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Summary

In Xenopus neuroectoderm, posterior cells start anterior and proliferative fate, and is repressed by the
differentiating at the end of gastrulation, while anterior  differentiation-promoting activity of neurogenin and
cells display an extended proliferative period and undergo retinoic acid. Xrx1 is required for anterior neural
neurogenesis only at tailbud stage. Recent studies have plate proliferation and, when overexpressed, induces
identified several important components of the molecular proliferation, inhibits X-ngnr-1, X-Delta-1 and N-tubulin
pathways controlling posterior neurogenesis, but little is and counteracts X-ngnr-1- and retinoic acid-mediated
known about those controlling the timing and positioning  differentiation. We find that Xrx1 does not act by increasing
of anterior neurogenesis. We investigate the role ofrx1, lateral inhibition but by inducing the antineurogenic
a homeobox gene required for eye and anterior brain transcriptional repressors Xhairy2 and Zic2, and by
development, in the control of proliferation and repressing p27Xicl The effects ofXrx1 on proliferation,
neurogenesis of the anterior neural plateXrx1 is expressed neurogenesis and gene expression are restricted to the most
in the entire proliferative region of the anterior neural plate  rostral region of the embryo, implicating this gene as an
delimited by cells expressing the neuronal determination anterior regulator of neurogenesis.

geneX-ngnr-1, the neurogenic gen&-Delta-1, and the cell

cycle inhibitor p27Xicl Positive and negative signals

position Xrx1 expression to this region.Xrx1 is activated  Key words:Xrx1, Xhairy2, Zic2, p27Xicl, XBF-1, Xenopus laevis

by chordin and Hedgehog gene signaling, which induce Proliferation, Neurogenesis, Retinoic acid

Introduction performed in the amphibiaXenopus laevibecause of the

Genetic studies irDrosophila have been instrumental in experime_ntal acc_:e.f,sibilit_y of its embryos and.the sm_all n_umber
identifying molecular pathways involved in the control of of early differentiating primary neurons. In this species, it was,
neurogenesis. This process is initially regulated by position&hown that the dorsal mesodermal region called Spemann’s
information provided by prepatterning genes that control th@rganizer (Spemann, 1938) neuralizes the dorsal ectoderm by
site-specific expression of proneural genes (Gomez-Skarmet§creting noggin, chordin and follistatin which antagonize
et al., 1996). The role of proneural genes, which code fdBMP4, an epidermalizing signal (Sasai and De Robertis,
transcription factors of the basic helix-loop-helix (bHLH) 1997). Following neural induction, the spatial distribution of
class, is to define clusters of cells competent to originatgeuronal precursors within the posterior neural plate is
neuronal precursors (Chitnis, 1999). Within each cluster, gontrolled by prepattern genes of the Xiro, Gli and Zic families.
single cell is selected to become a neuroblast by the expressith particular, ~ Zicrl, Xzic3 and Gli proteins induce
of neurogenic genes. This is accomplished by lateral inhibitiorileurogenesis, while Zic2, Xirol, Xiro2 and Xiro3, acting as
a process mediated by the membrane-bound ligand Delta aggti-neurogenic transcription factors, restrict the expression
the Notch receptor. One cell in the cluster becomes committgtpmains of proneural genes (Nakata et al., 1997; Mizuseki et
to a neuronal fate by expressing higher levels of Delta, whichl., 1998; Brewster et al., 1998; de la Calle-Mustienes et al.,
in turn activates the Notch receptor in adjacent cells, forcing002). Regulators of these transcription factors include the
them to remain uncommitted. The search for vertebrateledgehog genes, which promote proliferation by repressing
homologues of proneural and neurogenic genes has led to t6d3 and activating Zic2, and retinoic acid (RA), a
discovery that key regulators of neurogenesis are evolutionaposteriorizing morphogen that induces neuronal differentiation
conserved (Chitnis, 1999). In particular, many studies oiby inhibiting the expression of Hedgehog genes (Franco et al.,
vertebrate neural induction and neurogenesis have bed899). As early as the end of gastrulation, the first sites of
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neurogenesis within the neural plate are marked by th&mbryo microinjections, animal cap assay,

expression oX-ngnr-1 which encodes an atonal type bHLH immunostaining, and BrdU incorporation

protein, followed by the activation &-Delta-1and finally of  Capped synthetic RNAs encoding ¥nx1 (20-100 pg)X-chh(1 ng),
N-tubulin a marker of differentiated neurons. The expressioiX-shh(1 ng) (Ekker et al., 1995%-ngnr-1(40 pg) (Ma et al., 1996),
of these genes is restricted to three longitudinal rows on eith&RALDH2 (1.5 ng) (Chen et al., 2001)otch-ICD (30 pg-1.8 ng)
side of the dorsal midline, where individual cells are selecteff-hitnis et al., 1995)X-Delta-F (500 pg) (Chitnis et al., 1995),

for differentiation through the action of Delta/Notch (Chitnis, XBF-1 (150 pg) (Bourgouignon et al., 1998) aMtairy2 (125 pg)
1999). (Davis et al., 2001) were generated by in vitro transcription and co-

