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We have identified in Xenopusand in the mouse two
highly related genes,Xiro3 and Irx3 respectively, that
encode aDrosophila Iroquoisrelated homeobox tran-
scription factor. Xiro3 in Xenopus and Irx3 in the
mouse are expressed early in the prospective neural
plate in a subset of neural precursor cells. InXenopus
injection of Xiro3 mRNA expands the neural tube and
induces ectopic neural tissue in the epidermis, based
on the ectopic expression of early neural markers such
as Xsox3 In contrast, the differentiation of the early
forming primary neurons, as revealed by the expression
of the neuronal marker N-tubulin, is prevented by
Xiro3 expression. Activation of Xiro3 expression itself
requires the combination of a neural inducing (noggin)
and a posteriorizing signal (basic fibroblast growth
factor). These results suggest thatXiro3 activation
constitutes one of the earliest steps in the development
of the neural plate and that it functions in the specific-
ation of a neural precursor state.

Keywords homeoboxfoquoigmouse/neural specific-
ation/prepattern genéénopus

Introduction

(e.g. Papalopulu and Kintner, 1993, 1996a,b; Bahgl,
1997). In addition, in lower vertebrates, a number of
neuroectodermal cells exit the cell cycle as early as the
neural plate stage and start differentiating (Hartenstein,
1989). In Xenopusthis is shown by the expression of a
neuronal marker, N-tubulin, which is observed in three
longitudinal domains on either side of the dorsal midline
(Chitnis et al, 1995). Cells that differentiate in these
longitudinal domains of the posterior neural plate corres-
pond to the three classes of primary neurons, namely
motor neurons, interneurons and sensory neurons, in a
medial-to-lateral order. Within these domains of neuronal
differentiation, N-tubulin expression is detected in
scattered cells among a non-expressing population.

The sequence and molecular nature of the events that
follow the initial neuralization of the ectoderm by organizer
molecules and which lead to the differentiation of neurons
of distinct identities in a precise pattern and temporal
order are still poorly understood. As far as A—P patterning
is concerned, all neural inducers that are known to date
induce neural tissue of anterior character (Lagtbal,
1993; Hemmati-Brivanloet al, 1994; Sasait al., 1995).
Therefore, it has been suggested that additional signals
from the posterior dorsal axial and non-axial mesoderm
are involved in the posteriorization of the induced neural
tissue. Recently, it has been reported that anterior neural
tissue can be posteriorized by signals such as fibroblast
growth factor (FGF), retinoic acid (RA) and Wnt-3A (Cox
and Hemmati-Brivanlou, 1995; Kengaku and Okamoto,
1995; Lamb and Harland, 1995; McGrest al, 1995;
Crossleyet al, 1996; Papalopulu and Kintner, 1996a;
Pownallet al, 1996; Banget al., 1997; Blumberget al,
1997).

As far as the differentiation of primary neurons within
the neural ectoderm is concerned, it is thought to be
under the control of proneural and neurogenic genes. In
Drosophila proneural genes, which are typically transcrip-
tion factors of the basic helix—loop—helix (bHLH) class,

During embryonic development, the precursor cells of the confer neural potential on groups of ectodermal cells,
vertebrate central nervous system are induced in the dorsaralled proneural clusters (for review, see Campuzano and
ectoderm by vertical and/or planar signals from a region Modelell, 1992; Ghysen and Dambly-Chaueie 1993;

of the dorsal mesoderm called the organizer (SpemannSkeath and Carroll, 1994; Lewis, 1996). Subsequently,
and Mangold, 1924). A number of secreted molecules neurogenic genes, in particular the membrane-bound
(e.g. noggin, follistatin and chordin) have been identified ligand Delta and the Notch receptor, restrict proneural
that are expressed in the organizer and that have neuralizinggene expression to a single cell within each proneural
activity. These factors are thought to act by antagonizing cluster. This cell then becomes a neuroblast (for review,
BMP4, which serves as an epidermalizing signal (Lamb see Campos-Ortega, 1993; Muskavitch, 1994; Artanavis-

et al,, 1993; Hemmati-Brivanloet al, 1994; Sasaét al.,,
1995; Piccoloet al, 1996; Zimmermaret al., 1996; for
review, see Bier, 1997).

Tsakonast al., 1995).
Several transcription factors of the bHLH family have
been identified in vertebrates and some appear to be

By the neural plate stage, the neural ectoderm is homologues of theDrosophila proneuralachaete—scute
patterned in remarkable detail. This is shown by the highly complex (AS-C) anétonalgenes (Guillemogt al.,, 1993;
regionalized expression pattern of several genes along theZimmermanet al,, 1993; Ferreireet al, 1994; Turner and
A-P and M-L (prospective D-V axis) of the neural plate Weintraub, 1994; Leet al, 1995; Sommeet al, 1995;
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Ma et al, 1996; Takebayastet al., 1997). As mentioned  predict the existence of additional bHLH proneural genes
above, inXenopus primary neurons form in a scattered which are uniformly expressed within the open neural
pattern within longitudinal domains in the posterior neural plate and which are responsible for conveying neuronal
plate. Based on expression studies and functional analysispotential to a large population of neural precursor cells.
XenopusbHLH genes are thought to confer neuronal In addition, one would predict the existence of regulatory
potential in cells within each longitudinal domain. Thus, genes which are responsible for the site-specific activation
these domains have been viewed as analogous to theof these proneural genes. These regulators of proneural
proneural clusters iDrosophila In addition, vertebrate  genes would lie downstream of neural induction and they
homologues of the neurogenic genes Notch and Deltawould act before the neuronal potential becomes limited
have also been identified (Coffmaat al., 1993; Chitnis to a few cells by lateral inhibitory interactions. Such genes
et al, 1995; Henriqueet al, 1995; Simpson, 1995). could be the homologues of tHerosophila homeobox-
Functional studies irenopushave shown that, similarly  containinglroquois genes which have been shown to be
to the Drosophilaneurogenic genes, the vertebrate homo- involved in the site-specific activation of the proneural
logues of Notch and Delta have a role in limiting the AS-C genes (Dambly-Chaudiand Leyns, 1992; Gomez-
number of cells that differentiate to neurons within each Skarmetaet al, 1996) and which have therefore been
proneural domain (Coffmaet al, 1993; Chitniset al, termed prepattern genes.
1995). The expression of neurogenic genes is activated We now report on the identification of two vertebrate
by bHLH transcription factors but, in turn, the expression homeobox genes{enopus Xiro3and mousdrx3, which
and/or the activity of certain bHLH transcription factors are homologous to each other and to theosophila
is restricted by the Notch—Delta inhibitory interactions. Iroquois genes. Our analysis of the function Xfro3 in
This feedback loop between proneural and neurogenic Xenopusembryos suggests that it functions in the earliest
genes is thought to result in the selection of a few cells step of neural development to specify a neural precursor
that differentiate into neurons within each longitudinal state, characterized by the expression of early neural and
proneural domain. the absence of neuronal differentiation markers.

