH1/HNF33/pintallavis/
differential screen was performed as follows. 50 ngagf(fly Chd XFD1 (Dirksen and Jamrich, 1992; Ruiz i Altaba and Jessell, 1992;
Holley et al., 1995) mRNA (tester) or water (driver) were injected intokKndchel et al., 1992), shares 60% amino acid identity with FoxD3 in
4 animal blastomeres of 8-cedenopusembryos. Animal caps were the DNA-binding domainFoxA4-VP16is active and mimics wild-
dissected at stage 10.25 and culturecih @MR supplemented with  type HNF33 (Pani et al., 1992) in inducing target genes. For instance,
0.2% of BSA (Mizuseki et al., 1998a). H@/ml human recombinant FoxA4-VP16induced the floor-plate markéielin in the animal cap
bFGF (Promega) was added to the culture mediusoginjected  when coinjected witlChd (Matsui et al., 2000, and data not shown).
caps. Animal caps were harvested for RNA isolation at stage 130 generate @&oxD3-EnRconstruct, the DNA-binding domain of
Tester-specific and control probes were prepared by subtractifebxD3 was fused to tHerosophila engrailedepressor domairEfiR
(driver from tester) and (driver from driver), respectively. cDNA Conlon et al., 1996), and was subcloned into pCS2 vector &ahe
subtraction was performed by using a PCR-select subtraction kéite. The entire coding regions 8fugandWnt3awere amplified by
(Clontech). 437 positive clones that gave tester-specific hybridizatioRT-PCR from stage17 embryo cDNA and subcloned into pCS2 vector.
signals were obtained from screening.@ pfu of a stage 1Xenopus  For mRNA injection, the plasmids were linearized v@tt (FoxD3-
neural plate library. One clone (99A; GenBank accession noEnR or Notl (the other constructs), and transcribed with SP6
ABO014611) expressed in the neural crest regions turned out to bepalymerase (mMessage mMachine, Ambion).
homologue of zebrafisForkhead 6 In addition,Zic-r1 (Mizuseki et
al., 1998a)zic2 (Brewster et al., 199850x2(Mizuseki et al., 1998a), RT-PCR analysis
Six3(Zhou et al., 2000), andFD12"/XFLIP/FoxD5c(Solter et al., RT-PCR was performed as described previously (Kengaku and
1999; Fetka et al., 2000) were also isolated. These genes were induc@bamoto, 1995: Mizuseki et al., 1998a; Kuo et al., 1998; Nakata et
by Chd+FGF in the animal cap as expected from the cloning strategyl., 1998; Kishi et al., 2000). The other primers used in this study were
. ) . o L as follows: Zic-rl (Mizuseki et al., 1998a) (forward primer;
Embryonic manipulation and in situ hybridization ATGAACATGGCTGCCCACCAT, reverse primer; CACTCTGATG-
Staging of embryos was done according to the normal table ofGGTTGATCAG; 282 bp, 25 cyclesEts-1 (Meyer et al., 1997)
Nieuwkoop and Faber. Synthetic RNA was injected using a fine glagsorward primer; GAGGGCTAAAGAAATAACATGCTC, reverse
capillary and a pneumonic pressure injector (NarishigexiBdrth’s ~ primer; CATAGACTTTTACAAGAAGGC; 231 bp, 28 cycles),
solution, and then embryos were transferred ints Bdrth’s solution  Ephrin-B2(Smith et al., 1997) (forward primer; AGGACTGCAGAG-
(Gurdon, 1976) until further manipulation or harvesting. RNA wasGGTGTATTCTGC, reverse primer; TTTTTAGGCATAACGAGCC-
injected into all four animal blastomeres of the 8-cell embryo unlesaCTTC; 210bp, 28cyclesFoxD3 (forward primer; TCTCTGGGG-
stated otherwise. All the injection experiments were carried out aLAATCACACTC, reverse primer; GTACATTTGTTGATAAAGGG;
least twice and gave reproducible results. The total amount of injecte¥8 bp, 28 cycles), an8oxD (Mizuseki et al., 1998b) (forward
mRNA was kept constant by adding neut@FP mRNA when  primer; ACCAGGAGCTCTATGGGTACC, reverse primer; CTA-
necessary. GATTCTCAAGTCAGTAGA,; 240 bp, 28 cycles).
For animal cap assays, animal caps were excised at stage 10.5 and
cultured in X LCMR supplemented with 0.2% BSA until the required
stage. RegardingoxD3 injection, we noticed thaFoxD3-induced RESULTS
mesodermal differentiation in the animal caps was dependent on the
dose and the stage of animal cap preparafioxD3-injected animal  Isolation of Xenopus FoxD3

caps (100 pg/cap) contained a small amouMyiD-positive tissues  \we previously reported a systematic differential hybridization

when caps were_prepared from stage 9 embryos, while caps from st een for downstream genes of the neural ind@ed

10.5 embryos did not express any of the mesodermal markers tesy}zuseki et al., 1998a). Although the screen identified several
ral- ! ’

(Fig. 3G and not shown). It has also been noted that when a seve . L . i
times higher dose ofoxD3 MRNA is injected, more efficient early regulators of neural differentiation, includidg, Sox2

mesodermal induction is observed in blastula animal caps (DagndS0xD we failed to isolate region-specific neural genes by
Kessler, personal communication) but not in gastrula caps (ndhis strategy (Mizuseki et al., 1998a; Mizuseki et al., 1998b).
shown). Therefore, in this study we selected conditions that do nédne possible reason is that Chd induces in the animal cap
induce mesodermal differentiation. mainly archencephalic tissues, which remain immature until