. . injected withlacZ RNA(100-500 pg) into one blastomere at the two-
Although the molecular mechanisms underlying the contr(_)fe” stage or into a dorsal blastomere at the four-cell stage. The

of neurogenesis in the posterior nervous system are beginnigimal concentration of each batch of RNA was identified through
to be unraveled, less is known about factors controllingmjection of various doses followed by analysis of either the phenotype
neuronal differentiation in the anterior neural plate. Lineager the expression of specific markers. For animal cap experiments,
tracing and pulse-labeling experiments (Hartenstein, 198%apped synthetichordin (150 pg per blastomere) (Sasai et al., 1995),
Eagleson et al.,, 1995), as well as analysis of neuronal-ngnr-1(40 pg per blastomere) anttx1 (360 pg per blastomere)
differentiation markers (Hartenstein, 1993; Papalopulu an&NAs were injected into both blastomeres at the two-cell stage and
Kintner, 1996), have shown that anterior neural plate cell3nimal caps dissected at stage 9. When sibling control embryos
undergo neuronal differentiation significantly later than celldéached stage 16 or 17, animal caps were fixed and stored in ethanol
of the posterior neural plate. An as yet unanswered question’ —20°C. For retinoic acid treatment, injected animal caps were

; . incubated in 2108 M RA in 0.5xMMR where they were cultured
what are the factors controlling this phenomenon and how th%til stage 16. For the experiments shown in Fig. 2I-L, Fig. 3E, Fig.

are related to regulators of posterior vertebrate neurogenesip ;. the total amount of RNA injected, either in the experimental or
So far, only a small group of transcription factors expressed if the respective control samples, is the same. This was achieved by
the anterior neural plate, includingBF-1, Xanf-1 Xsix3and  adjusting the amount ¢&cZ RNA in the control samples. Thax1
Xoptx2 have been shown to play a role in delaying neuronantisense morpholino used was:TEAGGGAAGGGCTGTGCA-
differentiation and/or promoting proliferation (Bourgouignon GGTGCAT-3 (Gene Tools LLC). A standard morpholino oligo (Gene

et al., 1998; Ermakova et al., 1999; Zuber et al., 1999; Bernidpols LLC) was injected as control. Immunostaining with anti-
et al., 2000; Hardcastle and Papalopulu, 2000). Howevephosphorylated H3 antibody was performed as described by Saka and

because the spatiotemporal expression of these genes doesTiBN (Saka and Smith, 2001). BrdU incorporation was performed
coincide with the entire proliferative region of the anterioressentlally as described by Hardcastle and Papalopulu (Hardcastle and

neural plate, additional genes are likely to be involved. In thigapalopulu, 2000).

work, we propose thafrx1l, a homeobox gene required for eye
and anterior brain development, is one such factor. We rep esults
thatXrx1is expressed in the entire proliferative anterior neura o o )
p|ate surrounded by cells expressmgnr-l X-Delta-1and Factors Iocallzmg Xrx1 expression in the anterior
p27Xic], a cell cycle inhibitorXrx1 microinjection inhibitsx- ~ heural plate
ngnr-1, X-Delta-1 and N-tubulin expression, and counteracts Xrx1 is a homeobox gene initially expressed in the anterior
RA- andX-ngnr-Imediated differentiation, while at the same neural plate in territories fated to give rise to the retina,
time activating proliferation. These effects are independent afiencephalon and part of the telencephalon. Its overexpression
Notch signaling and are restricted to the most rostral region d@fiduces overgrowing of the neural retina, pigmented
the embryoXrx1 exerts its function by activatinghairy2and  epithelium and anterior neural tube, while inhibition of its
Zic2, the expression of which in the anterior neural platdunction leads to a strong reduction or absence of the eye and
overlaps with that ofXrx1, and by repressing27Xicl  anterior brain (Casarosa et al.,, 1997; Mathers et al., 1997;
Accordingly, loss-of-function experiments show thaklis  Andreazzoli et al., 1999). As cells of the anterior neural plate
required for the normal proliferation of the anterior neuralare characterized by prolonged proliferation and delayed
plate. These data indicate thétx1 possesses the appropriate neuronal differentiation, we decided to analyze wheXrgd
activities and spatiotemporal expression pattern to be one ©f involved in the control of these activities. To better define
the factors responsible for the maintenance of anterior neurondtx1 expression in the context of early neurogenesis, we
precursors in a proliferative state. compared the expression domainXak1 with that of early
neuronal differentiation markers. Double in situ hybridization
: experiments showed that at early neudial is expressed in
Materials and methods a territory that is precisely circumscribed by the expression of
Embryo manipulations and whole-mount in situ the neurogenic genX-Delta-1 and abuts on the anterior
hybridization expression domains of the neuronal determination géne
Xenopus embryos were generated and staged as describaggnr-1 (Fig. 1A,B). Histological sections showed that within

