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DIx proteins position the neural plate border and determine adjacent cell fates
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SUMMARY

The lateral border of the neural plate is a major source of
signals that induce primary neurons, neural crest cells and
cranial placodes as well as provide patterning cues to
mesodermal structures such as somites and heart. Whereas
secreted BMP, FGF and Wnt proteins influence the
differentiation of neural and non-neural ectoderm, we
show here that members of the DIx family of transcription
factors position the border between neural and non-neural
ectoderm and are required for the specification of adjacent
cell fates. Inhibition of endogenous DIx activity inXenopus
embryos with an EnR-DIx homeodomain fusion protein
expands the neural plate into non-neural ectoderm tissue
whereas ectopic activation of DIx target genes inhibits
neural plate differentiation. Importantly, the stereotypic
pattern of border cell fates in the adjacent ectoderm is re-

established only under conditions where the expanded
neural plate abuts DIx-positive non-neural ectoderm.
Experiments in which presumptive neural plate was
grafted to ventral ectoderm reiterate induction of neural
crest and placodal lineages and also demonstrate that DIx
activity is required in non-neural ectoderm for the
production of signals needed for induction of these cells. We
propose that DIx proteins regulate intercellular signaling
across the interface between neural and non-neural
ectoderm that is critical for inducing and patterning
adjacent cell fates.

Key words: DIx, Neural crest, Neural inductiofgnopushairy2a,
slug snail, msx

INTRODUCTION

Wilson and Hemmati-Brivanlou, 1995). One model for neural
plate border formation suggests that the ectoderm

The juxtaposition of presumptive neural plate and epidermidifferentially patterned by threshold levels of BMP signaling:
forms a signaling center responsible for the stereotypic pattefigh levels induce epidermal fates, low or absent signaling
of dorsal neurons in the neural plate (including lateral primarpermits neural differentiation while intermediate levels induce
neurons in amphibians and fish), roofplate, neural crest cellsorder fates (Marchant et al., 1998; Morgan and Sargent, 1997,
and cranial placodes (Baker and Bronner-Fraser, 2001; Moufyguyen et al., 1998; Wilson et al., 1997). However, studies
and Jacobson, 1990; Selleck and Bronner-Fraser, 1995). showing that not all aspects of neural and neural crest induction
addition, signals from this region influence mesodermaére recapitulated by modulating BMP levels in non-neural
structures such as somites (Lassar and Munsterberg, 1998sues (e.g. LaBonne and Bronner-Fraser, 1998) have
Pourquie, 2000) and heart (Raffin et al.,, 2000; Sarasa amaompted an examination of additional factors that might
Climent, 1987). Although considerable progress has beesynergize with BMP to control cell fate at the border region of
made recently in the molecular characterization of neuralate blastula embryos (Bachiller et al., 2000; Klingensmith et
inducing factors, relatively little is known about the moleculesal., 1999; Streit and Stern, 1999). In particular, Wnt and FGF
that determine the site of the border between neural plate aisbforms appear critical for induction of neural crest and
epidermis. cranial placodal cells (Adamska et al., 2000; Chang and
Diffusible proteins such as BMP, Wnt and FGF isoformsHemmati-Brivanlou, 1998; LaBonne and Bronner-Fraser,
play an important role in patterning neural and non-neural998; Mayor et al., 1997; Phillips et al., 2001; Saint-Jeannet et
ectoderm along the mediolateral axiXienopusnd zebrafish. al., 1997; Streit and Stern, 1999; Vallin et al., 2001; Wilson et
BMP antagonists, such as chordin and noggin, initiate neural., 2001).
induction in the dorsal ectoderm while BMP signaling in the Several transcription factors have been proposed to influence
ventral ectoderm represses neural fates and promotesural/non-neural ectodermal patterning. For example, Xiro,
epidermal differentiation (Brewster et al., 1998; Hemmati-Xash-3 and Zic family members are induced by pre- to early
Brivanlou and Melton, 1997; Kuo et al., 1998; Mizuseki et al. gastrula stage dorsalizing and neuralizing signals, such as
1998; Nakata et al., 1997; Sasai et al., 1994; Smith et al., 1993pggin, and with time their expression becomes localized to the
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future neural plate (Gomez-Skarmeta et al., 1998; Kuo et akpding region of the zebrafisbIx3 by PCR using the following
1998; Mizuseki et al., 1998; Nakata et al., 1997; Turner andligonucleotide primers: '6CCCATCGATATGGTAAACGGAAA-
Weintraub, 1994). Overexpression of these factors in whol&@CCC (for the EnR constructs) ofGCCCATGTCTATGGTAAAC-
embryos expands the neural plate. Where examined, howevEGAAAACCC (for the VP16 constructs) andCECCCCGGCGC-
either an abnormally broad domain of neural crest marké%cfgggtgﬁx‘égsnﬁi %T(?dthE: ETFE"g'g:S{:Sgg)egzu‘?’ere
expression overlaps the ectopic neural plate region o'r the neu]‘ 15dAsd (for the VP16 constructs) and ligated into the polylinker of
crest ma'rkers r:}re lost (Gomez-Skarmeta et al., 1998; Kuo et z?je'ctors containing either the EnR repressing domain or VP16
1998; Mizuseki et al., 1998; Nakata et al., 1997; Tumer angctivating domain and the GR ligand binding domain described by
Weintraub, 1994), indicating that normal border signaling hagoim and Sive (Kolm and Sive, 1995), separated by a polylinker in
not occurred. In contrast, the DIx family of transcription factorsa pCS2+ (Turner and Weintraub, 1994) backbone that contains an
represent a class of proteins that, along with Msx-1 and PV.5P6 promoter used to generate synthetic mRNA for microinjection.
inhibit neural plate differentiation when overexpressed irEnr-Dix5hd-GR and VP16-DIx5hd-GR plasmids were constructed in
XenopugAult et al., 1997; Feledy et al., 1999; Pera and Kessefn identical manner by subcloning tkenopus DIxSiomeodomain.
1999; Suzuki et al., 1997). Prior to gastrulation, transcript
encoding these factors are expressed diffusely in the ectode

but subsequently become excluded from the. developing neu Usteine-HCI (pH 7.8), and maintained in OXIMR. Embryos were
plate (Luo etal., 2001a). At least one Dix family memper, Dlxsreared at 14-22°C and staged according to Nieuwkoop and Faber
has been shown to be regulated by BMP and canonicaPWnt/(njeuwkoop and Faber, 1994). Capped mRNA was synthesized using
catenin signaling that provide ventralizing signals in prethe mMessage Machine kit (Ambion). mRNA was injected into one
gastrula stageenopusembryos (Beanan et al., 2000). Thesedorsoanimal blastomere of four to eight cell stage embryos in 3%
data suggest th@lx genes might reinforce or refine the early Ficoll in 1x MMR. For all VP16 constructs, 100-200 pg of mRNA
ectodermal pattern established by BMP and Wnt signalingvas injected while for the EnR constructs, 50-80 pg of mRNA was
Interestingly, the medial expression borders, adjacent to tHeiected. All injections included 250-300 pg @Fgalactosidase
neural plate, differ among DIx family members, leading Luo efPlRNA to provide a lineage tracer. Dexamethasone (i) was

al., to propose that distinct cell fates might arise throug dded a]E either stage 5/6, stage 8/9, stage 10 or stage 11.5-12 to induce
differential action of DIx family members (Luo et al., 2001b).t e GR fusion proteins.