MATERIALS AND METHODS
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late stages (Sasai et al., 1995). In contrast, the combination egsential for proper neural crest development and dorsal CNS
Chd and FGF promotes differentiation of more mature cellspecification (Ikeya et al., 1997). Overexpression of Chd and
with various regional markers, such as the floor plate, neur&/nt3a efficiently induced~oxD3 and Slug (Fig. 2G,H; 86%,
crest and posterior neural markers (Sasai et al.,, 1998)=44 and 90%n=41, respectively) whereas little induction
Therefore, we attempted to isolate genes activated by Chd an@s observed after injection &hd or Wnt3amRNA alone
FGF in the animal cap ectoderm during the early phase ¢Fig. 2C-F;n=30 each). Overexpression of Slug and Wnt3a,
differentiation. but not Slug alone, activat€dxD3andSlugtranscription (Fig.
Chd/FGF-treated animal caps and control caps wergl-L).
prepared at early gastrula stages and harvested at the laté\s shown above, Wnt requires additional signals (e.g., Chd)
gastrula stage equivalent as described in Materials artd initiate neural crest differentiation in the ectodermal explant.
Methods. A differential screen was performed aa@ pfu of  In contrast,Zic-rl injection by itself was sufficient to induce
aXenopuseural plate cDNA library (stage 13) by using RNAs FoxD3andSlugtranscription (Fig. 2M,N; 97%)=38 and 94%,
from treated and control animal caps as probes. We identified=36, respectively). Since the onsetZ expression occurs
437 clones expressed preferentially in Chd/FGF-treated capsefore that ofFoxD3in the neural crest regions (Mizuseki et
Among them, two clones encoddgx-class transcription
factors. One is expressed in the CNS midline and turned out
be FoxD5 (formerly calledXFD-12/XFLIP, King and Moore,
1994; Solter et al., 1999; Fetka et al., 2000). The other is
Xenopushomologue of zebrafisforkhead 6Scheucher et al.,
1995; Odenthal and Nusslein-Volhard, 1998; Kelsh et al., 200(
now renamed-oxD3 Kaestner et al., 2000). Because of its
intriguing expression in the neural crézsixD3was chosen for
further investigation.

Spatial and temporal distribution of ~ Xenopus FoxD3

FoxD3expression starts at stage 10.25 on the dorsal surface
the gastrula (posterior neuroectoderm region). Fig. 1A show
FoxD3 expression at stage 1EoxD3is not expressed in the
involuting marginal zone located just above the dorsal lig
(indicated by the arrowhead) at this stage. By stages 11.5-1
FoxD3 expression in the posterior neuroectoderm is graduall
fading, while it becomes detectable in the dorsal mesoder
(Fig. 1C and data not shown). By stage 12.5, the presumpti
cephalic neural crest regions start to expfes®3 (Fig. 1E).
The onset and the spatial distributionFoixD3 in the neural
crest regions are similar to thoseS¥tig (Fig. 1F). Double in
situ hybridization (Fig. 11,J) wittSox2 (light blue; a CNS-
specific marker at this stage) shows that the expression patte
of FoxD3 and Slug (indigo) in the ectoderm are
indistinguishable in terms of positioning relative to Bex2
distribution. FoxD3 expression (indigo; Fig. 1K) is located in
the lateral and posterior part of the Zic-rl-positive area (ligh
blue). Histological analyses (Fig. 1L) showelbxD3
expression in the ectoderm adjacent to the neural pla
(arrowhead and np) and in the paraxial mesoderm (arrow). /
late tailbud stage$oxD3is also expressed in the trunk neural
crest and in the migrating cephalic neural crest cells (data n
shown).

FoxD3expression largely overlaps willugexpression, and
demarcates the neural crest lineage in the ectoderm as early
the late gastrula stage.

Fig. 1. Expression ofoxD3in earlyXenopusembryos and
Regulation of FoxD3 expression in the animal cap comparison to that @lug (A-H) Spatial and temporal expression of
ectoderm FoxD3(A,C,E,G) andSlug(B,D,F,H) analyzed by whole-mount in
To understand the molecular basisFokD3 expression, we Situ hybridization. (A,B) Early gastrula stage 11 (vegetal view),
performed RNA microinjection studies by using animal CaFarrowhead indicates dorsal lip; (C,D) mid-gastrula stage 12;

. (E,F) late gastrula stage 12.5; and (G,H) mid-neurula stage 16.
explants. Wnt signals (Wnt3a, Wnt8 and Wntl) have bee yy'nopie-labeled in situ hybridization. §ox2(light blue) and

implicated in neural crest formation (Mayor et al., 1995; SaintFoxDB(indigo), (3)Sox2(light blue) andSlug(indigo), (K) Zic-r1
Jeannet et al., 1997; LaBonne and Bronner-Fraser, 1998). (light blue) androxD3 (indigo). (C-K) Dorsal views.

mice, WntlandWnt3aare expressed in the dorsal roof of the(L) Histological analysis oFoxD3distribution at mid-neurula stage.
neural tube (Wolda et al., 1993; McGrew et al., 1997), and ainp, neural plate.
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al., 1998a; Nakata et al., 1998), Zic factors appear to be goc« FoxD3 Slug
candidates for activators 66xD3

Induction of neural crest and neural markers by A B
overexpression of FoxD3

The intriguing expression patternf&xD3in the presumptive
neural crest regions led us to test the effects of FoxD3 on neul
crest differentiation. We injecteebxD3 mRNA into two left c D
animal blastomeres of 8-cell embryos and analyzed them at t!
tailbud stage (Fig. 3)FoxD3 overexpression caused ectopic Chd
expression of neural crest markers suclslag (40%, n=58;
Fig. 3A), endogenousoxD3 (40%, n=43; Fig. 3B), Ets-1
(55%, n=88; Fig. 3C) andAP-2 (Saint-Jeannet et al., 1997) E F
(43%,n=61; data not shown). We next tested whether FoxD: Wni3a
overexpression induced ectopic expression of the CNS mark P
Sox2 Sox2was also induced biroxD3 injection in ectopic
positions (60%,n=34) (Fig. 3D). Thus, overexpression of -
FoxD3 induces neural crest and neural markers in vivo. G .Q H oo

To determine whethdroxD3 can induce neural crest cells Chd+Wnt3a Y ) vw9 o
in the isolated animal cap explarRtxD3 mRNA was injected .oo .a:b
into 4 animal blastomeres (25 pg/cell) of 8-cell embryos, an
animal caps were excised from stage 10.5 gastrula embryos. | J
this case, animal caps were prepared from embryos from
albino mother and a pigmented father, so that pigments wou
be derived only from zygotic synthesis (Mizuseki et al.,
1998a). After 2 days inculture in vitrépxD3-injected caps
contained a significant number of melanophores (Fig. 3F; 659 K (*) L .g
n=33), in contrast to control caps (0%25; Fig. 3E; inset, a Slug+Wnt3a &0‘0 ¢ 0
sibling embryo), showing that FoxD3 induces production of ¢ ..A') N )
mature type of neural crest derivative.