(Nieuwkoop and Faber, 1967; Newport and Kirschner, 1982). Wholehjs areaxrx1 is expressed exclusively in the deep sensorial

mount in situ hybridization on embryos and animal caps wa ;
performed essentially as described by Harland (Harland, 19913?yer of the neuroectoderm where both primary and secondary

Histological examination was performed according to Casarosa et Jjeurons will form (Hartenstein, 1989) (.F'g' 1.C): Reg_lons
(Casarosa et al., 1997). For HUA treatment, stage 10 devitellinisdgarked t_)yX-I_DeIta-land X-ngnr_—l expression comcu_ﬂe with
embryos were added to a 20 mM hydroxyurea, I80aphidicolin prospective sites qf _neuronal .dlfferent|at|on. In particular, the
in 0.1x MMR solution, as described by Hardcastle and PapalopuldnOst anterior semicircular stripes X¥fDelta-1and X-ngnr-1
(Hardcastle and Papalopulu, 2000), and kept in this solution untforrespond to the presumptive olfactory placodes, part of the
fixation. telencephalon and laterally to the epiphysis, while the more
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1F). These data indicate thé&ix1 expression is not compatible
with neuronal differentiation and that the anterior expression
of proneural genes lik&-ngnr-1defines the perimeter of the
Xrx1 expression domain.

Xrx1 inhibits neuronal differentiation
The coincidence oXrx1 expression with the proliferating area
of the anterior neural plate, where neuronal markers are not
expressed, led us to think thétx1 might be part of the system
preventing precocious neurogenesis in this area. To test
this hypothesis, we analyzed the expression of neuronal
differentiation markers iiXrx1-injected embryos during early
neurulation. We observed thxt-ngnr-1 X-Delta-1 and N-
tubulin are all repressed in the anterior region Xx1
overexpressionX{-ngnr-1 91%,n=58; X-Delta-1, 90%,n=31,;
N-tubulin 97%,n=92; Fig. 2A-D), while the repressive effects
are weak in the posterior expression domains of these markers
(Fig. 2A-C,E).Sox2 a general neural marker, was not affected
at this stage (094=90; Fig. 2F), indicating thaXrx1 acts on
neuronal differentiation but not on neural induction. As a
N-tub positive control Xrx1 ectopically activateXBF-1in the lateral
border of the neural plate (58¥%24; Fig. 2G), as previously
Fig. 1. Xrx1 expression in the proliferative region of the anterior described (Andreazzoli et al., 1999Xrx1 effects on

1 Xrxt

| X-ngnr inj

neural plate is controlled by Hedgehog aedirogenirsignaling. neurogenesis are distinct from those observed UfBR-1
(A,B) Expression oKrx1 (light blue) in relation to the expression of ~overexpression (Bourguignon et al., 1998). In fact, injection of
(A) X-Delta-1(purple) and (BX-ngnr-1(purple) in stage 13 XBF-1 at doses that cause suppression of endogeNeus

embryos; frontodorsal views. (C) Sagittal section of a stage 13
embryo showing{rx1 expression in the deep sensorial layer of the

e . boundary of the injected area in the posterior neural plate
neuroectoderm. (D,E) Stage 14 embryos injected Mithh(D) and AP
X-shh(E) showing ectopic expressionXifx1 (blue); frontal views, (94%,n=36; Fig. 2H). In a complementary approach, we tested