These studies suggest a model in which DIx activity maytransplants and explants

regulate the position of the neural plate border. A direct test ¢f,r_pix3hd mRNA along withB-galactosidase mRNA and GFP
this model by loss-of-function has not been done nor have theRNA as lineage tracers were injected into two ventral animal
consequences of shifting the endogenous spatial expressipiastomeres of four to eight cell stage host embryos. Control host
pattern of DIx expression on adjacent cell fates been examineginbryos were uninjected or were injected with the lineage tracers
Moreover, it is not certain whether the normal role of Dixalone. Donor embryos were first injected with rhodamine dextran
proteins is solely inhibitory. We originally postulated a positive(10x10° Mr; Molecular Probes) into both blastomeres of a two-cell
role based on our observation that DIx3 transcripts Werétag_e embryos. Embryos were tht_an cultured until stage 12 when a
downregulated imarrowminded a zebrafish mutant that is portion of the neural plate and subjacent mesoderm was transplanted

- - ) o into the ventral ectoderm of recipient stage 12 embryos. The
deficient in Rohon-Beard neurons "?md that exhibits demyefﬁmrescent signal was acquired in monochrome and pseudo-colored
appearance of neural crest cells (Artinger et al., 1999).

In this paper, we describe loss- and gain-of-function studie%reeln for clarity.
to investigate the role of DIx genes in positioning the lateraln situ hybridization and probes
edge of the neural plate and specifying adjacent cell fates. Dbmbryos that were co-stained fdgalactosidase were fixed for 40
or DIx5 homeodomains, which are highly conserved amongninutes at room temperature in MEMFA (0.1 M Mops pH 7.4, 2 mM
DIx family members, were fused to the EngrailedEGTA, 1 mM MgSQ, 3.7% formaldehyde), rinsed inc PBS with
transcriptional repressor or the VP16 transcriptional activatof MM MgCk and incubated in staining solution at 37°C with
domains to modulate transcription of genes regulated by DIMagenta Gal (Biosynth) before processing for in situ hybridization
These fusion proteins were misexpressed in localized regiofs described previously (Harland, 1991). The following plasmids

e . =~ were used to generate digoxigenin-labeled probes (RNA polymerase
within Xenopusectoderm to modify endogenous DIx function was used for finearization): pSpXaiug (Bglll, SP6) (Mayor et al.,

and sub§equent alterations in cell fates were analyzed. Whereg 5), pSp72-XSnailAgll, Sp6) (Essex et al., 1993), pKESox2
we envisaged that pre-gastrula stage BMP, Wnt and FGfxpa T7) (Mizuseki et al., 1998), pKStsx-1(Hox7.]) (EccRI, T7)
signaling biases ectodermal cells towards neural or epidermgdy et al., 1991), pK®il2 (DIx3) (Bglll,T7) (Papalopulu and
fates, our results indicate that DIx-dependent transcriptioRintner, 1993), pKSXHairy2a(BarHl, T7) (J. W.), pPGEM3keratin
positions of the lateral border of the neural plate and{BanHl, SP6) (Jonas et al., 1989), pBSixI (Notl, T7) (Pandur
importantly, is required in non-neural ectoderm to induceand Moody, 2000), sp70-NCAMEEARV, SP6) andN-tubulin
signals that specify the stereotypic pattern of neural crest celfBantl, T3) (Oschwald et al., 1991; Richter et al., 1988). Stained

?:mbryos and microinjections
gnopus laeviembryos were fertilized in vitro, dejellied in 2%

and cranial placodes. embryos were postfixed in MEMFA and embedded in JB4 according
to the manufacturer's directions (Polysciences) for histological
examination.
MATERIALS AND METHODS Immunohistochemistry
. . Embryos were fixed in MEMFA and processed for
Plasmid construction immunohistochemistry (Hemmati Brivanlou and Harland, 1989)

The VP16-DIx3hd, EnR-DIx3hd, VP16-DIx3hd-GR and EnR-using an EpA antibody (Jones, 1985) detected with an alkaline-
DIx3hd-GR constructs were made by subcloning the homeodomaijpshosphatase-conjugated secondary antibody.
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RESULTS the homeodomains are highly conserved among DIx family
) ) ) members, sharing 80-88% positional identity. Critically, all 4
Alteration of DIx function regulates the size of the of the residues in helices three to four responsible for basepair-
neural plate but cannot initiate epidermal specific contacts between homeodomain proteins and the
differentiation DNA major groove are identical (Dave et al., 2000; Laughon,

The progressive refinement of tbdx3 expression pattern in  1991; Mathias et al., 2001). Therefore, these constructs are
late cleavage to early gastrula sta{gnopusembryos (Fig. predicted to modulate target genes of all known DIx family
1A-C) suggests that it mediates or responds to cues involvedembers, which is advantageous given their overlapping
in neural plate border formation. During late blastula stagegxpression. Conditionally inducible versions of these
DIx3 mRNA is detectable throughout the ectoderm (Fig. 1A)constructs were made by fusion to the glucocorticoid receptor
By the onset of gastrulatiomIx3 mRNA is reduced in the ligand binding domain. Cytoplasmic and nuclear factors are
dorsal ectoderm and becomes localized ventrally to norcommonly expressed as GR fusion proteins to maintain
neural ectoderm as gastrulation proceeds (Fig. 1B}Yranscription factors in an inactive heat shock complex until
Expression is restricted exclusively to the non-neurathe addition of the dexamethasone (Kolm and Sive, 1995). By
ectoderm by the beginning of neurulation (Fig. 1C). Oblgr manipulating the timing of dexamethasone addition, it is
family members have overlapping expression patterns at thepessible to investigate the temporal requirements of DIx
stages (Luo et al., 2001a). To examine the role played bgctivity.
endogenous DIx, we engineered transcriptional activating and Ectopic activation of target genes by injection of VP16-
repressing constructs using the homeodomain of DIx3 or DIxBIx3hd mRNA resulted in a loss of the early neural plate
(Fig. 1D). The homeodomains were fused to either the VP1arker,Xsox2(Kishi et al., 2000) (91% of embryos showed a
activation domain (VP16-DIx3hd) or the engrailed repressoloss,n=69; Fig. 2B). This confirms that the anti-neural plate
(EnR) domain (EnR-DIx3hd). The amino acid sequences gfotential of the intact DIx3 protein (Feledy et al., 1999) (Fig.
3C) depends on transcriptional activator function. In this and
all subsequent experiment’;galactosidase mMRNA was co-