From studies inKenopusembryos, it has become clear
that although all bHLH proneural genes isolated to date Results
can promote neuronal differentiation, they differ in their
time and place of expression; in general, genes that areldentification of the Xiro3/Irx3 genes
expressed earlier are expressed in a wider domain thatDegenerate primers corresponding to part of the homeo-
encompasses the domain of expression of genes that arelomain of theDrosophila Iroquoisgenes were used in a
expressed later. Furthermore, all the proneural bHLH PCR to amplify related sequences from a stag¥é2opus
genes that have been tested have the ability to activate thecDNA library (see Materials and methods). By screening
neurogenic gene Delta, but they differ in their sensitivity to a stage 17XenopuscDNA library with the amplified
Notch-mediated inhibition. In general, earlier expressed fragment, we have obtained a 1.9 kb cDNA clone, termed
proneural genes (e.g{ASH3and X-ngnr-1) tend to be Xiro3, which encodes a polypeptide of 448 amino acids
more sensitive to inhibition by activated Notch than later containing a homeodomain showing 92% identity to the
expressed genes (elgeuroD or certain combinations of  Drosophila Iroquoishomeodomain (Figure 1A). In the
genes X-ngnr-1/X-MyT] (Bellefroid et al,, 1996; Chitnis mouse, three distinct cDNA clones encodibgsophila
and Kintner, 1996). Thus, while both early and late bHLH Iroquoisrelated sequences have been isolated (Betssg
factors convey neuronal potential to cells in which they 1997). Here, we present one of these clones, nam&d
are expressed, later acting genes or combinations of geneshat showed 81% identity t6iro3 in the region upstream of
may act to stabilize the process of neuronal differentiation the homeobox and 100% identity within the homeodomain
by allowing cells to escape lateral inhibition. In order to itself (Figure 1A). In human, a partial cONA sequence
emphasize the distinct roles of early and late acting encoding an identical homeodomain and showing 97%
bHLH proneural genes, they have been termed ‘neuronalidentity in the portion of sequence that precedes the
determination’ and ‘neuronal differentiation’ genes, homeobox region has also been reported (HS90308)
respectively. Additional support for this model is provided (Figure 1B). Less homology was detected betw&én3
by the observation that neuronal determination genes suchand the two other muringx clones, as well as with other
as X-ngnr-1 have been shown to activate the expression members of the family isolated frodenopugXirol and
of neuronal differentiation genes such BguroD in a 2) (Gomez-Skarmetat al,, 1998) and from human (Figure
unidirectional cascade (Mat al, 1996). These results 1B), arguing thatXiro3 might indeed be the homologue
support the idea that in the developing central nervous of Irx3. In the region 3 to the homeodomainyx3 and
system (CNS), cells go through successive stages ofXiro3, like all members of the family, have stretches rich
specification/commitment, defined by the sequential in acidic residues that could be involved in transactivation.
activation of different sets of transcription factors. In addition, two potential phosphorylation sites for

In contrast, very little is known about the events which mitogen-activated protein kinase (MAPK) (Clark-Lewis
follow neural induction and precede the selection of et al, 1991; Gonzalest al, 1991) and a short region
neuronal precursor cells. Most vertebrate proneural genesclose to the carboxy-terminus are also conserved (Mc Neill
isolated to date are expressed in a punctate manner withinet al,, 1997).
the longitudinal domains of the posterior neural plate. One
exception is the bHLH gen¥ASH3 which is uniformly Xiro3 expression pattern in Xenopus embryos
expressed. HowevelXASH3expression is restricted to We have analyseiro3 expression inXenopusembryos
only a small part of the neural plate. Thus, one would by in situhybridization using the entir&iro3 cDNA clone
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Fig. 1. Sequence oKenopus Xiro3mouselrx3 and related homeobox factoré\)(Alignment of the entire predicted amino acid sequences of

Xenopus Xiro%and mousdrx3 products. The homeodomain is boxed. The strongly acidic regions, the MAPK consensus phosphorylation sites and a
conserved region present in all members of lleguois family are indicated by the first, second and third brackets, respecti@hAlignment of

the Xiro3 and Irx3 homeodomains with the homeodomain of other members ofrtiggiois subfamily. Conserved residues in comparison Wtto3

are indicated by dashes. References for the sequences are as follows: araucan and caupolican (Gomer{SKarh®3@); Mirror (McNeill et al,,

1997). U90304-U90309 are conceptual translations of human partial cDNA sequences.

as probe. Expression &firo3 was found primarily in the ~ embryos with a mixture oKiro3 anden-2probes showed
developing CNS. The first neuroectodermal expression that the intense transverse stripes Xifo3 expression
was detected at gastrula stages in two wide bilaterally overlapped those a#n-2(data not shown) and were thus
symmetrical patches within the presumptive neural plate located at the midbrain—hindbrain junctiotiro3 was not
(Figure 2B and C). During early neurula stagédto3 expressed in the anterior neural plate, from which the
was expressed in two transverse anterior bands and twaforebrain is derived. Double labelling witkiro3 and the
short longitudinal stripes, one on either side of the dorsal neuron-specific N-tubulin gene at stage 14 showed that
midline of the embryo (Figure 2D). As neurulation pro- Xiro3 was expressed in both the superficial and deep
ceeds, these longitudinal stripes of expression spreadlayers of the neuroectoderm, in regions corresponding to
posteriorly in the prospective hindbrain and spinal cord the medial and intermediate stripes of primary neurons
areas (Figure 2E and F). Co-hybridization of late neurula (Figure 2J—L). Within the deep layeKiro3 expression
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Fig. 2. Xiro3 expression during early embryogenesis. (A-l) Embryos at the indicated stages are analyssiudyybridization with probes for