dorsal towards the top. (F,G) Embryos injected Withgnr-1 if Xrx1 has the ability to _inhibit_ect_opic neurogenesis induced
displaying repression ofrx1 (blue, F, stage 13) and ectopic by X-ngnr-1overexpression. Injection of-ngnr-linduced a
expression oN-tubulin(blue, G, stage 16); frontodorsal views. The Mmassive expression M-tubulin the in situ signal of which
injected side of the embryos (to the right of vertical bars representingovered thé3-gal staining (100%)=41; Fig. 2I, also compare
the midline) is indicated (inj). Red staining represents expression ofthe injected versus uninjected side in Fig. 1G). At variance, co-
co-injectedacZ lineage tracer. d, deep neuroectodermal layer; injection of X-ngnr-1 and Xrx1 resulted in a considerable
s, superficial neuroectodermal layer. attenuation ofN-tubulin activation (95% with reduced ectopic
expressionn=45; Fig. 2K). These data were confirmed by
animal cap experiments whexengnr-1ability of inducingN-
posterior X-Delta-1 medial stripe coincides with the ventral tubulin (Ma et al., 1996) was inhibited b¢rx1 (X-ngnr-1+
midbrain (Eagleson and Harris, 1990; Bourguignon et allacZ 100% positiven=58; X-ngnr-1+ Xrx1 96% negative, 4%
1998). Although expression of several other genes partiallweakly positiven=62; Fig. 2J,L).
overlaps with that oKrx1, to our knowledgéXrx1is the only _ S
gene described so far whose expression completely fills th¥x1 counteracts RA differentiating signals
anterior gap ofX-Delta-1 expression, thus corresponding Retinoic acid has been shown to control the timing of neuronal
exactly to the proliferative region of the anterior neural platedifferentiation being able to accelerate neurogenesis in anterior
We next investigated which factors locale1 expression neural cells (Papalopulu and Kintner, 1996; Sharpe and
to the proliferative region of the anterior neural plate. Becaus€oldstone, 2000). Although RA is thought to function mainly
the Hedgehog genes were shown to induce proliferation and the posterior neural plate and mesoderm during early
delay differentiation in the early neural plate (Franco et al.development (Chen et al., 1994), it has been shown recently
1999), we decided to test if they affettx1 expression. We that XRALDH2 one of enzymes involved in RA synthesis, is
found that bottsonic hedgeho@X-shh andcephalic hedgehog expressed also in an anterior site (Chen et al., 2001). A double
(X-chh are able to activat¥rx1 at early neurula stage{shh  in situ hybridization revealed thxrx1 expression adjoins, but
68%,n=44; X-chh56%,n=36; Fig. 1D,E)Xrx1is ectopically does not overlap, th€ RALDH2 anterior expression domain
activated by Hedgehog signaling only in an area that surroun@Big. 3A). To determine the causes of this spatial relationship
the endogenousrx1expression domain, despite of the broadebetweenXrxl and XRALDH2 we looked at the effect that the
distribution of the injected RNA. Because of the lackkofl  overexpression of each of these genes exerts on the other. We
expression inX-Delta-1 and X-ngnr-1 positive regions, we found thatXrx1 and XRALDH2 exhibit mutually repressive
looked if proneural gene expression plays a role in restrictingctivities KRALDH2injected embryos: 75% with reduced
Xrx1 expression. Overexpression oK-ngnr-1, which  Xrx1 expressionn=24; Fig. 3B;Xrx14injected embryos: 83%
efficiently induces ectopibl-tubulinexpression (100%)=31;  with reducedXRALDH2 expressionh=24; Fig. 3C), which
Fig. 1G), strongly repress&sx1expression (100%=32; Fig.  could explain the generation of adjacent, non-overlapping

tubulin also leads to ectopic activation Mftubulin along the
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Fig. 3.Xrx1 counteracts retinoic acid-mediated neuronal
differentiation. (A) Comparison of the anterior expression of
XRALDH2(purple) with that oiXrx1 (light blue) in a stage 13
embryo. (B) Stage 13 embryo injected WRRALDH2showing

N-tub N-tub reduction ofXrx1 expression. (C) Stage 13 embryo injected with
Xrx1showing repression of the anter®iRALDH2expression
Fig. 2. Xrx1inhibits neurogenesis. The effectsxokl domain. Black arrowheads indicate the expression domascf
overexpression on (Af-ngnr-1(stage 12), (B,D,EX-Delta-1(stage  (B) andXRALDH2(C) in the uninjected side of the embryos. White
13), (C)N-tubulin(stage 16), (Fpox2(stage 13) and (G}BF-1 arrowheads indicate the repression of the corresponding domains in