, injected to mark the progeny of injected blastomeres (magenta
e ’ . stain). We then investigated whether repression of downstream
' targets of endogenous DIx proteins would have a reciprocal
D \"4 D v : effect on neural plate formation. As shown in Fig. 2C, injection
v of EnR-DIx3hd mRNA expandedsox2expression laterally on
S
B C ¢

the injected side of the embryo (92% expanded9). Control
embryos injected witt-galactosidase mRNA alone showed

stage 9 stage 10 stage 13 no change inXsox2expression (0% expandeds136; Fig.
2A). Similar results were seen when embryos were injected
D with VP16-DIx5hd-GR (83% showed a lose=30) (not
shown) and EnR-DIx5hd-Gr (61% expand¥dox2 n=31)
VP16-Dix3hd EnR-Dix3hd (Fig. 2D) when dexamethasone was added immediately (stage
[“EnR — Dixahd | 56).

VP16-DIx3hd-GR EnR-DIx3hd-GR To ensure that the effects on the neural plate were not limited
to Xsox2or to early stages of neural induction, we examined
the effects of the DIx constructs on NCAM expression. NCAM

VP16-DIx5hd-GR EnR-DIx5hd-GR was lost after VP16-DIx3hd injection (93% last42) but was
expanded laterally by EnR-DIx3hd (89% expanded7; Fig.

. . . 2E-G). Transverse sections of older stage (stage 27-30)
Fig. 1. DIx gene expression becomes restricted to the ventral embryos revealed that the neural tube had grossly normal
ectoderm. (A) At blastula stage (stageX@j|x3is expressed broadly morphology although the region marked prgalacotosidase

throughout the ectoderm. Animal pole is oriented up. (B) By early . :
gastrula stage (stage 18)Ix3expression is restricted to the more had expanded (F'g'.ZI) as compared to the contralateral side or
comparable region in Fig. 2H.

ventral ectoderm (black arrowhead). Lateral view with dorsal Y -
oriented to the left. Dorsal lip is on the left (green arrowhead). Co-injection with full-length DIx3 mRNA rescued the EnR-

(C) By the beginning of neurulation (stage D&)Jx3expression is DIx3hd effects in a dose-dependent manner (Fig. 3) indicating
completely absent from the neural plate and is expressed throughouhat the EnR-DIx3hd phenotype reflects repression of normal

the non-neural ectoderm (dorsal view with anterior to the top). targets of DIx proteins. As would be expected, the highest
(D) Schematic of DIx homeodomain constructs. The activating DIx doses of full-length DIx3 caused the overexpression phenotype
construct was made by ligating regions encoding the DIx3 (Fig. 3C). Thus, we conclude that the phenotypic effects of the

homeodomain (blue) to the VP16 activation domain (yellow). A pjy fysjon proteins reflect a modulation of natural Dix target

conditional version was generated by fusion to the ligand-binding s
domain of the human glucocorticoid receptor (GR; green). Inhibitorygenes' Taken together, these data suggests that Dix activity

constructs were made similarly using the Engrailed repressor doma%?“mlts the _neural plate and prevents its Expansion, consistent
(ENR: red). Identical constructs were made with the DIx5 with conclusions drawn from overexpression studies (Feledy et
homeodomain. The homeodomains are highly conserved among DIR}-» 1999; Luo et al., 2001b). _

family members; thus the fusion proteins are envisaged to regulate ~ \We then asked if suppression or expansion of the neu_ral plate
target genes of all family members comparably. See Materials and iS accompanied by compensatory changes in epidermal

Methods for details of construct preparation. specification, which is visualized by expression of epidermal
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Fig. 2. DIx activity restricts neural plate ‘ Bgal | IVP15-D|X3hd ‘ | EnR-DIx3hd ‘

expansion but does not induce epidern
differentiation.p-galactosidase and eith [ | Pgal. |Uninj. Dix3hd LD x3hd
EnR-DIx3hd, EnR-DIx5hd or VP16- :
DIx3hd mRNAs were injected into one
dorsal animal blastomere of 4-cell stag
embryos. The embryos were then stair
for the-galactosidase (as a lineage la
magenta stain) and assayedXsox2
(stage 13), NCAM (stage 17-18) or
keratin (stage 17-18) expression by
whole-mount in situ hybridization (blue
stain), or by EpA immunostaining (stac
17-18) to reveal neural plate or epiderr
differentiation. All views are dorsal witt
anterior to the top except M, which is
lateral with anterior to the right and H ¢
I, which are transverse histological
sections through the neural tube. Dasf
lines indicate the dorsal midline.

(A) Xsox2expression is the same on th
injected and uninjected sides of contro
embryos injected witB-galactosidase
MRNA alone. (B) Injection of VP16-
DIx3hd mRNA reduces th&sox2domain
on the injected side. (C,D) In contrast,
embryos injected with EnR-DIx3hd (C)
or EnR-DIx5hd (D) mRNA shows
expandedsox2expression on the
injected side. (E-G) The NCAM domair
was similarly reduced by or expanded
VP16-DIx3hd and EnR-DIx3hd,
respectively. (H,l) Transverse sections
through stage 25 embryos (H) the cont  ——
embryo has a symmetrical, closed neural tube. (I) An embryo expressing EnR-DIx3hd illustrates that the neural tube cityskdtprape
expanded on the injected side wh@+gal-positive cells populate the neural tube. Dorsal is to the top. ki&fdfinexpression; a marker
expressed throughout the non-neural ectoderm. (J) Normal expression of epideatiain a control embryo injected wifrgalactosidase
mRNA alone. (K) Injection of VP16-DIx3hd mRNA did not expand epideikaedtinexpression. (L) Injection of EnR-DIx3hd mRNA

inhibited epidermakeratinexpression. White arrows mark the los&efatinexpression in the injected region. (M) A lateral view illustrates
the loss okeratin(blue) in the injected region (magefft@alactosidase stain). (N-P) VP16-DIx3hd did not affect the epidermal epitope EpA
(O), whereas EnR-DIx3hd (P) prevented normal expression (N).