Xiro3 (A-F) and XASH3(G-I). Note thatXiro3 expression within the prospective neural plate is first detected at stage 11 in the form of two wide
symmetrical patches (B) and that lairo3 and XASH3are similarly expressed in the neural plate in the form of two symmetrical longitudinal
stripes and two transverse anterior bands. In addition, expressi¥inodf also occurs in the ectoderm lateral to the anterior neural plate (asterisk).
(J) Doublein situ hybridization ofXiro3 (red) and N-tubulin (purple) in a stage 15 embryo (m, medial; i, intermediate; |, latef3ICioss-sections
of a stage 1Xiro3/N-tubulin-stained embryo showing thAtro3 is expressed in regions corresponding to the medial and intermediate stripes of
N-tubulin and that it is detected in cells located more superficially than those expressing N-tubul@roés-section of a stage 26ro3/N-tubulin-
stained embryo at a more posterior position. Note Kiad3 expression appears in both the superficial and deep layer of the neurect¥i®3ris

also expressed in anterior lateral mesoderm (arrowheadd3)Dpublein situ hybridization ofXSox3(blue) and N-tubulin (purple).N) Cross-section
of the XSox3N-tubulin-stained embryo shown in (M). Note théSox3is expressed lik&iro3 in the posterior neural plate in superficial layers of
the neurectoderm in between the intermediate and medial N-tubulin stripekateral view of the head of a tadpole embryB) (Transverse section
at the level of the otic vesicle. All embryos are shown in a dorsal view, with anterior to the top, except in (J), (M) and (O).

was detected in cells located more superficially than cells Xiro3 expression was restricted to an intermediate position
expressing the N-tubulin gene (Figure 2K). In tadpole along the D-V axis of the neural tube and was localized
stage embryos(iro3 expression was detected in the brain, mainly to the ventricular zone (Figure 2P). By contrast,
extending well anterior to the midbrain—hindbrain junction N-tubulin expression at that stage was only detected in
but excluding the forebrain, and decreasing in the spinal the outermost cell layer of the neural tube containing
cord (Figure 20). In cross-sections in the hindbrain region, differentiated neurons that do not exprs®3 (Bellefroid
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Fig. 3. In situ hybridization ofIrx3 during early mouse embryogenesia. éndA’) Ventral view of an E7.5 embryo and transverse section
respectively, withirx3 expression in the embryonic ectoderm (eme) and extra-embryonic ectoderm B)x€he(ventral view of an E8.0 embryo.
Stronglrx3 expression is seen in the posterior head fold (hf) portion giving rise to the hindbBa)nCfoss-section of an E8.0 embryo at the
prospective hindbrain level exhibiting restricted expression into the hindbrain (HB, hinbrain; FB, forebEigrass-section of an E8.5 embryo
showinglrx3 transcripts concentrated to the ventricular zone of the developing spinal cord (Sgvgripofsolateral view on an E8.5 embyiox3
expression is confined to the midbrain (MB), hindbrain (HB) and the rostral part of the spinal cord@39R)x8 expression in a frontal section at
the hindbrain level is found in the hindbrain (HB) and in cephalic mesodermal cells (d@jnyxB expression in an embryo after neurulation.
Strong expression is detected in the midbrain (MB), hindbrain (HB), spinal cord (SP) and in the first branchial arch@itieAlofresponding
frontal section at the hindbrain level showiirg3 expression in the lateral plate mesoderm (Ipm).

et al, 1996). Thus, both at neurula and tadpole stages, in undifferentiated cells of the neural plate, wheteo3
high levels of Xiro3 expression were observed in un- is also highly expressed.
differentiated neurectodermal cells while lower levels were  In addition to the neural progenitor cells of the posterior
observed in cells that express N-tubulin. nervous systemXiro3 was also expressed outside of the
Compared with the other neural-specific genésp3 CNS. At early gastrula stagesiro3 was expressed around
expression appears to be similar to that of the proneuralthe closing blastopore in two symmetrical dorsolateral
HLH gene XASH3(Zimmermanet al, 1993) and of the = domains (Figure 2A). During early to late gastrula stages,
HMG box-encoding gen&Sox3(Koyano et al, 1997, Xiro3 was no longer expressed in the circumblastoporal
Grainger et al, personal communication). Lik&iro3, mesoderm but was expressed in the anterior involuted
XASH3is also expressed within the neural plate in the lateral plate mesoderm (Figure 2K and L, arrows). During
form of two bilaterally symmetrical longitudinal stripes late neurula stages, in addition to the staining in the neural
that end in anterior transverse bands (Figure 2G—I) and it plate, weak staining was also detected lateral to the anterior
is also expressed in superficial layers of the neurectodermneural plate (Figure 2F). In tadpoles (Figure 2&);03
(data not shown). However, on a side-by-side comparison, expression was detected in the ectodermal layer of the
we have found thaXASH3was expressed later thXiro3. branchial arches, in the otic vesicle and the kidney.
For instance XASH3expression was not detectable until
advanced gastrula stages (stage 11.5-12) wiite3 was Expression pattern of Irx3 in the early mouse
already detected in the corresponding regions by early embryo
gastrulation (stage 11, Figure 2B). We also found that the In the mouse, the earliest embryonig3 expression was
anterior transverse bands firo3 expression extended detected at the end of gastrulation, at E7.5 (Figure 3A).
slightly more anterior than those ofASH3 (data not Saggital sections of embryos at this stage reveaie8!

shown). The posterior longitudinal stripesXifo3 expres- transcripts to be restricted to the ectodermal layer, which
sion overlap with but are broader than thoseX#fSH3 gives rise to the nervous sytem. In addition, intense
(compare Figure 2F with Figure 2[XSox3 like Xiro3, is staining was detected in the extra-embryonic tissue of the

also expressed within the posterior neurectoderm in regionschorionic ectoderm (Figure 3\ At E8.0,Irx3 expression
excluding the lateral-most area that gives rise to the is confined to the thickening neural ectoderm correspond-
Rohon—-Beard cells, and théSox3staining appears to be ing to regions of the future mesencephalon and rhomb-
more superficial than that of N-tubulin (Figure 2M and encephalon (Figure 3B and B From E8.5 onwarddrx3