(stage 13) are shown. (D,E) Transverse sections at the level of the the injected side. (A-C) Frontal views, dorsal towards the top. Red
anterior (D) and posterior (E) neural plate. The black arrowhead  staining represents expression of co-injetaed lineage tracer.

indicates the anterior expression domaiXdbelta-1, while the (D) Animal caps injected witbhordinand analyzed at stage 16
white arrowhead indicates the repression of the corresponding expressXrx1 but notN-tubulin If chordinrinjected caps are treated
domain in the injected side. (H) Stage 16 embryo injected with 150 with RA at stage 9 and analyzed at stageXt§] expression is

pg of XBF-1RNA showing suppression of endogendlitubulin suppressed arfd-tubulinexpression is induced. (E) Stage 16 animal
(white arrowheads) as well as ectopi¢ubulinactivation at the caps co-injected with eithehordinandlacZ (control) orchordin
border of the injected area (arrow). A-C,F,G,H Frontodorsal views. andXrx1, and treated with RA at stageX¥x1 strongly inhibits the
(I,K) Stage 16 embryos co-injected with eitixengnr-1andlacZ (1) induction ofN-tubulinexpression.

or X-ngnr-1 Xrx1andlacZ (K); lateral views, anterior towards the
left. (J,L) Animal caps co-injected with eithérngnr-1andlacZ (J)

or X-ngnr-landXrx1 (L) analyzed at stage 16. Both in whole N-tubulin by stage 16. We usezhordinas a BMP antagonist
embryos and in animal capsx1 inhibits N-tubulinexpression in animal caps, and found that at stagechérdin alone does
induced byX-ngnr-1 Red staining represents expression of co- not induceN-tubulin (0% positive,n=26), while RA treatment
injectedlacZ lineage tracer. of chordininjected animal caps robustly activates a punctate

expression ofN-tubulin (97% positive, n=33; Fig. 3D).

Interestingly, Xrx1 expression, which is strongly induced
expression domains. To analyzeXifx1 could also counteract in chordininjected animal caps (96% positive=25), is
the effects of RA on neuronal differentiation, we tookcompletely abolished by RA treatment (0% positike26;
advantage of an animal cap system that recapitulates anterleig. 3D). This observation again inversely correlaXesl
neurogenesis. Papalopulu and Kintner (Papalopulu anekpression and neurogenesis. To test whether the repression of
Kintner, 1996) showed thahoggirrinjected animal caps Xrx1was required to activate neurogenesis we treated with RA
cultured until neurula stage (stage 16) express NCAM but nanimal caps that had been co-injected wttlordin and Xrx1
N-tubulin Initiation of N-tubulin expression is observed only RNA. Co-injection of Xrx1, but not of lacz, effectively
when these explants are cultured until tailbud stage (stage 2Mhibited N-tubulin expression in RA-treated capShordin +
addition of RA accelerates this process leading to activation ¢dcZ100% positiven=25; Chordin+ Xrx180% negative, 20%
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Fig. 4. Xrx1 supports proliferation in the anterior
neural plate. (A,B,D,E) Transverse sections of
stage 13 embryos injected with eitbéx1 (A,B)

or Xrx1-EnR(D,E) and processed for BrdU
incorporation (brown nuclear staining). Sections
at the level of anterior neural plate (A,D) and
posterior neural plate (B,E) are shown. Turquoise
staining represents expression of co-injetaed.
Areas with the highest level 8tgal in the

injected side (inj) and the corresponding regions
in the control side (Co) are shown at high
magpnification at the bottom of each panel. Arrows
indicate BrdU-positive cells. (C,F) The average
number of BrdU-positive cells per section in
either the control side (blue) or the injected side of
Xrx1(C, red) andXrx1-EnR(F, green) injected
embryos. Error bars indicate s.e.m. ANP, anterior
neural plate; PNP, posterior neural plate.

control siden=773;P<0.001; Fig. 4D,F). In
addition, no significant difference was
observed in the posterior neural plate (an
average of 14.3 positive cells per section in
the injected side)=253, versus 13.9 cells per
section in the control side=235; Fig. 4E,F).
Altogether, these results suggest tkatl is
involved in controlling cell proliferation
specifically in the anterior region of the neural
plate.

weakly positive, n=30; Fig. 3E). Thus,Xrxl appears to Factors mediating Xrx1 activities
counteract RA-mediated neuronal differentiation through &o gain insight into howXrx1 may exert its effects, we
dual action: upstream of RA production by repressing thanalyzed the expression of potentkix1 target genes in

expression oKRALDHZ and downstream of RA or acting on injected embryos. The criteria that we used to select the genes
a parallel pathway, as shown by its ability to impede RAtested are the following: (1) the gene has to be expressed in
mediated differentiation ichordirinjected caps. an area wher&Xrx1 is also expressed, or in a surrounding