| [ Keratin | NCAM |[ XSox2

EpA

keratin and the epidermal-specific antibody, EpA (Jonesput the neural crest domain is either expanded diffusely or
1985). VP16-DIx3hd did not affekeratinor EpA levels when missing and lateral neurons occur ectopically (Gomez-
expressed in the neural plate regikarétin 76% of embryos Skarmeta et al., 1998; Kuo et al., 1998; Mizuseki et al., 1998;
exhibited no change)=84, Fig. 2K; EpA: 86% no change, Nakata et al., 1997; Turner and Weintraub, 1994), most likely
n=59 Fig. 20) despite its marked ability to inhibit neural platereflecting a disturbance of the normal patterning mechanism.
differentiation. In contrast, EnR-DIx3hd suppresdedatin ~ We therefore examined a panel of markers to ask whether
and EpA expression where injectéer@atin 95% suppressed, patterning of these cell lineages were similarly disordered or
n=138 Fig. 2L,M; EpA: 85%n=73, Fig. 2P), consistent with occurred normally in EnR-DIx3hd-injected tissu¥s2aand
expansion of the neural plate (Fig. 2C,G). Control embryoXmsx-1mark the neural plate border at the end of gastrulation
injected with B-galactosidase mRNA showed no change in(stage 12)XsnailandXslugare expressed in the neural crest,
keratin or EpA expressionkeratin 0% affectedn=129 Fig. which appears during late gastrula/early neural plate stages
2J; EpA: 4%,n=81, Fig. 2N). We conclude that although DIx (stages 12-14)N-tubulin marks the medial, intermediate and
activity inhibits neural plate differentiation, it is not sufficient lateral rows of primary neurons in neurula and neural tube
to redirect presumptive neural plate cells to adopt an epidermstlage (stages 13-16) embryos (Chitnis et al., 1995). Cranial

cell fate. placodes arise from thickenings in the ectoderm immediately
lateral to the neural plate and give rise to a wide variety of
The neural plate-epidermal border region is derivatives, including paired sense organs (reviewed by Baker
patterned normally but displaced laterally in EnR- and Bronner-Fraser, 2001Xsix1, a homeobox-containing
DIx3hd-expressing tissue transcription factor, is expressed in the cranial placodal

The preceding experiments show that EnR-DIx3hd can exparttickenings present in an anterior and lateral band of early
the neural plate. Expansion of the neural plate is also se@eurulae, marking the prospective olfactory anlagen and
upon overexpression of Zic, Xash3 and Xiro family memberspersists in the late neurulae, where it marks the olfactory, otic,
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Phenotype

Percentage of Embryos Exhibiting ©

EnR- 1:0.2 1:05 14 DIx3 FL
Dix3hd EnR- EnR- EnR- (alone)
(alone) Dix3hd: Dix3hd: Dix3hd:

DIx3FL DIx3FL DiIx3FL

Table 1. Effect of activating and inhibiting DIx constructs
on border formation

Embryos exhibiting phenotype (%zxs.e.m.)

EnR-DIx3hd VP16-DIx3hd B-gal alone

Xhairy2a

Shift (lateral) 35+3.8 0 0

Loss 45+2.2 89+0.2 1+1.2

No change 20+2.2 11+0.6 99+0.1

Number examined 75 47 118
Xmsx1

Shift (lateral) 40+0.6 0 0

Loss 42+1.8 77+2.1 0

No change 19+2.4 23+3.9 100

Number examined 64 61 75
Xsnail

Shift (lateral) 51+0.5 0 0

Loss 40£2.7 86+0.8 0

No change 9+4.7 14+2.1 100

Number examined 70 45 107
Xslug

Shift (lateral) 52+3.3 0 9+2.2

Loss 39+4.6 83+0.7 7+3.9

No change 9+2.7 17+£1.5 84+2.4

Number examined) 109 93 58
N-tubulin

Shift (lateral) 83+1.1 0 1+1.5

Loss 16+2.5 751.5 5+2.4

No change 1+1.1 25%2.5 94+0.7

Number examined 154 7 137
Xsix1

Shift (lateral) 25+0.9 0 0

Shift (medial) n/a 33+2.1 0

Loss 68+1.9 46x3.8 0

No change 6+4.4 21+3.3 100

Number examined 67 106 130

B loss
90 H expansion
O no change
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Fig. 3.Rescue of EnR-DIx3hd activity by full-length DIx3.

A constant amourfi-galactosidase and 50 pg of EnR-
DIx3hd mRNAs were injected unilaterally as in Fig. 2 along
with increasing doses of mMRNA encoding full-length DIx3
(DIx3 FL). (A-C) Embryos stained fofsox2show the

typical expansion of the neural plate obtained with EnR-
DIx3hd (A), the rescue achieved in combination with DIx3
FL (B), and the overexpression phenotype typical of DIx3
FL-injected embryos (C). (D) Incidence of each of the
phenotypes in A-C as a function of the molar ratio of
mRNAs injected. Note that the incidence of each phenotype
depends on the relative dose of DIx3 FL mRNA injected.

trigeminal and dorsolateral placodes (Pandur and Moody,
2000).

We frequently observed that each marker was displaced to
the lateral margin of the areas that contained the injected
EnR-DIx3hd and3-galactosidase mRNAs (Fig. 4; Table 1).
Notably, the size of thXh2aand Xmsxexpression domains
were not changed when displaced laterally (Fig. 4C,F) nor
was the premigratory neural crest field, markecblugand
Xsnail altered (compare the injected and uninjected sides in
Fig. 41,N,P). Similarly, the characteristic three rows of
primary neurons, marked y-tubulin arose in the expanded
neural plate inEnR-DIx3hdinjected embryos, but their
pattern was shifted outwards such that the lateral neurons
were now positioned along the new neural plate border (Fig.
4S). An identical result was observed in EnR-DIx3hd-
injected zebrafish as well (Fig. 4T,U) suggesting that a DIx-
dependent mechanism positions lateral neurons in both
species. The neurons remained tightly organized in rows and
ectopic neurons were not observed. The placodal marker
Xsixlwas also shifted outwards in embryos expressing EnR-
DIx3hd (compare Fig. 4V with 4X). Interestingl{sixlwas
displaced to a region just lateral to the domain of EnR-DIx3
expression, consistent with expression outside the expanded
neural plate. Lateral displacement of trigeminal placodes was
also observed in embryos stained wititubulin, which also
marks these placodes (not shown). The ability of EnR-DIx3hd
to displace the stereotypic pattern of marker expression
laterally by late gastrula stages suggests that endogenous DIx
activity is upstream of neural crest, lateral primary neuron
and cranial placode precursor specification.

While the cell fate markers were often displaced laterally to
the border of the EnR-DIx3hd region, we also observed a loss
of markers in some embryos (Table 1, Fig. 4Y and see below).
Loss was correlated with large domains of injected EnR-
DIx3hd that extended to the ventral side of the embryo. Thus,
depletion of endogenous DIx activity permits the neural plate
to expand maximally to about twice its normal size, regardless
of whether or not a larger area expresses EnR-DIx3hd. The loss
of markers, however, raised the possibility that DIx proteins are
required in the non-neural ectoderm to provide neural crest
inducing signals. This hypothesis is tested by the transplant
experiments below.