N). Thus, bothXASH3and XSox3appear to be expressed expression was detected in the prospective midbrain and
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Fig. 4. Neural expansion iiXiro3-injected embryos. The injected side of the embryos is indicated and can be visualized by nuclear LacZ staining.
Anterior is toward the right. Embryos are viewed from the dorsal or dorso-lateral side in (A), (B), (C) and (F) and from the the ventral side in (G)
and (H). @) Stage 30 embryo with increasetSox3expression in the expanded neural tuli®. $tage 15 embryo showing ectopiSox3expression

in the ectoderm.@) Ectopic expression afirp-1 in the lateral ectodermD)) A section through the hindbrain region of a stage 30 embryo labelled

for XSox3expression.E) A section through the hindbrain region of a Hoechst-stained stage 30 embryo showing that the number of cells in the
expanded neural tube is increasde) X-twistis expressed in cranial neural crest on the control side but is absent on the injected side of the
embryos. G) Epidermal keratin is expressed outside the neural plate and is blocked Xirti3einjected area.H) Like epidermal keratinGATA-2

is expressed in the non-neural ectoderm and is absentXifte8 injection. () A section through the hindbrain of a stage 30 embryo showing that

the formation of the somites as revealed by cardiac actin expression is affected on the injected side (n, notochord; s, somite).

hindbrain and in the rostral part of the closing neural tube tissue and dorsal epidermis by injecting a single dorsal
(Figures 3C). Cross-sections at the level of the spinal animal pole blastomere of 4 to 32-cell stage embryos with
cord revealedrx3 transcripts confined to the ventricular 50-250 pg ofXiro3 RNA. Co-injection of LacZ mRNA
zone of the neural tube, which contains uncommited served as a lineage marker in order to identify the injected
progenitor cells (Figure 3C). In cross-sections at the level side. Inthese experiments, overexpressioXinf3 consist-

of the hindbrain,Irx3 expression was detected in the ently produced a bulge of tissue on the dorsal side of the
ventricular zone of the neural tube, excluding the floor €mbryo (51 out of 57 embryos). When th&o3 mRNA
plate and roof plate, and in the cephalic mesenchyme Was directed to the head region, eye and otic vesicle were
(Figure 3C). After closure of the neural tube at E9.5 reduce_d or absent. To test for the neural character of this
(Figure 3D and D), predominantrx3 expression persisted ~ €xtra tissue, we used a probe for enopusHMG box

in the nervous system in the midbrain, hindbrain and transcription factor-encoding geX&ox3 a neural marker

; : ; that is expressed similarly t&iro3 in the posterior neural
spinal cord. Outside of the CNSix3 expression was late (Figure 2M and N)In situ hybridization analysis of

detectable in the lateral plate mesoderm and the ectodermal, =7 } ¢ X !
layer of the branchial arches. Thus, both in the mouse andE(Ul?;g'r\',{lgcstegeeurp;’lW(?:?gvl\j'rtehﬁ%3522}’(‘;%?;?;;?;32?5#eof

in XenopusIrx3/Xiro3 is activated at the earliest steps of v 50 314 e detected as early as the neural plate stage
the development of the CNS and is expressed in neuraly, "o\ iy the dorsal ectoderm, but also in lateral or
progenitor cells. ventral regions of the ectoderm that are not contiguous
with the CNS (100% of the embryos examined; 25

Ectopic expression of Xiro3 in the dorsal ectoderm embryos) (Figure 4B). Similar results were obtained using

of the Xenopus embryo causes an increase in the general neural markewp-1 (100% of the embryos
neural tissue at the expense of adjacent examined; 20 embryos) (Figure 4C) (Kneelial, 1995).
non-neural tissue In those experiments, the ectopic neural tissue was coincid-

To determine the role dXiro3 in neural development, we  ent with the co-injected LacZ RNA in 21 out of 23
examined the phenotype of embryos that were injected embryos examined. Sectioning of these embryos verified
with Xiro3 mRNA. Injection of 0.5-1 ng oKiro3 mRNA the dramatic expansion of the neural tube (Figure 4D).
into one cell of the two-cell staggéenopusembryos results  Hoechst labelling of nuclei in injected embryos further
in a failure to gastrulate normally. To circumvent this demonstrated that the cell number on the injected side of
problem, we directed the expressionXifo3 into neural the expanded neural tube is strongly increased (Figure 4E).
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A similar lateral expansion of the neural tube has been
observed upon ectopic expression XASH3 (Ferreiro
et al, 1994; Turner and Weintraub, 1994) and of a
constitutively active form ofX-Notch-1(Coffmanet al,
1993); these effects have been attributed mainly to conver-
sion of non-neural cells to a neural fate. To test if this
was also true forXiro3-injected embryos, we looked at
the expression of non-neural markers in the injected
embryos. The expression of tiketwistgene, a marker of
cephalic neural crest cells (Hopwoed al., 1989a) was
reduced or absent on the injected side (10 out of 10
embryos tested (Figure 4F). Expression of the epidermal
keratin gene (Jonast al, 1985) and theGATA-2 gene
(Bertwistleet al., 1996), which are both expressed in the
non-neural ectoderm, was also severely blocked in the
injected area of all embryos tested £ 20 for epidermal
keratin and 12 forGATA-J (Figure 4G and H). In
addition, in those cases whekéro3 RNA was directed E
to mesodermal regions, somite formation was severely o
impaired, as revealed by the suppression of cardiac actin ‘

gene expression (Figure 4l). To test if increased cell
proliferation also contributes to the expansion of neural
tissue, we blocked cell division iKiro3-injected embryos

at mid-gastrula stage with a mixture of hydroxyurea B
and aphidicolin (HUA) (Harris and Hartenstein, 1991). N-tubulin
Embryos injected withXiro3 and treated with HUA
developed an expanded neural tube just Kke3-injected i
untreated control embryos. Taken together, these results ”
suggest that overexpressionXifo3 induces extra neural
tissue, at least in part by converting adjacent non-neural
cells to a neural fate.