) ) ) region affected byXrx1 overexpression; (2) it must play a role
Xrx1 controls proliferation at early neurula stage in a in controlling cell differentiation and/or proliferatiogic2, a
region-specific manner gene encoding a zinc-finger transcription factor, has been
Cells of the anterior neural plate are not only characterizeshown to have an antineurogenic function (Brewster et al.,
by delayed differentiation but also display a protractedl998). Besides being expressed in the posterior neural plate
proliferating state. Therefore, we asked whetedl plays a in stripes that alternate with the primary neurafis? is also
role in the control of proliferation at early neurula stage. Teexpressed in the anterior neural plate. Comparing the
achieve this, embryos injected with eitbéx1 or Xrx1-EnR  expression profiles oKrx1 and Zic2, we found that they
a dominant-negative construct (Andreazzoli et al., 1999) wemmostly overlap in the presumptive forebrain, althoutt?2
tested for BrdU incorporation. In these experiments the numb&NA extends slightly more to the anterior amnxl
of BrdU-positive cells in the injected side was compared witlexpression more to the posterior (Fig. 5A,B). Overexpression
that of the uninjected control side taking also into account theof Xrx1 leads to an expansion @ic2 expression, which
anteroposterior distribution. We found that the anterior neuraxtends along the mediolateral axis (95%62; Fig. 5D,E),
plate of Xrxl-injected embryos displayed a 44% increase ofvhile no ectopic expression is observed in the majority of
BrdU-positive cells in the injected side compared with thecases in the posterior neural pla¥hairyl and Xhairy2 are
control side (an average of 42.2 positive cells per section in tHeomologues of th®rosophila hairygene that are known to
injected side,n=1099, versus 29.2 cells per section in theact as transcriptional repressors and to inhibit neuronal
control siden=760;P<0.001; Fig. 4A,C). On the contrary, no differentiation (Dawson et al.,, 1995; Koyano-Nakagawa et
significant difference was detected in the posterior neural platd., 2000). Both genes display diffuse expression in the
of Xrx1-injected embryos (an average of 19.6 positive cells peainterior neural plate that overlaps wKix1 expression (Fig.
section in the injected sides413, versus 19.3 cells per section 5C,G). MoreoverXhairy2, but notXhairyl, shows a stronger
in the control siden=406; Fig. 4B,C). However, the anterior stripe of expression that coincides with the anterior and
neural plate ofXrx1-EnRinjected embryos shows a 33% lateral borders oKrx1 expression. Injection ofrx1induces
decrease of BrdU-positive cells in the injected side comparegctopic expression ofhairy2, which, as in the case dic2,
with the control side (an average of 18 positive cells per sectiaioes not extend posteriorly (72%50; Fig. 5F). In addition,
in the injected sidea)=519, versus 26.8 cells per section in theoverexpression oXrx1 also leads to a repression of the
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C Fig. 5. Xrx1regulates the expression of genes that control cell
proliferation and differentiation, and does not work through the
Notch-Delta pathway at early neurula. (A-C,G,H,M) Comparison of
the expression ofrx1to that ofZic2 (A,B), Xhairy2(C), Xhairyl

(G), p27Xic1(H) andX-Notch-1(M) in stage 13 embryos.

(D-F,I-L,N) Xrx1-injected embryos analyzed at stage 14 (D-F,J,K,N)
or stage 18 (I,L). The probes used and the respective staining are
indicated, color-coded, on the bottom of each panel.

(A-D,F-0O) Frontal views, dorsal towards the top;

(E,P,Q) dorsoanterior views. The injected side of the embryos (to the
right of vertical bars representing the midline) is indicated (inj). Red
staining in F,1,J,K,L,N-Q and turquoise staining in D,E represent
expression of co-injectddcZ lineage tracer. (F,J,K) Black
arrowheads indicate the lateroventral expression domafhaify?2

(F), Xhairy1(J) andp27Xic1(K) in the uninjected control side of the
embryos. White arrowheads indicate the corresponding expression
domain in the injected side, which is expanded in the caxbaify2