In contrast to the loss-of-function studies, injection of VP16-
DIx3hd or wild-type DIx3 did not shift marker expression
medially, but rather abolished expression of both border and
neural crest markers (Table 1 and Fig. 4B,E,H,M,R). The sole
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exception wasXsixl, which lies outside the neural plate neural plate border formation, embryos were injected as above
normally (Fig. 4W). Medial displacement occurred when onlybut with mRNAs encoding the conditional proteins EnR-

a small area of the neural plate contained the injected VP1®Ixh3-GR or VP16-DIx3hd-GR. Dexamethasone was added
DIx3hd mRNA,; large patches of VP16-DIx3hd-injected tissueat either stage 6, 8, 10 or stage 11.5-12 and embryos were
resulted in a loss ofsix1 The general inability to shift these examined forXsox2and Xslug expression. Injected embryos
markers medially suggests that ectopic DIx activity incultured inthe absence of dexamethasone exhibited no change
presumptive neural plate cannot induce factors needed for any of the markers tested (not shown). When
correct patterning of the cell lineages that arise at the neurdéxamethasone was added at stage 6, embryos injected with
plate border. However, the medial displacemenXgsiklthat EnR-DIx3hd-GR (70% expandeq:34) or VP16-DIx3hd-GR
occurs when only a minimal gap separates the neural pla¢80% repressed=25) showed the expansion or repression of
from non-neural ectoderm suggests that short-rang®sox2 respectively (Fig. 5A,B), typical of the preceding
communication between neural and non-neural ectoderm fgsults with the constitutive constructs. Similarly, the neural

critical for placode formation. crest markeXslugwas either lost (48% lost=39) or shifted

) ) laterally (52% shifted laterallyp=39; Fig. 5C) when EnR-
DIx proteins regulate neural plate border formation DIx3hd-GR-injected ~ embryos  were treated  with
during gastrulation dexamethasone at stage 6. The incidence of expatsmd®

To investigate the temporal requirement for DIx function inexpression and laterally shifte¢slug (Fig. 51) decreased as

Fig. 4. Alterations in cell lineages that border the neural plate in
embryos with localized expression of VP16-DIx3hd or EnR-DIx3hd.
Embryos were injected unilaterally with EnR-DIx3hd or VP16-
DIx3hd at the 8-16 cell stage, cultured until the appropriate
developmental stage and then examinethksjtu hybridization
(blue stain)B-galactosidase stain (magenta) indicates progeny of
injected blastomeres. All embryos are shown as dorsal views with
anterior to the top except for J and K which are lateral views,
anterior to the right, and V-Y, anterior views, dorsal to the top.
(A-F) Stage 13 embryos showing that markers of cells at the border
of the neural plateXhairy2AandXmsx-) are ablated by VP16-
DIx3hd and shifted laterally by EnR-DIx3hd. Arrows mark
displacement caused by EnR-DIx3hd relative to uninjected side of
the embryo. (G-P) Stage 13 embryos showing identical effects on
markers of neural crest precursoxsifailandXslug. Lateral views
of Xsnailexpression illustrate
the extent of the shift (J,K)

EnR-DIx3hd seen in dorsal view (I,
arrows). Transverse sections
(O,P) showingXslug
expression (blue) arfa
galactosidase (magenta)
illustrate that the size of the
Xslugexpression domain is
unaltered but occurs at the
lateral margin of the cells
expressing the injected
MRNA. (Q-U) Primary
neurons (marked hbiy-
tubulin) are also ablated by
VP16-DIx3hd and displaced
laterally by EnR-DIx3hd in
stage 14XenopugQ-S) and
2-somite stage zebrafish
(T,U). (V-Y) Stage 18
embryos showing cranial
placode precursors (marked
by Xsix1) shifted medially or
laterally by localized
expression of VP16-DIx3hd
Uninj. EnR-Dix3hd and EnR-DIx3hd, respectively
’ (W,X). Note that the anterior

domain ofXsix1is

unaffected, even where

widespread expression of

EnR-DIx3hd ablateXsix1

more laterally (Y).

| \ Xmsx-1 | | Xhairy 2a \

Uninj.

pgal  Uninj. VP16

Xsnail

|

Xslug

‘ ‘ N-tubulin ‘ \

Xsix1
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dexamethsone was added at later stages. Addition at stag@rsal midline and that all of the cell lineage markers examined
11.5-12 did not affecksox2expression (wild-type pattern was were absent (Fig. 6A-D; identical results obtained with EnR-
observed in 86% of EnR-DIx3-GR embryos66 and in 90% DIx5hd, not shown). This suggests that DIx proteins not only
of the VP16-DIx3hd-GR-injected embrya%;93; Fig. 5E,F). repress cell fates, but might also be necessary in non-neural
Similarly, EnR-DIx3-GR did not alteXslugexpression when ectoderm for the production of factors that are critical for
dexamethasone was added at stage 11.5-12 (65% wesgecification of lateral primary neuron, neural crest, and cranial
unaffected,n=126; Fig. 5G). Therefore, specification of the placode cells.

neural plate border and induction of neural crest requires DIx To determine if DIx function is required in non-neural
function before the end of gastrulation. We did noticeectoderm, we took advantage of previous studies showing that
however, that VP16-DIx3hd-GR eliminated or redudstillg  grafting neural plate tissue to the non-neural ectoderm causes
expression regardless of whether dexamethasone was addederal crest cells to be induced in both host and donor tissues
stage 6 (88% eliminated or reduced?20; Fig. 5D) or stage where juxtaposed (Mancilla and Mayor, 1996; Moury and
11.5-12 (72% eliminated or reducet;114; Fig. 5H). Thus, Jacobson, 1990; Selleck and Bronner-Fraser, 2000). Regions
neural crest, but not neural plate, remains sensitive to Dlaf neural plate from fluorescent dextran-injected donors were

inhibition after late gastrulation. grafted to the ventral ectoderm of host embryos that had been

) ] ] . injected with nuclear-localize@-galactosidase mRNA, either
Neural crest and cranial placode induction requires alone or with EnR-DIx3hd mRNA (Fig. 6E). We then assayed
DIx function in the non-neural ectoderm the graft region for the induction ofslug and Xsix1 to

The preceding results showed that local depletion of Dixletermine whether the induction of neural crest and cranial
function during gastrulation causes an expansion of the neurpllacodes is inhibited when DIx activity is downregulated. As
plate and the lateral displacement of the normal pattern @xpected, control grafts showedlug expression induced at
lateral primary neuron, neural crest and cranial placode ceathe graft-host tissue interface (blue stain, Fig. 6E inset). Higher
fates. This could occur by a repressive mechanism wherelgagnification views (Fig. 6J-N) show induction of batslug
DIx genes simply prevent neural plate formation. Howeverand Xsix1 (blue stain) at the interface of the graft (green
when the area of EnR-DIx3hd expression extended to the mditorescent label) and host (mageftayalactosidase stain)
ventral ectoderm, we noticed that the neural plate expandeidsues, confirming that juxtaposition of competent neural plate
maximally to only about twice its normal distance from theand non-neural ectoderm induces neural crest and cranial
placodes. In contrasislug and Xsix1 were not
induced when neural plate was transplanted into
‘ Xsox2 ‘ ‘ Xslug ] ventral ectoderm expressing EnR-DIx3hd (Fig. 60-
[ EnRDx3nd | [ VP16-Dkahd | [ EnR-Dxahd | [ VP16-D3nd | S; Table 2). In cases where donor neural ectoderm
e —— ere— spanned EnR-DIx3hd-expressing and -non-
expressing host tissue (Fig. 6Kslugwas induced
only at the site where the host tissue lacked injected

| Uninj. %3hd-GR e Unin]. Dix3hd-GR  Uninj.