Suppression of differentiation of the early forming
primary neurons in Xiro3-injected embryos "
The data presented so far demonstrate that overexpressior
of Xiro3 in Xenopusembryos induced ectopic neural
tissue, as revealed by the ectopic expression of the neural’ .
markers XSox3 and nrp-1. In Xenopus a number of
neuroectodermal cells exit the cell cycle at the neural |
plate stage to differentiate as primary neurons (Hartenstein, |
1989). To determine the effect ofiro3 overexpression
on the process of primary neuronal differentiation, we
examined the expression of the neuronal-specific N-tubulin Fig. 5. Xiro3 blocks the differentiation of the primary neurons and
gene (Chitniset al, 1995). In Xiro3-injected embryos, sgfr’sa‘:ldssidtg‘;fé‘gi;fissi&”)’ﬁgg:;G‘La’)"?r?’(o: fgzxijeg‘fdefrfg?;gsare
N-tubulin was suppressed \_N'th'n the neural plate (25 out viewed with the anterior end toward the right. The injeéted side of the
of 25 embryos tested) (Figure 5A). In 40% of these embryosis marked by blue staining for nuclear LacZ expression.
embryos, we observed a displacement of one or more of (A) Stage 15 embryo injected wikiro3 mRNA. Note that the lateral
the stripes of N-tubulin expression at the border of the stripe of N-tubulin expression is suppressed on the injected side.
Xiro3/lacZinjected area (Figure 5B and C). None of the &B{ Stage 15 embryo injected wiiro3 mRNA showing disorganized

L . -tubulin expression at the border of the injected ar€xStage 15
embryos that were injected outside the neural plate had embryo injected witkXiro3 mRNA showing that the lateral and
ectopic N-tubulin expression (19 embryos tested). Similar intermediate stripes of N-tubulin expression are moved to a more ventral
results were obtained with th€-MyT1 zinc finger gene  position. D) Stage 14 embryo injected wiiro3 mRNA. Expression of
which is expressed earlier in differentiating primary X-MyT1is blocked on the injected side of the embryB) Section

. . through the hindbrain region of a stage 30 embryo labelled for N-tubulin
neurons (Bellefroicet al, 1996) (Figure 5D). . expression.K) Cross-section through a stage 30 embryo injected with
In contrast, at tadpole stages, when the injected3 Xiro3in the lateral ectoderm. Note théiro3 induces extra tissue in the

MRNA was most probably degraded, we found that the lateral epidermis of the embryo that is partially N-tubulin positive.
expanded neural tube was positive for the N-tubulin (G) Stage 14 embryo injected wikiro3 showing ectopic expression of
marker (Figure 5E). However, the level of N-tubulin X-Delta-1over the injected areat) Stage 14 embryos injected with a

. . . o combination ofXiro3 and a dominant-negative form ¥fDelta-1,
expression was h'gh?r in the portion of the_ neural tube X-Delta-Fthat block lateral inhibition. No rescue of the blocking of
that was weakly stained for X-gal. In addition, when N-tubulin expression is observedl) Control embryos injected with
the injectedXiro3 mRNA was directed into the lateral  X-Delta-F"alone showing an increase of density of N-tubulin-positive
ectoderm, 68 out of 84 embryos examined at the tadpole cells within the stripes.J) Stage 16 embryos injected witiro3. The
stage showed bulges in the non-neural ectoderm, 70% 0fexpressnon 0KASHSis slightly expanded on the injected side.
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them being N-tubulin positive. As in the expanded neural control Xiro3 inj Embryo
tube, the N-tubulin staining was localized mainly within :
the area that stained less intensely with X-gal and therefore
most probably contains less of the injectéiio3 mRNA XSox3
(Figure 5F).
The inhibition of neuronal differentiation we observed
in Xiro3-injected embryos might be due to increased
lateral inhibition (Chitnis and Kintner, 1996). Therefore, nrp-1
we looked at the effect oKiro3 on the expression of
X-Delta-1 We found that 63% of theXiro3-injected
embryos show ectopiX-Delta-1 expression rf = 19)
(Figure 5G). However, co-injection of an antimorphic
version of X-Delta-1 called X-Delta-E", which blocks etr-1
lateral inhibition, did not result in the rescue of the
inhibition of N-tubulin expressionn(= 68) (Figure 5H).
In this experiment, control embryos injected wKkDelta-
15alone showed an increased in the density of N-tubulin- Otx2
expressing cells as previously reported (Chiteisal,
1995) (Figure 51). These results suggest Xiad3 prevents
the formation of primary neurons and that this inhibition
is not the consequence ofDelta-1 activation of lateral
inhibition. N-tubulin
The fact that the effects ofiro3 on N-tubulin expression
were different at early neurula and tadpole stages sugges!
that the neural tissue induced byro3 was competent to
undergo neuronal differentiation but that high levels of
Xiro3 expression might be incompatible with neuronal
differentiation. To test this idea, we looked at the effect
of increased neuronal differentiation &liro3 expression.
We injected embryos with thX-ngnr-1 neuronal deter-
mination gene and asked if it alters the normal expression MyoD \
pattern ofXiro3. As shown in Figure 7A and B, embryos
that were injected withX-ngnr-1 showed strong and
widespread ectopic N-tubulin expression, as previously
described (Maet al, 1996). In contrastXiro3 expression
was blocked on the injected side of those injected embryos
(24/24 embryos examined). Together, these results sugges
that a high level ofXiro3 expression promotes an early o o _
neural state but that this induced neural tissue is competentid- 6. Xiro3 induces early neural genes in animal cagiso3 mRNA

. e was injected in both cells of two-cell stage embryos and animal caps
to undergo further neuronal diffentiation onIy when a were dissected at stages 9-10. Explants were cultured to stage 16 and

XIF3

c.actin

blo®] ¥ [oo] "8 o8]2

lower Xiro3 concentration is achieved. then analysed by whole-mouitt situ hybridization. For cardiac actin
expression, explants were cultured to tadpole stage. NoteXtrag

Xiro3 participates in the control of XASH3 injection induces the expression of all neural, but not neuronal markers

expression tested.