We then tested whethBoxD3can induce early neural crest M . N
markers in the animal cap using RT-PCR (Fig. 3G). After 1 da ..

Zic-r1 .@.
Q¢

control

Slug

s J
“
in culture, injection oFoxD3inducedSlug Twist endogenous > ‘_.Q
FoxD3, Zic factors Zic-rl, Zic2, neural crest and dorsal CNS S
markers at the neurula stagé)s-1(a late neural crest marker)
andEphrin-B2(a late neural crest marker; Smith et al., 1997 Fig. 2. Regulation ofFoxD3expression in animal cap assay. Animal
data not shown) in the animal cap. These results demonstrzC<'7_1tI1;]S("/B\VeBr;e Prefalfedgﬁpétgge %O-ECGD”&TXOSF:E? Fs%d been injected
that FoxD3 can initiate neural crest differentiation in the WIt" (A,5) controim Pg), (&, m
ectodermal explantFoxD3 did not induce the mesodermal P9): (E:-P)Wnt3amRNA (50 pg), (G,HChdandwnt3amRNAs,

P - . (1,J) SlugmRNA (50 pg), (K,L)SlugandWnt3amRNAs, and
markerM-actin (Fig. 3G) or the neural inducelgginor Chd (M.N) Zic-rl mRNA (100 pg). The animal caps were harvested at

(data not shown) under these conditions (see Materials alsiage 17 and analyzed wEbxD3probe (A,C,E,G,|,K,M) oSlug
Methods). _ _ 3'UTR probe (B,D,F,H,J,L,N).
FoxD3 overexpression also induced the panneural markel
Sox2 NCAM, SoxD and Xngnr-1 (primary neurons), and
suppressed the epidermal markeratin (Fig. 3G). Expression with our results, these observations raise two crucial questions
of regional markers such &x2 (forebrain),En2 (midbrain-  in terms of specificity. First, does FoxD3 induce neural crest
hindbrain border),Krox20 (hindbrain), Xlhbox1 (anterior — markers by acting on its own target genes, or by acting on the
spinal cord)HoxB9(posterior spinal cordRax3(dorsal CNS)  target genes of relaté@x genes such a$BF2(FoxD3 has the
and Pax6 (forebrain and ventral CNS) was also observed irhighest homology to XBF2 in the DNA-binding domain among
FoxD3-injected caps (data not shown). These results show thiie Fox family factors; 89%)? Second, does FoxD3 induce
FoxD3 induce neural crest and neural differentiation in theneural crest differentiation primarily by acting in the neural
isolated ectodermal explant. crest precursors, or secondarily by promoting ectopic
Previous studies have reported several Fox family factorfgrmation of CNS tissues (as indicated by ectofiox2
expressed in earl)Xenopusneuroectoderm such &oxA4  induction)? The latter possibility is suggested by the finding
(HNF3B), XBF1 (a homologue of moudeoxG1) andXBF2(a  that neural plate tissues induce neural crest formation when
homologue of mous€oxD1;, Kaufmann and Kndchel, 1996; juxtaposed with epidermal tissues (Dickinson et al., 1995;
Bourguignon and Papalopulu, 1998; Mariani and HarlandSelleck and Bronner-Fraser, 1995; Mancilla and Mayor, 1996).
1998; Gomez-Skarmeta et al., 1999). It has been shown byTo start addressing these questions, we first examined the
RNA microinjection thatXBF1 and XBF2 possess strong effect of XBF2 overexpression in the animal cap explant. A
neuralizing activities as doesoxD3 (Bourguignon and previous study showed thaBF2 overexpression in vivo
Papalopulu, 1998; Mariani and Harland, 1998). Taken togethétfiduces ectopic neural differentiation without activatBlgg
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Fig. 3. Overexpression dfoxD3
promotes neural crest differentiation as
well as neuronal differentiation in vivo
and in vitro. (A-D)FoxD3mRNA
(100pg) was injected into the left

FOXD3 == Keratin — — animal blastomeres at the 8-cell stage.
Embryos were harvested at stage 23

control

| whole embryo
I XBF2

| whole embryo

control
| FoxD3

Slug Sox2

Twist Slug

Zort @ s and subjected to whole-mount in situ
Ziea = = hybridization with (A)Slug
Ets-1 = = (B) FoxD3 (C) Ets-1 and (D)Sox2

probes. Ectopic expression is shown by
arrows. (E-G) Overexpression of

NCAM = =— FoxD3in animal cap explants. Animal caps were prepared
from embryos injected with (E) control mRNA (25 pg) or (F)
FoxD3mRNA (25 pg), and harvested when siblings (E inset)
Angnel e reached stage 40. (G) RT-PCR analysis. Animal caps injected
Keratin == with control orFoxD3mRNA were harvested at stage 17
equivalent. (H) Overexpression XBF2in animal cap

explants. Animal caps injected with control (25 pgX&f2

B SRSES (25 pg) mMRNA were analyzed as in G.