+Dex St. 6

Fig. 5.DIx activity is required before the end of
gastrulation to position the neural plate border and specify
adjacent cell fates. Embryos were injected unilaterally
with either VP16-DIx3hd-GR or EnR-DIx3hd-GR

mMRNAs as above and dexamethasone was then added at
various times to examine the temporal requirements for
DIx activity. Embryos were assayed f6sox2(stage 15)
andXslug(stage 17) by in situ hybridization (blue stain).
B-galactosidase staining (magenta stain) marks the
progeny of the injected blastomeres. In all cases, control
embryos injected with the fusion protein constructs but
cultured without dexamethasone remained unaffected (not

3hd-GR

+Dex st. 12

e ® Xsox (expansion) shown). (A-D) Addition of dexamethasone at stage 6
20 Eis:ug {I!atetral displacement) expandedXsox2(A) or outwardly shiftedXslug(C) in
80 Siug flost embryos expressing EnR-DIx3dh and ablated both

markers in embryos expressing VP16-DIx3hd (arrows in

b B and D). (E,F) In contrast, addition of dexamethasone at

60 stage 11.5-12 to either EnR-DIx3hd- or VP16-DIx3hd-

50 injected embryos did not affegsox2 (G) Similarly,

208 stage 11.5-12 dexamethasone addition to EnR-DIx3hd-
= injected embryos caused no changXsfug

30 - (H) However, stage 11.5-12 dexamethasone addition to

Embryos Exhibiting Phenotype

20 i = VP16-DIx3hd-injected embryos ablat¥dlug indicating

10 . - | |_ that the neural crest remains sensitive to DIx activity after
gastrulation. (I) The time course of the dexamethasone

effect on EnR-DIx3hd-expressing embryos suggests that

endogenous DIx activity affects neural crest patterning

Stage Dex Added before the end of gastrulation.

Percentage of EnR-Dix3hd -GR Injected

st. 5/6 st. B/9 st. 10 st. 12 no dex
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Fig. 6. A positive role for DIx functior Uninj. EnR
in non-neural ectoderm. (A-D) - ‘
i

EnR-DiIx3hd E

Embryos were injected unilaterally
with EnR-DIx3hd ang-galactosidast
(magenta stain). Broad domains of
EnR-DIx3hd expression
dorsoventrally show maximal
expansion of the neural plate is limii
to approximately twice its normal
width, as visualized b¥sox2
expression (A,B blue stain). Arrows
B show staining fop-gal indicative of
injected mMRNA outside of thésox2
domain. Note that in these cases of
broad EnR-DIx3hd expressioKslug
expression was not reactivated at tr
border of the expanded neural plate
(C,D), similar to ablation oKsix1
(Fig. 4Y) and other markers (not
shown). (E) Schematic showing
isochronic stage 12 transplant of
fluorescent dextran (pseudo colorec
green stain) injected donor neural
plate tissue (N) to ventral ectoderm
host embryos. Host embryos were
injected ventrally to expre$s
galactosidase either alone or with
EnR-DIx3hd. Control grafts showed
Xsluginduction at stage 25 (photo;
ventral view, anterior to top).

(F-I) Controls show that donor neur:
plate explants cultured alone expres
no or only minimal levels akslug(F)
or Xsix1(G), unless taken from a mc
lateral region that included prospecit
epidermis (HXslug I, XsixJ).
Therefore, marker expression is
indicative of neural cresX§lug or
placode Xsix1) induction. (J-N) High
magnification views of grafts into
control hosts that had been injected
with B-gal mRNA alone. The three
panels shown are light field,
fluorescent and merged images.
Induction (blue stain) oXslug(J-L)
andXsix1(M,N) was observed in
areas adjacent to and overlapping both donor (green) and host tissue. In particular, note expression (arrows in J,K,i§ erilghhedthin
and adjacent to host tissue expressing the injgetlactosidase (magenta stain). Sections (L) skslwgexpression (blue) adjacent to donor
tissue (green). (O-S) High magnification views of grafts into experimental hosts that had been injected with EnR-Dgfadl mRNAS.
Unlike controls (J-N)XslugandXsixlare notinduced adjacent to host tissue that had been injected with EnR-DIx3Rdgatattosidase
mRNAs (magenta). P shows a graft inserted adjacent to both injected and uninjected host tissue. Note that induction edasqaevehs
that expressed EnR-DIx3hd (red arrowhead) but occurred where host tissue lacked injected mRNAs (black arrowhead).

N—-E
Control (Bgal)

Ven_tlral
EnR-DIx3hd *

or figal injected or
uninjected =
j -

Xslug

| |

Xsix1

MRNAs (black arrowhead) but not in or near cells with theDISCUSSION

injected MRNA (red arrowhead). No or miniméslug and

Xsix1 transcripts were detected in donor neural ectoderrRIx activity delimits the the neural plate and is

cultured alone (Fig. 6F,G) whereas similar explants taken fronfivolved in patterning adjacent cell fates

a more lateral position that spanned the border regioGain-of-function experiments showed that DIx genes position
expressedXslug and Xsix1 (Fig. 6H,I), indicating that the interface between the neural plate and non-neural ectoderm
expression in the grafts reflects induction and noby locally inhibiting neural plate differentiation (Fig. 2),
contamination with donor border region tissue. Taken togethecpnfirming previous observations that full-length DIx3 and
these studies demonstrate that DIx-dependent transcription x5 antagonizes neural plate formation (Feledy et al., 1999;
required in non-neural ectoderm to produce factors that act htio et al., 2001a). Loss-of-function experiments also support
over short range to induce neural crest and cranial placodkis conclusion (Fig. 2) and can be rescued with full-length DIx3
fates. (Fig. 3), suggesting that our constructs specifically affect natural
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Table 2. DIx activity is required in the non-neural
ectoderm for neural crest and placode progenitor A I I liieralinaurons
induction Neural Plate Dix
Induced Number Factors N neural crest
(%ts.e.m.) examined
1
Xslug 1 I placodes
N - E (B-gal alone) 79+3.1 62 :
N - E (EnR-DIx3hd) 4+4.8 47 -
Neural plate alone 0 18 B Control A .
Neural plate + border 60+0.4 27 embryo Epidermis
Xsix :
N - E (3-gal alone) 93+1.1 28 ;
N - E (Enr-DIx3hd) 13+2.4 31 injected region |l