(F) and repressed in the caseXbiiryl (J) andp27Xic1(K). Black
brackets indicate the anterior expression domaiZéa2f(D,E),
cyclinD1 (1) andXoptx2(L) in the control uninjected side; white
brackets indicate the corresponding enlarged domains in the injected
side. (O) Stage 14 embryo injected withtch-ICDshowing no
significant change iXrx1 expression. (P,Q) Stage 16 embryos
injected withX-Delta-B" andlacZ (P) or co-injected witkXrx1, X-
Delta-15" andlacZ (Q). Xrx1 repressesl-tubulinexpression in the

l Xrxiinj O ' N-ICDinj trigeminal ganglion but does not affé¢ttubulin posterior
d

Zic2 |

expansion. Arrows indicate the increase in density-tiibulin
positive cells within the posterior neurogenic stripes caused by the
block of lateral inhibition. The black arrowhead indicatesibulin

Xrx1 i el expression in the trigeminal ganglion of the uninjected side; the
X-Notch-1 | X-Notch-1 " Xrx1 white arrowhead indicates the absence of this expression domain in
P . ‘. pgmrr;f the injected side.

b n
Lt ’\_ | | |
10 5K). Finally, we looked atyclin D1, which has a strong
4 ' expression site in the eye field (http://www.xenbase.org/)

(Vernon and Philpott, 2003) and has been implicated in
mouse eye development (Fantl et al., 1995). Althoxigti-
injected embryos did not show any differencecyrelin D1
expression at early neurula stage (stage 13, 100% normal
anterior domain oKhairy1(90%,n=40; Fig. 5J). AXhairyl  expression,n=46; not shown), a notable expansion was
and Xhairy2 are known to repress each other, and becausgbserved at late neurula stage (stage 18, 83%4; Fig. 5I).
there is evidence thafrx1 might work as a transcriptional Thus, Zic2 and Xhairy2 are activated andp27Xicl is
activator (Andreazzoli et al., 1999), it is possible tKlahiry2  repressed byrx1 at early neurula stage, whikoptx2and

is first activated byXrx1and that this excess ¥hairy2could cyclin D1 are activated only at a later stage under the
be responsible for the downregulationXifairyl Xoptx2 a  influence ofXrx1.

homeobox gene of the Six homeobox family, has been shown o ) o

to play a role in controlling the proliferation of the retina Xrx1 function is not mediated by lateral inhibition

(Zuber et al., 1999). Analysis dfoptx2expression ifXrx1-  during early neurulation

injected embryos showed that, although at stage 14 th&Notch-1lis expressed in the anterior neural plate in the region
expression of this gene does not appear to be affected (8%8écupied byXrx1 (Fig. 5M), and its activity in preventing
normal expression, 11% slightly reduced expressis®,7;  differentiation of neurons has been described (Chitnis et al.,
not shown), a remarkable expansion is observed at stage 1895). Moreover, the mousé&x1 homologue Rx1, also called
(75%, n=56; Fig. 5L). This response is similar to the oneRaX has been shown to activaiotch transcription during
previously described for the related getsx3(Andreazzoli  retinogenesis (Furukawa et al., 2000). For these reasons, we
et al., 1999)p27Xic], an inhibitor of cyclin/cdk required for tested whether, during early neurulatidfixl and X-Notch-1
primary neurogenesis (Su et al., 1995; Carruthers et al., 2008fect one another's expression. Analysis Xifx1-injected
Vernon et al., 2003), is expressed anteriorly in twoembryos atvarious stages during early neurulation failed to show
semicircles very similar to those characterizedXbPelta-1  any transcriptional activation &fNotch-1(stage 13, 0%n=54;
expression. We observed thaXrx1l expression is stage 15, 0%)=33; stage 18, 09%=38; Fig. 5N). Furthermore,
complementary to that gf27Xicl, being delimited dorsally injection of several doses of a constitutively active form of
and ventrally by the tw@27Xiclexpression domains (Fig. X-Notch-1 (Notch-ICD (Chitnis et al., 1995) did not show
5H). Overexpression ofrx1 suppressep27Xiclexpression, activation of Xrx1 at early neurula (30 pg 86% normal, 10%
particularly in its most anterior domains (96%%83; Fig.  slightly reduced expression, 4% slightly expanded expression,
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n=30; 500 pg 84% normal, 8% slightly reduced expression, 8¢
slightly expanded expressions37; 1.8 ng 85% normal, 11%
slightly reduced expression, 4% slightly expanded expressio
n=27; Fig. 50). These results suggest that during earl
neurulationXrxZ1is not affected directly by Notch signaling, and
thatXrx1 does not affediotchexpression. Finally, to test if the
effects of Xrx1 on neurogenesis are mediated by latera
inhibition, we co-injected Xrx1 with X-Delta-BY an
antimorphic version oK-Delta-1 (Chitnis et al., 1995). Even
though under these conditions, lateral inhibition was blocked, ¢
shown by an excess Nftubulinexpressing cells in the posterior
neural plate (Fig. 5P,Q, arrowjrx1 was still able to repress the
trigeminal ganglia expression oN-tubulin (75% absent
expression, 25% reduced expressie0; Fig. 5Q).