Sox2 = =

SoxD = -

M-actin

transcription (Mariani and Harland, 1998). Consistent with thdy FoxD3delNinjection (reduced in 87% of 47 embryos, 64%
previous in vivo data, overexpressionXBF2 in the animal of 33, 82% of 38, 78% of 23, respectively; Fig. 5A,B and data
cap induces the CNS mark8ox2 but not the neural crest not shown). Suppression of the neural crest markers by
markerSlug (Fig. 3H). This suggests some specificity for theFoxD3delNsuggests thatoxD3 (or its closely related factor)
role of FoxD3 in neural crest differentiation. To further is essential for neural crest differentiation. The CNS marker
understand the specific roles ®bxD3 in neural crest Sox2was not suppressed in the neural plate but rather induced
formation, we performed detailed dominant-negative studiesin the regions of injected embryos usually fated to be neural
crest (79%n=53; Fig. 5C).FoxD3delNdid not significantly

A specific dominant-negative mutant,  FoxD3delN, affect the expression of the epidermal markeratin or the
suppresses neural crest differentiation but not mesodermal markeMyoD (n=25) (data not shown). The
neural plate development in vivo finding that the CNS marker was not suppressed by the

We generated a candidate for a dominant-neg&®3 by  dominant-negativé-oxD3 supports the idea th&bxD3 plays

deleting the amino-terminal domain including the conserved role primarily in neural crest differentiation and argues

DNA binding domain FoxD3delN Fig. 4A); a similar strategy against the alternative possibility of secondary effects due to

has been successfully used to generate dominant-negatperturbation of the CNS determination.

constructs ofSox2and SoxD (Kishi et al., 2000; Mizuseki et FoxD3delNsuppressed not only late neural crest markers

al., 1998b). Coexpression &bxD3delNin the animal cap such asTwist but also early neural crest-specific transcription

suppressedox2and Sluginduction byFoxD3 (Fig. 4B lanes factor geneSlug This led us to test whether injectionSifig

3 and 4) and this suppression was rescued by increasing wilshay reverse the phenotypes caused-dwD3delN(Fig. 5D-

type FoxD3 (lane 5). In contrastoxD3delNdid not suppress O). Injection ofSlugalone moderately upregulated expression

Sox2induction byXBF2 (lane 6) even at a high dose (lane 7).of the neural crest markerSlug FoxD3 and Twist (Fig.

In a reverse experiment, a similar specificity was observed withD,G,J). Coinjection ofFoxD3delN and Slug reversed the

XBF2delN (XBF2 lacking the DNA-binding domain) and suppressing effects &bxD3delNon the neural crest markers

FoxD3 (lanes 8-12). These results indicate thakD3deIlN  (Fig. 5E,F,Slug 81%,n=37; panels H,IFoxD3 83%,n=40;

works as a specific dominant-negatiexD3 construct which  panels K,L, Twist 74%, n=42), and inhibited ectopic

antagonizes the activity ¢loxD3 but not that ofXBF2 This  expression ofSox2 (panels N,O, 75%n=40). These data

is consistent with the fact thedxD3does not share significant suggest a critical role f@lugin FoxD3signaling during neural

homology with otheFoxD subfamily factors such a8BF2in crest determination.

the carboxyl-terminal domain. However, despite the specificity ) ) . o

shown above, the possibility tHeaxD3delNmay also interfere  F0xD3 is required for neural crest differentiation in

other FoxD3related factors (including unidentified ones)the animal cap explant

cannot be excluded. Therefore, in the context of this work, &o further examine the direct involvementkaixD3in neural

signaling activity that is disturbed BpxD3delNis termed an crest determination, we analyzed effectsFokD3delN by

activity of ‘FoxD3related signaling’. using an animal cap assay in which neural crest forms in the
FoxD3delNwas injected into the right animal blastomeresabsence of CNS tissues. A previous study showed that

of 8-cell embryos and the effects on differentiation markersverexpression of Slug and Wnt induces neural crest markers

were examined at the neural plate stage. The neural cresithout activating the neural plate marl&wx2(LaBonne and

markersSlug FoxD3 TwistandEts-1were strongly suppressed Bronner-Fraser, 1998). Consistent with that report, coinjection
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A A control  FoxD3deiN B conrot  FoxD3deiN C goprer  FoxD3delN
i o
1 85 194 371 ‘ . \_
V1@ 6
FoxD3
195 371 Slug FoxD3 Sox2
D F
FoxD3delN I F
]
\) ( (3
B Siug Slug FoxDadelN Slug FoxpsdeiNssiug Slug
z o - G 'H I
> =
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28 24555 wx9@g
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Slug &= = = T Slug Twist FoxpadelN Twist FoxDadelN+Siug Twist
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Fig. 4. Generation of a dominant-negati#exD3construct. Slug Sox2 FoxD3delN SOX2 FoxDadelN+siug Sox2
(A) A dominant-negativé-oxD3constructfFoxD3delN Amino acid
residue numbers are indicated above. NLS (grey box), SV40 nuclea P % =
localization signal; black box, DNA-binding domain. (B) Animal -
caps were prepared from embryos injected with control RNA Fig. 5. FoxD3is required for g E
(150 pg),FoxD3(25 pg; lane 3)FoxD3(25 pg) +FoxD3delN neural crest development both in @ %
(50 pg) (lane 4)FoxD3(100 pg) +FoxD3delN(50 pg) (lane 5), vivo and in animal caps. (A- 38 8
XBF2(25 pg) +FoxD3delN(50 pg) (lane 6), oKBF2(25 pg) + C) Injection ofFoxD3delN o - = g £
FoxD3delN(100 pg) (lane 7) mRNAs. As a specificity control, mMRNA (50 pg) into two right g £ £ AR
XBF2delNwas also constructed (see Materials and Methods). blastomeres at the 8-cell stage £ § z 2 %
Animal caps were prepared from embryos injected W2 suppresse&lug(A), and
(25 pg) (lane 8)XBF2(25 pg) +XBF2delN(50 pg) (lane 9)XBF2 endogenousoxD3(detected Slug =~ - -
(100 pg) +XBF2deIN(50 pg) (lane 10)-oxD3(25 pg) +XBF2delN with 3UTR probe) (B) Sox2
(50 pg) (lane 11), dFoxD3(25 pg) +XBF2delN(100 pg) (lane 12) was induced in the expected FoxD3 == == =
MRNAs. They were harvested at stagel7 equivalent and analyzed tneural crest region (shown by an & S
RT-PCR. arrow in C) at stage 16. (D- te1
O) Co-injection oiFoxD3deIN_ Sk =
of SlugandWnt3amRNAs induced the neural crest markersalndSIugIrescues (15 I
) - . of neural crest markers. M-actin =—
Slug FoxD3andEts-1without inducing the CNS mark&ox2 Injection of SlugmRNA (100
or the mesodermal m'arkM—actin (Fig: 5P, lanes 2 and 3). pg) into two right blastomeres at HE = -
S'Ug+ Whnt3adid not induce expression ofBF1, XBF2 or 8-cell stage moderately expands 1 2 3 4 5