As neuronal differentiation is under the control of pro-

neural genes and since iDrosophila Iroquois genes additional factors cooperate wiKiro3 to induce proneural
participate in the positive regulation of AS-C genes, we gene expression.

asked if overexpression ofiro3 affects proneural gene

expressionXASH3is a putative proneural gene whose Direct activation of early neural gene expression
expression overlaps with, but appears later than that of by Xiro3 in animal caps

Xiro3 (see above). Thus, we tested whetizo3increases  We have shown thaiiro3 overexpression causes an
expression ofXASH3 We found that overexpression of expansion of the neural tube which is at least partly due
Xiro3 outside the areas wher&XASH3 is normally to conversion of epidermal tissue into a neural fate (see
expressed did not result in ectopic expressiorKaiSH3 above). To test this further, we askedXiiro3 can induce

(n = 78). However, whenXiro3 was directed into the  neural tissue in isolated animal caps which, in the absence
neural plate, whereXASH3is normally expressed, we of additional inducing signals, adopt an epidermal fate.
observed that in 21 out of 35 embryos the domain of Animal caps were isolated from blastula stage embryos
XASH3 expression was slightly expanded (Figure 5J). that had been injected bilaterally witkiro3-encoding
These results suggest thto3 is involved in the positive RNA, cultured to the equivalent of stage 16, and then
regulation of at least some of the proneural genes. Theassayed for the expression of different marker genes by
fact that we observed no ectopic expressionX@fSH3 whole-mounin situ hybridization (Figure 6). As expected,
and in some embryos, only a moderate expansion of no neural markers were expressed in uninjected animal
XASH3expression in the neural plate might indicate that caps. Injection ofXiro3 mRNA was sulfficient to induce
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Fig. 7. Regulation ofXiro3 expression.4) N-tubulin expression is
strongly induced in embryos injected unilaterally wihngnr-1

mRNA. (B) Xiro3 expression, in contrast to N-tubulin, is blocked by
overexpression oK-ngnr-1 (C) Xiro3 expression (purple) in a Keller
explant is detected in the form of a stripe overlapping with that of
engrailed (blue). A second band of expression (asterisk) is also
detected in the cephalic mesendoderB) Xiro3 is not expressed in
noggin-injected animal capsE) Otx2 expression is induced in
noggin-injected animal capsk) Xiro3 expression in animal caps
treated with bFGF.G) Xiro3 is induced in the form of a transverse
band in elongated animal caps injected with noggin and treated with
bFGF. H) Xiro3 is not induced in noggin-injected animal caps treated
with RA. (I) Otx2 expression is down-regulated in noggin-injected
animal caps treated with RAJ) Xiro3 expression in a stage 15
embryo injected at the two-cell stage in each blastomere with the
dominant-negative form of the FGF receptor.

the expression of general neural markers sucXasx3
nrp-1 and etr-1. Xiro3 also induced expression @tx2
which is co-expressed witKiro3 in the area outside the

Neural specification by the Xenopus Xiro3 gene

These results support the idea tXab3 can induce neural
tissue in the absence of neural-inducing signals, as opposed
to simply enhancing the proliferation of neural tissue.

To test if Xiro3 induced the same type of neural tissue
in animal caps as it does in the embryo, we examined the
expression of N-tubulin. Consistent with the results in the
embryo, N-tubulin was not induced bXiro3. Another
neuronal marketXIF3 (Sharpeet al, 1989), was also not
induced. To determine if the induction of neural tissue by
Xiro3 was a secondary consequence of induction by
mesodermal tissueXiro3 mRNA-injected animal caps
were also analysed for the expression of mesodermal
markers. No MyoD and cardiac actin expression was
detected. These data indicate that ectofifo3 expression
is sufficient to convert animal cap explants directly to an
early neural state, characterized by the presence of early
neural markers and the absence of neuronal differenti-
ation markers.

Xiro3 expression is induced by a combination of

noggin and bFGF

To characterize the inductive signals that initiatgo3
expression, we first examineXiro3 expression in Keller
sandwich explants, i.e. in the absence of vertical meso-
derm—ectoderm interactions (Keller and Danilchick, 1988).
In these explants (5/5Xiro3 was expressed in an intense
stripe that overlaps with that eh-2but extends anteriorly,
suggesting that it corresponds to the anterior transverse
band ofXiro3 expression in whole embryos (Figure 7C).
Weaker expression was also observed in more posterior
neuroectodermal regions that may correspond to expres-
sion in the hindbrain and spinal cord. As in whole embryos,
expression ofXiro3 was also detected in the cephalic
mesendoderm that has migrated away from the neuroecto-
derm (Doniachet al, 1992). These results suggested that
signals originating from the dorsal mesoderm ind{ge3
expression and that planar signalling is sufficient to direct
correct A—P patterning of its expression.

To examine further the idea thatiro3 is induced by
signals from the organizer, we first tested Xiro3 is
induced by known neural inducers. We observed that
noggin was not able to inducéro3 expression in animal
caps aged to late neurula or tailbud stages (Figure 7D).
SinceXiro3 is only expressed in the posterior neural plate
and noggin only induces anterior neural markers, we
reasoned thatiro3 activation may require a posteriorizing
factor. We therefore tested if FGF or RA, two factors
which are thought to lead to posteriorization, can induce
Xiro3 expression in noggin-treated caps. In these experi-
ments,Xiro3 expression was induced by bFGF, in a stripe
near the middle of the elongated tissue (Figure 7G). Weak
staining was also observed at one end of the elongated
structure. NoXiro3 expression was detected in animal
caps treated with bFGF alone (Figure 7F). In contrast to
FGF, RA was not efficient in induciniiro3 expression
in noggin animal caps (Figure 7H) although it was very
efficient in suppressin@tx2expression (Figure 7E and I).