Neural plate alone 17+3.3 17 C EnR-DIx3hd
Neural plate + border 100 13 injected Epidermis

(small region)

I
targets of the full-length DIx family of proteins. Because of t iNjected region jbe—

high degree of conservation among DIx homeodomains [J EnR-Dix3hd

overlapping expression during late blastula and gastrula ste “a,ge"l;:;‘; Lo -
our results reflect perturbation of endogenous targets of :

proteins in aggregate and we cannot ascribe activities ke injCted region
individual family members or address questions of functiol E VP16-Dix3hd :

redundancies. Further studies will be required to determine injected s

precise function of individual family members. I
A central finding of our study is that local inhibition of DI
function shifts the stereotypic pattern of lateral prima p=={ injected region
neurons, neural crest and cranial placodes laterally (Figs z F VP16-Dix3hd M'*. S o
Thus, DIx family members act upstream of the Specificatior 'wmail revion) Lo D i
cell fates that arise near the lateral border of the neural p I
Furthermore, DIx genes are required for the induction of theoo '
cell fates, as revealed by the lack of marker expression whetig. 7.Model for role of DIx in positioning the neural plate border
neural plate is grafted to EnR-DIx3hd-expressing ectoderrand patterning adjacent cell fates. (A) We postulate that a reciprocal
(Fig. 6). Fig. 7 shows a schematic model of DIx function at thénhibitory) interaction between DIx and neural plate factors refines
lateral margin of the neural plate. Normally, DIx activity in 0 initial neural plate: non-neural ectoderm bias along the
non-neural ectoderm (yellow) delimits the mediolateralmed'c’lateral axis. The initial bias is established earlier, possibly by

position of the neural plate/non-neural ectoderm border argMP, Whnt and/or FGF signaling. This reciprocal interaction leads to

. ) sharpening of the border between the neural plate and non-neural
Iate_ra_ll_neurons, ”e“”%' cr_est and cr_anlal plz_acode cells _(F'g' ’ ctoderm and specifies the precise position along the mediolateral
Inhibition Qf DIx function in a localized region re;ults in both gyis. (B-F) Schematics of ectoderm along the mediolateral axis
an expansion of the neural plate and a lateral displacement ifistrate the function of DIx factors under normal and manipulated
border region cell fates to a position abutting DIx-positiveconditions. (B) Under normal conditions, DIx activity is required in
ectoderm (Fig. 7C). Inhibition of a broader region of DIxnon-neural ectoderm (yellow) for short-range communication
activity, however, causes the neural plate to expand maxima|[yrrows) that leads to induction of lateral primary neuron, neural
to about twice its normal distance from the dorsal midline, bugrest and cranial placode precursors. (C) Local inhibition of DIx
normal border region cell lineages do not arise (Fig. 7D). Thactivity within the region expressing injected E'nR-DIXS.hd (red bars)
absence of stereotypic border region markers in these ca sesdtlhe “eﬁral ﬁ'ate tﬁ expand(.deorder r?gllortl cell Imeag%sl are
suggests that DIx activity functions in the prospectiveIn uced laterally where the expanded neural plate contacts Dix-

: - - . . sitive non-neural ectoderm. (D) When DIx3 activity is inhibited
epidermis to induce short range signals that specify border C%gyond the intrinsic limit of neural plate expansion, the neural plate

fates. In this model, the short-range signals are unable {9pands maximally but is separated from Dix-positive epidermis.
traverse the interposed tissue (Fig. 7D). Ectopic DIx activityshort-range communication is attenuated or not initiated, resulting in
generally fails to displace border cell fates medially (Fig. 7E)absence of neural crest, cranial placodes and lateral primary neurons.
In these cases, as with broad regions of DIx underexpressiqii,) Overexpression of DIx activity (with VP16-DIx3hd or full-length
we presume that signals needed to induce and pattern |atem*3) inhib.its neyral plate induction but cannot initiate epidermal
neurons, neural crest and cranial placode cells cannot traverdgerentiation (Fig. 2); thus, the neural plate narrows but short-range
the interposing tissue, which does not express neural jgnaling and normal cell fate specification does not occur in the
epidermal markers (Fig. 2). order region. (F) Cranial placodes can be shifted medially in cases

L ere a small region of ectopic DIx activity separates competent
Stereotypic displacement of border fates was not Observ%@ural plate and non-neural ectoderm, suggesting that placode-

in previous S,tUdieS ir,‘ Which the neural plate was expanded Wducing signals can traverse a short region of interposing tissue.
overexpression of Zic family members, XBF-2, and Xash-3

(Kuo et al., 1998; Mariani and Harland, 1998; Mizuseki et al.,
1998; Nakata et al., 1997; Turner and Weintraub, 1994). lwere either expanded or eliminated, indicating that these genes
these cases, the domains of neural crest and lateral neuramntrol differentiation of neural plate cells and their derivatives
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rather than regulate formation of a normal border region pesroteins. Whether DIx activity feeds back to influence gastrula-
se. stage BMP and/or Wnt signaling is unclear.

We did not see any consistent effects on the forebrain markerDIx proteins might regulate border cell fates by cooperating
Otx2when embryos were injected with either the activating owith other transcription factors that are induced by early BMP,
inhibiting constructs (not shown). We also did not see a shiftVnt and/or FGF signaling. Injection of VP-DIx3hd prevents
in the anterior portion of thesixl domain (not shown). induction of markers of lateral primary neurons, neural crest
Previous studies have shown that overexpressi®ix®does and cranial placodes (Fig. 4). Moreover, epidermal markers
not affectOtx2 expression (Feledy et al., 1999). These resultsvere not induced (Fig. 2), suggesting that DIx activity alone is
suggest that DIx genes function primarily posterior to thensufficient to respecify neural plate to non-neural ectoderm
forebrain. Positioning the mediolateral and anteroposteriofsee diagram in Fig. 7E) and implicating an additional factor.
positions of forebrain neurectoderm might rely on a separa®ne candidate is Msx1, which is an immediate downstream
mechanism, possibly involving Wnt, FGF or retinoic acidtarget of BMP signaling localized to the ventral ectoderm in

signaling (Villanueva et al., 2002). early gastrula stag&¥enopusembryos (Feledy et al., 1999;
o . . Suzuki et al., 1997). OverexpressionMéx1represses neural
DIx activity regulates cell fates during gastrulation plate and border cell fates, but unlik¥x3, also converts