FoxD5 in the animal cap (data not shown). Induction of thethe expression of endogenous

neural crest markers I§lugandWnt3awas clearly opposed Slug(detected with ) TR

by coinjection ofFoxD3delN(lane 4) but not by the control probe) (D),FoxD3(G) andTwist

XBF2deIN(lane 5). These results show that the requiremer(J), but noSox2(M). Injection

for FoxD3in neural crest differentiation is independent of the®f FoxD3delNsuppressed expression of the neural crest markers
presence of CNS tissues, and strongly support the idea tr(E‘H*K)' while co-injection oFoxD3delNandSlugrescued their

T : : expression (F,I,L). Expansion 8bx2caused byoxD3delNwas
E?gg%';fé?gﬁ[{‘{;t?og'reCtIy as a key regulatory factor in n(':‘uralsuppressed by coinjectir®@jug(N,0). (P) Animal caps were

prepared from embryos injected witug(50 pg) +Wnt3a(50 pg;

. . . . lane 3),Slug(50 pg) +Wnt3a(50 pg) +FoxD3delN(100 pg; lane
Differential requirements for ~ Slug and FoxD3 in 4), andSlug(50 pg) +Wnt3a(50 pg) +XBF2delN(100 pg; lane 5)
neural crest development mRNAs. They were harvested at stage17 equivalent and analyzed by
The present study (Fig. 5) and previous reports (LaBonne arRT-PCR.
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Fig. 6. Differential requirement ofoxD3andSlugin neural crest development.
(A) A truncated mutant that encodes only the DNA-binding domaiug

(bottom;SlugBD labeleddn Slug. (B) Injection ofSlugBDmMRNA (100 pg) into T

two right blastomeres at 8-cell stage suppressed endog8hugexpression Sox2 = -—— - —— -
(detected with ) TR probe) at stage 15 on the injected side. (SIDy

expression was suppressed in animal caps by the co-injection of 108 jngBD Hf == o= oo on oo - - -
mMRNA with Slug(50 pg) andVnt3a(50 pg) mMRNAs at stage 17 (C) (animal caps 1 2 3 4 5 6 7 8 9

injected withSlug(50 pg) andNVnt3a(50 pg); C inset). This suppression was

reversed by increasing wild-ty[3ugmRNA to 200 pg (D). (E) Effects @lugBDon neural crest markers HoxD3-injected animal caps.
Control mMRNA,FoxD3mRNA (25 pg), or combination ¢loxD3(25 pg) andSlugBD(100 pg) mRNAs were injected into animal blastomeres
in 8-cell stage embryos. Animal caps were prepared at stage 10.5 and harvested at stage 21 for RT-PCR analysis. (F) weimal caps
prepared from embryos injected wiZic-rl (100 pg; lane 3)Zic-r1 + FoxD3delN(100 pg; lane 4)Zic-rl + SlugBD(100 pg; lane 5)chd (50

pg) +Wnt3a(50 pg; lane 6)Chd+ Wnt3a+ FoxD3delN(lane 7), oiChd+ Wnt3a+ SlugBD(lane 8) mRNAs. Animal caps were harvested at
stage 14 for RT-PCR analysis. (G) Animal caps were prepared at stage 10.5 from embryos injected with control (100 pgi Bn8tug an
(50 pg; lanes 3 and HpxD3(25 pg; lanes 4 and 8), BoxD3+ Slug(lanes 5 and 9) mRNAs, with (lanes 6-9) or without (lanes@Haydin

(50 pg) mRNA.

Bronner-Fraser, 2000) have demonstrated that two early neui@ SlugBDalso inhibitedSluginduction bySlugandWnt3ain
crest-specific transcription factors;oxD3 and Slug are the animal cap (n&luginduction,n=32; Fig. 6C; insetSlug
required for neural crest development. These two genes aaed Wnt3aonly, Sluginduction 95%,n=21). This inhibition
expressed in an overlapping manner (Fig. 1) and are regulate@s rescued by increasing the amount of wild-t3pe (Slug
by similar upstream genes (Fig. 2). Therefore, we nexinduction 80%,n=40; Fig. 6D), showing that the dominant-
examined whethefFoxD3 and Slug function in the same negative effect was specific &lug (or Snaitrelated factors;
pathway or have distinct roles in neural crest determination. Essex et al., 1993).