In elongated caps seen after combined noggitFGF

lateral-anterior neural plate (see Figure 6). Induction treatment, no muscle actin expression was detected, sug-
of the above neural markers was also observed whengesting thaXiro3 induction was not a secondary induction
development of the injected caps was stopped at thedue to mesoderm induction by bFGF (data not shown).
equivalent of early neurula stage (stage 13) and was foundTo determine ifXiro3 inductive signals require FGF in

to persist, although at a lower level, after 2 days in culture. the whole embryo, a dominant-negative FGF receptor
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(XFD) was overexpressed. These embryos failed to com-

plete gastrulation due to disruption of mesoderm formation
as previously described (Amayet al, 1991). Whole-
mountin situ analysis of the injected embryos shows that
XFD did not block the transverse stripeXifo3 expression
in the midbrain—hindbrain area. This is consistent with

putative posterioring signal. TheXiro3 expression
observed in such explants is reminiscent of that in whole
embryos and is consistent with the observation that noggin
and bFGF generate the anterior—posterior neural pattern
in animal caps (Lamiket al, 1995). Cox and Hemmati-
Brivanlou (1995) have shown that an interaction between

previous reports that used other markers for this area ofanterior and posterior neural tissue generates tissue of

the CNS in XFD-injected embryos (Kroll and Amaya,
1996; Godsave and Durston, 1997). XFD injection also
did not block the more posteridiro3 expression, although
some embryos showed reduced posteXion3 expression

intermediate positional values. Therefore, it is possible
that theXiro3 stripe in the middle of the explant is induced

by a secondary interaction of anterior with posterior
neural tissue.

on one side (Figure 7J). These observations suggest Molecules other than bFGF, namely RA and Wnt-3A,
that the Xiro3-inducing signals can be mimicked by a have also been reported to have posteriorizing activity. It
combination of noggin and FGF, although endogenous is not clear how the activities of these molecules differ
FGF may not be directly involved iXiro3 activation. from each other and how signalling from these diverse
pathways is integrated to produce the posterior nervous
system. Here we report one difference between two
putative posteriorizing signals by showing théiro3 is
induced by FGF in noggin-neuralized animal caps but is
not induced by RA. We have shown previously that RA
co-operates wittASH3to induce neurogenesis in noggin-
neuralized animal caps (Papalopulu and Kintner, 1996a).

Discussion

Xiro3 is expressed uniformly by neural precursors
of the posterior CNS
We have shown thaXiro3 is expressed uniformly in a
restricted medio-lateral portion of the neural plate that is
coincident withXSox3expression, and thairo3 expres- In these experimentXASH3was introduced in the animal
sion overlaps but is wider than that ofASH3 Unlike caps by mRNA injection; therefore, we assume that RA
XSox3 Xiro3 is not expressed in the anterior neural plate was not able to induc¥ASH3 Since RA was also unable
and later on in the forebrain, suggesting that the neural to induce Xiro3 in noggin-neuralized animal caps (this
programme in the forebrain is distinct from that in the work), we propose that posterior neuronal differentiation
posterior CNS (see Papalopulu and Kintner, 1996a). The requires RA as well as additional signals that promote the
expression oKiro3 differs from the other known proneural  expression of proneural genes. Our findings suggest that
genes in that it is uniform rather than punctate. This one of these signals could be bFGF or a related molecule.
punctate pattern of gene expression which precedes the Endogenous FGF is expressed in the posterior of the
punctate pattern of neuronal differentiation is thought to embryo and is therefore in the right place and time to be
be generated by the Notch—Delta-mediated inhibitory cell inducing Xiro3. However, the role of endogenous FGF in
interactions that limit proneural gene expression to a few the induction ofXiro3 is not clear since blocking FGF
cells within each longitudinal domain of primary neurons signalling in the whole embryo with a dominant-negative
(Chitniset al, 1995; Chitnis and Kintner, 1996; Mz al,, FGF receptor (XFD) does not abolistiro3 expression.
1996). We speculate, therefore, that lateral inhibition may We note, however, that some XFD-injected embryos
not play a central role in regulatingiro3 expression. expressXiro3 at a reduced level in posterior regions. One
We have found thaXiro3 is expressed in both the deep possibility is that endogenous FGF may be involved in
and superficial cell layers of the neural plate which give Xiro3 activation but there are inputs by other signalling
rise to the primary and secondary neuronal precursors,pathways that allow someiro3 expression in the absence
respectively (Hartenstein, 1989). Within the deep layer, of FGF signalling. In any case, it seems likely thé&to3
cells that express N-tubulin do not appear to expkags3 is regulated at multiple levels. We note, for example, that
or express it at low levels. Similarly, later oXjro3 is the Xiro3 protein contains MAPK phosphorylation sites,
expressed mainly in progenitor cells of the ventricular suggesting that not only the expression but also the activity
zone whereas N-tubulin is expressed in differentiated cells of the Xiro3 protein could be regulated by bFGF or a
located in the external-most layer of the neural tube. This related tyrosine kinase.
early uniform expression ofiro3 in pluripotent precursors Finally, although the nature of the endogeno(isn3-
of both primary and secondary neurons and glia suggestsinducing signals remains unclear, we have shown that
that it is an earlier acting gene than all proneural genes they can act within the plane of the ectoderm. Thus, planar

identified in vertebrates, includingashl neurogenin and

signals that act over an extended range, either by diffusion

NeuroD These are expressed later in descendant cells andbr a relay mechanism, are sufficient to induce a range of

regulate subsequent steps of neurogenesis (Guillenabt
1993; Leeet al, 1995; Maet al., 1996).

Xiro3 expression is induced by noggin plus bFGF
but not RA

genes that mark position along the A—P axis (Doniach
et al, 1992; Papalopulu and Kintner, 1993; Blitz and
Cho, 1995), neural specification (this work) and neuronal
differentiation (Sateet al, 1993).

Xiro3 expression starts at gastrula stage in the prospectiveXiro3 induces neural tissue de novo

posterior CNS at around the midbrain—hindbrain region

When ectopically expressed in embry®sro3 leads to a

and then spreads posteriorly. This restricted expressiondramatic enlargement of the neural tube. This enlargement

suggests thatxXiro3 is activated by organizer signals
associated with the formation of the posterior CNS. We
have found thakiro3 is induced by noggin and bFGF, a
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appears to be due at least in part to conversion of
surrounding non-neural tissue to a neural fate. Several
findings support the idea thatiro3 can induce neural
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tissue de novo First, blocking cell division in mid- differentiate do not express high levelstfo3. According
gastrulation does not eliminate the enlarged neural tubeto this model, high levels aKiro3 expression are incom-
phenotype. Second, when the RNA is directed to lateral patible with neuronal differentiation; the neural pro-
and ventral regions of the embryo, neural tissue forms gramme is initiated byiro3 but Xiro3 expression and/or
non-contiguously with the host neural plate. Third, neural activity must be down-regulated in order for the neural
crest and epidermal markers are suppressed over thaprogramme to be completed. It is not clear how cells turn
affected area and, finallyiro3 can induce neural tissue off Xiro3 expression in order to differentiate. Our results

in isolated animal caps. suggest that cells that express high levelXafgnrlturn
off Xiro3, soX-ngnrlcould be involved directly in down-
Xiro3 expression prevents the differentiation of regulatingXiro3 expression.