The modulation of late gastrula stage markers (Fig. 4A-1) androspective neural plate into epidermis (Suzuki et al., 1997).
the timecourse experiment of EnR-DIx3hd-GR activation byNeural inhibition by Msx-1, unlike DIx factors, appears to act
dexamethasone addition (Fig. 5) both indicated that Dlxia transcriptional repression (Yamamoto et al.,, 2000),
activity patterns cell fates at the medial neural/non-neuraduggesting that Msx-1 and DIx factors regulate distinct target
ectodermal interface by stages 11.5-12. Because this tingenes. Since Msx and DIx proteins can heterodimerize (Zhang
precedes the morphological appearance and expression aifal., 1997), regulatory interaction between the factors is also
molecular markers of neural folds and lateral primary neurondgikely. Msx-1 loss-of-function experiments are needed to
neural crest cells and cranial placodes, DIx activity is needealddress its role in cell fate specification at the neural plate
upstream of the process that induces these cell fates. Classibatder. Defects ofMsxLdeficient mice are not known to
graft and extirpation experiments suggested that the anteriowolve an expanded neural plate, but potential redundancy or
neural plate border is no longer susceptible to signals thabmpensation complicates interpretation (Jumlongras et al.,
reposition the border by late blastula stage (stage 9+) (Zha2®01; Satokata and Maas, 1994). Nonetheless, it seems
and Jacobson, 1993). While the mediolateral border was npossible that induction of neural crest, lateral neurons and
examined specifically, it is possible that these studies revealedanial placodes might require bofbix activity and the

the action of diffusible signals, such as BMP and Whnt, that biaspidermal promoting activity dfisx1

ectodermal fates. Our data indicates that endogenous DIx The lateral displacement of border cell fates by DIx genes
activity is required somewhat later, through stage 11.5-12 (Figould indicate a genetic interaction with prospective neural
5), consistent with DIx genes being regulated by BMP and Wrjlate factors (see diagram in Fig. 7A). One candidaXérad,
signaling. Interestingly, the stages when DIx activity iswhich is initially expressed broadly in the dorsal ectoderm at
required corresponds to the time when the transcripts encoditige onset of gastrulation but becomes restricted to the
DIx, Xmsx1 and Xiro become spatially localized to respect th@rospective anterior neural plate as gastrulation proceeds
neural plate border. The potential involvement of DIx proteinfGomez-Skarmeta et al.,, 1998). OverexpressionXiwbl

with these and other proteins to regulate their own expressi@xpands the neural plate and, in some instances, can displace
and influence neural, epidermal and border region cell fates ¥slug expression outward (Gomez-Skarmeta et al., 1998).

discussed below. Furthermore, ectopiXirol downregulates endogenoBsnp4

] ) o ] expression whereas ectopicngxldownregulates endogenous
Complex interactions among proteins involved in Xirol (Gomez-Skarmeta et al., 2001). These data combined
patterning the neural plate border and adjacent cell with our results raise the intriguing possibility that DIx genes,
fates like Xmsx1 are involved in a mutual repression circuit with

Current models for partitioning ectoderm into neural plate an&irol.

epidermis involve initiating Wnt, BMP and FGF signals (Baker In summary, our results support a model in which diffusible
et al., 1999; Barth et al., 1999; lkeya et al., 1997; Launay &MP, Wnt, and FGF signaling establishes graded expression
al., 1996; Streit and Stern, 1999; Wilson and Hemmatipatterns of transcription factors involved in positioning the
Brivanlou, 1995; Wilson et al., 2001). Wnt signaling throughneural plate border and determining adjacent cell fates. The
the canonicaP-catenin pathway provides dorsal cues duringneural plate antagonizing activities of DIx proteins probably
cleavage stages (e.g. Heasman et al., 1994; Larabell et dlinction in a reciprocal (inhibitory) circuit with transcription
1997). By pre-gastrula stages, ectopic activation of BMP anfactors that promote neural plate, such as the Xiro-1 protein.
Whnt/B-catenin signaling pathways elicit a ventralizing effectThe consequence of this interaction is to sharpen the border
on embryos suggesting that these proteins might normallyetween the neural and non-neural ectoderm. In addition, we
antagonize induction of the neural plate at these stages (Baldrowed that DIx genes also play a positive role in non-neural
et al., 1999; Christian and Moon, 1993; Hawley et al., 1995¢ctoderm for the production of factors that are required for the
Sasai et al.,, 1995; Wilson and Hemmati-Brivanlou, 1995induction and stereotypic mediolateral patterning of lateral
Wilson et al., 2001). At lea$2Ix3 is negatively regulated by neurons, neural crest and placode cells.

the pre-MBT WntB-catenin signaling (Beanan et al., 2000),

and induced by pre-gastrula BMP signaling (Feledy et al., The authors thank Nancy Papalopulu (MRC, Cambridge) for
1999); thus, DIx genes probably act downstream of thesgroviding XenopusDIx cDNAs, Marie-Andree Akimenko (Loeb
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Research Institute, Ottawa) for providing zebrafish DIx3 cDNA, Sally molecular biology vol. 36 (ed. B. K. Kay and H. B. Peng), pp. 685-695.
Moody (George Washington University, Washinton D.C) for San Diego: Academic Press.

providing Sixl cDNA, Michael Sargent (NIMR, London) for Hawley, S.H. B., Wunnenberg-Stapleton, K., Hashimoto, C., Laurent, M.
providing Xslug and Xsnail cDNA and Yoshiki Sasai for providing N- Watabe, T., Blumberg, B. W. and Cho, K. W. Y(1995). Disruption
Xsox2 (Kyoto University, Kyoto). We also would like to thank ©f dBM.P signals E‘ emgréong(em’p“secmderm leads to direct neural
Ruchika Gupta for constructing the pCS2+BA activator and repressoy induction.Genes De\8, 2923-2935.

. . . easman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P.,
plasmids and Kim Bettano, Stacey Coleman, Chrissy Evola and Ch“SGumbiner, B. M., Kintner, C., Yoshido-Noro, C. and Wylie, C.(1994).

Simpson for technical assistance. We gratefully acknowledge supportoyerexpression of cadherins, and underexpressiof-dtenin inhibit
from the American Cancer Society (RPG97-121-01-DDC) and NIH dorsal mesoderm induction in eaMgnopusembryos Cell 79, 791-803.
(RO1HL59502) to M. M. and a Medical Foundation postdoctoralHemmati Brivanlou, A. and Harland, R. M. (1989). Expression of an
fellowship to K. B. A. engrailedrelated protein is induced in the anterior neural ectoderm of early
Xenopusembryos.Developmeni 06 611-617.
Hemmati-Brivanlou, A. and Melton, D. (1997). Vertebrate embryonic cells
will become nerve cells unless told otherwiSell 88, 13-17.
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