A recent report using dominant-negative constructs has Injection of SlugBDcompletely suppressed the induction of
shown thatSlug function is required for expression 8lug  Slug FoxD3 and Twist by FoxD3in the animal cap (Fig. 6E
and Twist and for proper migration of neural crest cellslanes 3,4). In contrast, induction Bfs-1, a late neural crest
(LaBonne and Bronner-Fraser, 2000). A dominant-negativenarker, was not strongly affected 8ijugBD(lanes 3,4). These
Slug construct (dnSlug) lacking the amino-terminal domainresults suggest the following relationship betwBerD3 and
(SlugBD Fig. 6A) was generated in accordance with thatSlug functions. First,Slugrelated activity is essential for
report, and used to analyze the requirement for Slug in FoxD&duction or maintenance 8lugandFoxD3in FoxD3-injected
signaling. Consistent with the previous repo8lugBD caps. Second$Slug is essential foFoxD3 to induce Twist
overexpression in the right half of the embryo inhibitedThird, FoxD3 can induceEts-1 without Slug activity in the
endogenouSlugexpression on the ipsilateral side (88%32;  animal cap, indicating thaiwistandEts-1are controlled in a
Fig. 6B). SlugBDinjection also suppressed other neural crestifferent manner bySlug and by FoxD3 In the embryo,
markers such aBoxD3 (81%, n=21), Twist (86%, n=21) and  however,SlugBDinjection does suppress bottist and Ets-
Ets-1(100%,n=21), but noSox2(n=18; not shown). Injection 1 as discussed above. One explanation for this discrepancy is
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that the SlugBDresistant portion ofEts-1 expression is inducing the mesodermal markévl-actin (Fig. 7A). In
irrelevant to its neural crest expression. This seems unlikely twontrast,FoxD3-VP16suppressed the neuralizing activity of
be the case, &ts-1lexpression in the ectoderm is neural crestwild-type FoxD3and restore&eratinexpression (lane 4). This
specific during early tailbud stages (Meyer et al, 1997; we hawppression could be reversed by increasing the amount of
also confirmed it ourselves). Another interpretation, which wevild-type mRNA (lane 5), indicating that the suppression was
think is more likely, is that suppressionkts-1by SlugBDin due to attenuation dfoxD3related signaling. The dominant-
vivo is caused secondarily by downregulation of the upstreamegative effects were not observed with s 6fusedFoxA4
regulatorFoxD3 (XFKH1) construct (lane 6). These results indicate FoaD3

Next we further examined the mutual requirements fotike XBF2 is a transcriptional repressor.
FoxD3 and Slugin the animal cap assay (Fig. 6F). First, we Finally, we attempted to investigate the mode of action of
overexpressedic-rl with FoxD3delNor SlugBDin animal  FoxD3in neural crest induction. One model for the action of
caps, and harvested the caps for RT-PCR analysis at the eaXBF2has been proposed by Mariani and Harland (Mariani and
neurula stage. Induction ¢oxD3 and Slug by Zic-rl was  Harland, 1998). According to this mode{BF2 suppresses
completely suppressed pxD3delN(Fig. 6F lanes 3,4). In BMP4 expression in the ectoderm and promotes neural
contrast,SlugBDstrongly suppressed induction 8fugitself  differentiation. We therefore tested a similar mechanism in
but not of FoxD3 (lane 5). Similar results were obtained in neural crest induction blfoxD3 by using animal cap assays.
induction experiments usingic2 and Zic3 (data not shown). Animal caps injected with contr@FP, FoxA4or FoxD3delN
These results suggest that inductionSaig by Zic factors is  mRNA expresse@®MP4 strongly, but notSox2or Slug (Fig.
dependent ofroxD3 signaling while induction oFoxD3does 7B-G and data not shown). Injection BbxD3 XBF2 or
not rely onSlug dominant-negative BMP receptanRNA suppressed@MP4

As FoxD3andSlugare also induced by a combination of the expression and induce&bx2expression (Fig. 7H,l,K,L,N,O).
extracellular signals Chd and Wnt (Fig. 2G), we next tested th8uppression dBMP4by blocking BMP signaling is consistent
requirements foFoxD3andSlugin this induction system. As with previous reports. Interestingly, at the doses that gave
in the experiment examining induction Bic (Fig. 6F lane 5), similar levels of BMP4 suppression, onlyroxD3 injection
SlugBD did not strongly inhibit FoxD3 induction by inducedSlugexpression in the caps (Fig. 7J). NeitX&8F1
Chd+Wnt3a (lane 8). Notably, a clear difference was foundnor XBF2inducedSlugat any of doses tested (25-100 pg/cell;
between the effects #bxD3delNon the induction oSlugby  Fig. 7M and data not shown). These observations indicate that
Zic and byChd+Wnt3a(compare lanes 4 and Bluginduction  induction of the neural crest marker [BpxD3 cannot be
by Chd+Wnt3a was not affected byroxD3delN (lane 7), simply explained by suppression BMP4 alone and involves
suggesting thaBluginduction byChd+Wnt3amainly utilizes  distinct additional pathways.
signaling pathways other than that involvidig and FoxD3

The data above indicate a close relationship bet\werD3
and Slug in early determination steps of neural crestbISCUSSION
development. This led us to test whether coinjectiofoaD3 ) o )
and Slug exerts synergistic effects on neural crestFoxD3-related signaling is required for neural crest
determination. First, we coinjecteBoxD3 and Slug into ~ development
embryos and analyzed possible cooperative effects. We did nleax family genes have been shown to play essential roles in
observe remarkable synergism beyond additive effects in vivihe formation of specific ectodermal regions of vertebarte
(data not shown). To further test possible cooperativity oémbyos. For instance, targeted disruption of moBBel
FoxD3 and Slug we performed detailed animal cap (Foxgl causes a dramatical reduction of the telencephalon
experiments. As shown in Fig. 6G, coinjectionFokD3and  (Xuan et al., 1995). An essential role faxxe3in mouse lens
Slug(lanes 5,9) did not show significant effects on neural crestevelopment has recently been reported (Blixt et al., 2000). In
and neural markers as comparedFaxD3 injection alone, these cases, specification of the primordial cells of the
regardless of the absence (lanes 2-5) or the presence (lanesetecephalon and lens occurs, but their proliferation is much
9) of the neural inducer Chordin. Thus, at least in these gaimeduced (Xuan et al., 1995; Blixt, 2000). A recent study in
of-function studiesSlugdoes not seem to be a limiting factor, Xenopus suggests thatFoxG1l exerts distinct effects on
and endogenous$lug induced by FoxD3 is likely to be determination and proliferation of CNS tissues depending on

sufficient to initiate neural crest differentiation. the dose (Hardcastle and Papalopulu, 2000).