the early forming primary neurons
In contrast to the ectopic expression X$ox3and other Does Xiro3 induce proneural gene expression?
early neural markers, neuronal differentiation markers One of the functions of theéDrosophila genes of the
such as N-tubulin are not induced within the epidermis of Iroquoiscomplex is to activate proneural gene expression.
neurula embryos in response ¥iro3 overexpression.  Does theXenopus Xiro3yene perform a similar function?
Furthermore, we have shown that the expression of We have shown thaXiro3 expression precedes and over-
N-tubulin is down-regulated whexiro3 mRNA is injected laps extensively with that oXASH3 and that Xiro3
into cells located inside the neural plate. These results injections into the embryo result in moderate up-regulation
differ from findings obtained with the bHLH genes that of XASH3 Additionally, Xiro3 overexpression gives
have proneural activities. OverexpressionNguroD or embryos with an expanded neural tube, a phenotype also
XATH3induces the ectopic expression of both early neural observed afterXASH3 overexpression (Fereirret al,
specification markers and neuronal differentiation markers 1994; Turneret al, 1994). These results suggest that
(Leeet al,, 1995; Maet al, 1996). Another bHLH gene,  Xiro3 may act upstream ofASH3 However, the observ-
XATHZ, can only induce ectopic expression of neuronal ations thalKASH3expression is only moderately expanded
differentiation markers (Kimet al., 1997). Thus,Xiro3 within the neural plate oKiro3-injected embryos and that
appears to be uniqgue compared with the knotemopus itis notinduced inXiro3-injected animal caps (unpublished
proneural genes, in that it induces only some early observations) suggest that factors addition&ito3 might
neural fate. be required to fully activat&XASH3expression, perhaps
Why do high levels oKiro3 induce an early neural state  on a co-operative basis.
and prevent the completion of neuronal differentiation? We  Additional but indirect evidence thaXiro3 regulates
have shown that a high level &firo3 expression blocks  positively the expression and/or function of other proneural
the expression of neuronal regulatory factors such asbHLH genes is provided by several observations. First,
X-MyT1l We have also observed that overexpression of overexpression d@ASH4andXATH3in Xenopugmbryos
Xiro3 induces ectopicX-Delta-1 expression, suggesting produces a neural tube enlargement similar to that pro-
the lack and/or suppression of neuronal differentiation duced byXiro3 (Henriqueet al, 1997; Takebayastat al.,
might be due to XPelta-1 activation of lateral inhibition 1997). The same phenotype has been also observed after

(Chitnis et al,, 1995). However, co-injection ok-Delta- overexpression of an activated from of tbeNotch-1
13U an antimorphic form ofX-Delta-1 showed that this  receptor (Coffmaret al, 1993) which may be due to a
is not the case. proneural function of XNotch-1early in development, as

One interpretation of the lack of neuronal differentiation has been described recentlybmosophila(Baker and Yu,
in Xiro3-expressing tissue is that additional factors are 1997). Second, proneural genes have been shown to induce
needed. These missing factors may be indepedexiro8 the expression oK-Delta-1(Ma et al, 1996). Therefore,
and act in parrallel with it. Alternatively, they may be the ectopic expression oK-Delta-1 in Xiro3-injected
linearly downstream oKiro3 but their expression and/or embryos is compatible with the idea th4iro3 induces
activity may be prevented by the elevated expression of proneural gene expression which subsequently induces the
Xiro3. A number of observations favour this second expression oK-Delta-1 Itremains to be seen more directly
possibility. First, the effects oXiro3 on N-tubulin expres-  whetherXiro3 activates the expression of proneural genes
sion were stage dependent such that N-tubulin expressionsuch asX-ngnr-1(Ma et al,, 1996), XATH3 (Takebayashi
was detected in later stage embryos. Since the levels ofet al, 1997) or the homologue of the chicken ge&wSH4
the injected RNA and resulting protein decline during (Henriqueet al, 1997), which has not been isolated from
development, we speculate that the differentiation pro- Xenopusyet. The Xenopushomologue of the HMG
gramme is initiated byXiro3 but is not completed until  transcription factorXSox3is also one of the putative
the levels ofXiro3 decline. Second, there is an inverse targets ofXiro3 since it is expressed in a very similar
correlation betweerKiro3 expression on one hand and pattern in the posterior neural plate and it is induced by
N-tubulin on the other. Embryos with increasédro3 Xiro3 overexpression. AlthougiSox3has been hypothe-
expression do not express N-tubulin, and inversely, sized to have a role in neural competence (Rexal,
embryos with increased, ectopic and premature N-tubulin 1997), functional studies iXenopusor mice are needed
expression (caused hy-ngnr-1 overexpression) do not to establish its role in neural development. We assume
expresXiro3. Finally, we have shown that in the embryo, that additional proneural genes exist that could be targets
neural precursors express high levels ¥fo3 while of Xiro3 and that these will be found in the future.
differentiated neurons do not expresso3 or express it In conclusion, we have shown thAiro3 is expressed
at lower levels. Thus, cells that express high levels of in undifferentiated neural precursor cells in the posterior
Xiro3 appear not to differentiate and, inversely, cells that CNS before neural differentiation begins and that it can
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induce an early neural fate. Furthermore, its expression isin 20 mM hydroxyurea and 150M aphidicolin as previously described

induced by a combination of noggin, a neural-inducing

signal, and bFGF, a posteriorizing signal. We therefore

suggest thakiro3 is one of the earliest genes acting in

the genetic cascade that leads to neurogenesis; we suggest

thatXiro3 is downstream of neural induction but upstream
of neuronal differentiation and that it functions in specify-
ing neural precursors.

Materials and methods
Isolation of Xiro3 cDNA

(Harris and Hartenstein, 1991).
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