Our present study demonstrates a roleFoxD3related
FoxD3 and XBF2, two transcriptional repressors, function in ‘determination’ of the neural crest. Attenuation of
show distinct effects on ~ BMP4 suppression and FoxD3related function byfoxD3delNsuppresses not only late
Slug induction neural crest markers but also the early neural crest markers

Studies with reporter assays have shown KBF2 is a  Slug and FoxD3 in vivo (Fig. 5), suggesting that initial
transcriptional repressor. A chimeric construct of X2  specification of the neural crest is disturbed. Furthermore,
DNA-binding domain and thEn repressor domain mimics the FoxD3 which is expressed in early neural crest primordia, is
neuralizing activity ofiXBF2, while the chimeric construct of sufficient for neural crest differentiation of the ectoderm (Fig.
the XBF2 DNA-binding domain and thé/P16 activation  3).

domain functions as a dominant-negatKBF2 (Mariani and FoxD3 homologues have also been isolated from zebrafish,
Harland, 1998). Therefore, we tested whether the samghicken and mice, and their neural crest expression is found to
principle was applicable t6oxD3 Injection of theFoxD3-ER  be conserved across species (Freyaldenhoven et al., 1997;
construct caused neural differentiation of animal caps withouddenthal and Nisslein-Volhard, 1998; Labosky and Kaestner,
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1998; Yamagata and Noda, 1998). Future gene targetir A
studies, especially conditional disruption, may provide
complementary data to the present work on the rokoxD3

in neural crest development.

Possible dual roles of FoxD3-related signaling in
neural and neural crest differentiation

As discussed above, our results on the role of FoxD3-relate NCAM s
signaling in neural crest differentiation are consistent in botl

overexpression and dominant-negative studies. Interestingl M-actin e
the data on the CNS marker present an apparently puzzlii

situation since both gain-of-function and loss-of-function karatin
phenotypes involve upregulation 8bx2in the embryo (Figs -

3D and 5C). Overexpression of wild-type FoxD3 induces

ectopic Sox2 expression in vivo (Fig. 3D). In contrrast, 234 8 &7

suppression of the neural crest markers HoxD3delN is

accompanied by expansion 86x2(Fig. 5C). However, there BMP4 Sox2 Slug
are some qualitative differences between these two cases.
the FoxD3 overexpression study, ectopmx2expression can c D
be induced at any injected region of the ectoderm, includin ”.

ventral and posterior areas separated from the CNS (Fig. 3C control ®

This is a distinct contrast to the dominant-negative data, i

which FoxD3delNinducedSox2expression is only seen in the E :

FoxD3ll +FoxD3-VP16
FoxD3+FoxA4-VP16

FoxD3+FoxD3-VP16
FoxD3-EnR

embryo
control
FoxD3

cephalic neural crest region and is always contiguous to tt gox a4
endogenousSox2 expression in the neural plate (Fig. 5C). 50pg
Another major difference is th&ox2induction in the animal .‘e
cap assay is seen with wild-typeoxD3, but not with

FoxD3deIN(Fig. 3G and data not shown). H 1 J H
One interpretation of these results is thakD3 has dual  FoxD3 B . ey
roles depending on the time of action and the region c 25pg _* - oo, " »

ectoderm. During early gastrulatioRpxD3 is expressed in i o 3 ¢

posterior neuroectoderm (Fig. 1A) and the abilitfFaxD3to

induce neural differentiation is likely to be relevant to this K') o ’-@ () M
expression. Suppression BMP4 expression byoxD3 (Fig. XBF2 o 9 O%

7H) explains its neuralizing activity at least in part, as 50pg . N te )
attenuation of BMP signaling by organizer factors has bee P)

shown to induce differentiation of the neuroectoderm in earl N 0 P
gastrula embryos (Sasai et al., 1995; Piccolo et al., 199 o o 3
Zimmerman et al., 1996). AlthoudloxD3delNdoes not cause dnBMPR - E

suppression ofox2in the neural plate (Fig. 5C), this may be 200pg - ¢ "6 » (™)

explained by some compensatory mechanisms, as a numbel

related Fox genes are expressed in the CNS (Kaufmann a

Knochel, 1996; Bourguignon and Papalopulu, 1998; Marianfig. 7.FoxD3andXBF2show distinct transcriptional regulation in

and Harland, 1998; Gémez-Skarmeta et al., 1999). This idea Sluginduction. (A)FoxD3is a transcriptional repressor. Animal caps
' ! . PSR ' ere prepared from embryos injected WiixD3 (25 pg; lane 3),

supported by our observation that injectiofFokD3-VP16a % K .

less specific dominant-negatiFexD3that interferes with both FoxD3(25 pg) +FoxD3-VPLE(S0 pg; lane 4)FoxD3(75 pg) +

; . FoxD3-VP16(50 pg; lane 5)FoxD3(25 pg) +FoxA4-VP16100 pg;
FoxD3andXBF2 causes suppression of b&igandSox2in lane 6), andfoxD3-EnR(50 pg; lane 7) mRNAs. Animal caps were

vivo (data not shown). o harvested at stage 17 and analyzed by RT-PCR. (B-P) Animal caps

During late gastrulatiorfoxD3expression is downregulated were prepared from embryos injected with control (50 pg; B-D),
in the neural plate primodia and becomes apparent in the neuFoxA4(50 pg; E-G)FoxD3(25 pg; H-J)XBF2(50 pg; K-M) or
crest primordia (Fig. 1E). This second phase expression dnBMPR(200 pg; N-P) mRNAs, and harvested at stage 17
consistent with the neural crest-inducing activity FokD3 equivalent. Animal caps were analyzed by in situ hybridization with
FoxD3 is the only Fox family gene so far reported to be BMP4(B,E,H,K,N),Sox2(C,F,l.L,0), andSlug(D,G,J,M,P) probes.
expressed abundantly in the neural crest primordikeabpus g'{j;t'on OfFoxA4 F((;X.Dg ngzg”ddnBMPRTRNAtS”ppr%S;ed
gastrulae. (One paper reported a faint and transient expressEM- expression and inducebx2expression. In contrastox

; . . X inducedSlugexpression in the animal cap while neitRerA4
of XBF2 in the crest primordia oKenopusneurulae while :
P . XBF2nordnBMPRdid.

another paper reported X@BF2expression in the same region;
GOmez-Skarmeta et al., 1999; Mariani and Harland, 1998) Tt

expansion ofSox2by FoxD3delNat the cost of neural crest interpretation, in the absence of FoxD3-related signaling,
markers can be interpreted as a conversion of ectodermal fagetodermal cells flanking the neural plate cannot differentiate
from neural crest into a CNS type. According to thisinto the neural crest but rather adopt a default CNS fate.
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Consistently, epidermaderatin expression is not significantly For instance, (1) as botfoxD3 and Slug are shown to be
affected byFoxD3delNinjection in vivo (data not shown). A repressors (this study and LaBonne and Bronner-Fraser, 2000),
similar observation of neural crest-CNS conversion washeir ability to activate theoretically requires unknown
reported in a previous loss-of-function studyshaig(LaBonne  intermediate factors. (2) The neural crest primodia express two
and Bronner-Fraser, 2000). Therefore, it seems that eartjosely relatedSnailfamily factors SlugandSnail), which are
signaling involving FoxD3 and Slug in the neural crest suggested to play somewhat redundant roles (discussed by
primordia is essential for the segregation of neural crest arldaBonne and Bronner-Fraser, 2000). It remains to be clarified
CNS fates in the dorsal ectoderm. whether these two factors have distinct functions in the
We have attempted to establish the existence of stagmitiation and maintenance phases. (3) The in vivo expression
specific ‘dual roles’ ofFoxD3 by using inducible forms of of the upstream gerfcis broader than that of the downstream
FoxD3-fused with GR (Kolm and Sive, 1995). Unfortunately,geneFoxD3(Fig. 1K), suggesting that yet unidentified factor(s)
we have not yet succeeded in generating such construchkould provide additional positional information. Also, it is
because, for unknown reasons, all the GR-fused FoxDBnportant to understand in the future how FGFs, Wnts and
constructs we made exhibit high background activity in thd®ax3 (Bang et al., 1999) signals are integrated in our model.
absence of the activator ligand Dex. Future studies usin@) It remains to be elucidated whether the effects of dominant-
transgenic frog techniques may resolve this problem. We alswegativeSlug(SlugBD on neural crest migration (Nieto, 1994;
tried to understand the temporal requirement of FoxDXarl et al, 1999; LaBonne and Bronner-Fraser, 2000) are
signaling by using inducible GR-fused dominant-negativedependent on FoxD3-related signaling or not.
FoxD3(FoxD3delN-GR This construct works fine, and neural )
crest markers are suppressed in the embryo injected wiffonclusion
FoxD3deIN-GRonly when Dex is added to culture medium This study provides the first evidence for the requirement of
(our unpublished observations). In this case, injected embryd®xD3related signaling in neural crest formation. In addition,
treated with Dex from stage 9 on and from stage 12 on exhihiit has been shown th&xD3 overexpression is sufficient to
similar extents of neural crest marker suppression, suggestingtiate neural crest differentiation in the embryonic ectoderm.
thatFoxD3function from the late gastrula stage is essential foFoxD3 is required for induction oflugby Zic, while Slugis

neural crest formation. not needed foFoxD3 induction. Mutual activation oic,
FoxD3andSlugmay be involved in their own maintenance. In

A model for the roles of  FoxD3, Slug and Zic in addition to these mutual activation loog®xD3 and Slug

neural crest development utilize distinct pathways in activating specific downstream

To understand the molecular cascade in neural cregenes, such asts-1andTwist Collectively, FoxD3 and Slug
differentiation, we have studied transcriptional regulationgor their closely related factors) are essential regulators of early
involving FoxD3 and Slug Our working model of the neural crest differentiation, which work in concert and in
relationships ofoxD3 SlugandZic is as followsZic factors  partially hon-overlapping pathways.

such asZic-rl are induced widely in dorsal ectoderm

(presumptive neural plate and neural crest regions) by neuralWe are grateful to Dr D. Kessler (University of Pennsylvania) for
inducers at the early gastrula stage. By the late gastrula stag@mmunicating unpublished data and for discussions, to Drs R. Yu,
dorsoventral patterning in the dorsal ectoderm becomdd: Taira, M. lkeya and H. Kawasaki for useful comments on this
evident.Zic expression is suppressed in the medial portion o ork, to A. Nishiyama and Y. Nakano for technical assistance, and to

. . r K. Nagata for encouragement. This work was supported by grants
the neuroectoderm, arfoxD3 and Slug are induced in the from the Ministry of Education, the Ministry of Health and Welfare,

presumptive neural crest regions. Animal cap studies showgge organization of Pharmaceutical Safety and Research, HFSPO, and
that Zic factors induce bothFoxD3 and Slug in distinct  the Nissan Foundation.

fashions. Slug induction by Zic is dependent orFoxD3
signaling (Fig. 6F lane 4) whereBsxD3induction is largely Note added in proof

independent ofSlug activity (lane 5). In contrastSlug  Soon after our revised manuscript was submitted, a study in
induction byChd+Wntis not blocked byroxD3delN(lane 8),  the chick appeared that also indicated positive roles of FoxD3

suggesting thaChdtWnt signaling involves aFoxD3Zic-  in neural crest development (Kos et al., 2001).
independent pathway. It remains to be clarified whethebD3
induction is totally dependent afic signaling or not. The
answer to thls_ question 'should be attal_nable once 3REFERENCES
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