Xrx1 controls the expression of  Xhairy2, Zic2, X-

ngnr-1 and p27Xicl in the absence of cell division

The ectopic expression ofhairy2 and Zic2 as well as the
repression oX-ngnr-landp27Xiclin Xrx1-injected embryos
could be triggered independently of cell proliferation or,
alternatively, could result from an expansion of the proliferating
neuroectoderm. To distinguish between these two possibilitie
we asked whethetrx1 can affectXhairy2, Zic2, X-ngnr-1and
p27Xiclexpression in embryos where cell division has beel
blocked by treatment with hydroxyurea and aphidicolin (HUA)
(Harris and Hartenstein, 1991). HUA treatment severel
affected anti-phoshoH3 staining, a marker of cells in mitotic
prophase, as well asoptx2ability of expandingXrx1 (Zuber

et al., 1999) and resulted in smaller embryos with reduced opt
vesicles (Fig. 6E-1). Under these conditioXsx1 is still able

to expand Zic2 (96%, n=78) and Xhairy2 (71%, n=74)
expression and to repress the expressioX-ofnr-1 (97%,
n=36) andp27Xicl (84%, n=44), although not to the same
extent as in untreated embryos (Fig. 6A-D). These data sugge
that the regulation oKhairy2 Zic2, X-ngnr-1 and p27Xicl
observed ixXrx1-njected embryos does not depend exclusively
on proliferation. This observation may be consistent with the

finding thatXrx1is able to convert competent ectoderm to arngiy g (A-D) Embryos injected wittXrx1 were treated with HUA at

anterior neural fate (Kenyon et al., 2001). stage 10.5 and the expressiorZaf2 (A), Xhairy2(B), X-ngnr-1(C)

. . . L andp27Xicl(D) was analyzed at stage 13. (A,B) Black brackets
Xrx1 activates Xhairy2, but not Zic2, in isolated indicate the anterior expression domains in the uninjected side; white
ectoderm brackets indicate the corresponding enlarged domains in the injected

As Xrx1 microinjection expand&ic2 andXhairy2 expression side. (C,D) Black arrowheads indicate anterior expression domains in
even in HUA-treated embryos, we tested whetkierl could  the uninjected side, white arrowheads indicate the absence of this
activate these genes in non-neuralized ectoderm. To achieg,%)ressmn domain in the injected side. (E-1) HUA treatment

this, we analyzed the expressionzi¢2 andXhairy2in Xrx1- matically reduced anti-phosphoH3 staining (E,F; stage 16) as well

g . - Xoptx2ability of expanding<rx1 (Zuber et al., 1999) (G,H; stage
injected animal caps. At the same time, we also looked at t}il ). This treatment also results in a reduction of the optic vesicle size

expression oXBF-1, agene activated byrx1 in the lateral (I; stage 26; Co, control untreated embryo). (A-D,G,H) Frontal
border of the anterior neural platBpx2 a general neural iews, dorsal towards the top; (E,F,l) lateral views, anterior towards
marker, andXK81, an epidermal marker (Fig. 7). Control the left. Red staining in A-D and turquoise staining in G,H represent
uninjected caps showed no expressioXlodiry2 Zic2, XBF-  expression of co-injectddcZ lineage tracer. The injected side of the
1 andSox2(0% in all casesxXhairy2, n=39; Zic2, n=32; XBF- embryos (to the right of vertical bars representing the midline) is

1, n=33; Sox2 n=41), while they expressedK81 (100%, indicated (inj).

n=20). By contrast,Xrxl-injected animal caps expressed

Xhairy2 (60% positive, 21% weakly positives72) andXK81 i )

(100%,n=32) while showing no activation @ic2, XBF-land X1 loss-of-function decreases the size of the

a weak activation 0Box2(Zic2, 0%, n=65; XBF-1, 0%n=37;  anterior neural plate and expands  X-ngnr-1

Sox2 8% weakly positiven=41). Thus, among the genes €XPression

activated byXrx1 in the early neurula embryosthairy2 To further analyze the requirement &fx1 function in
appears to be the only one whose inductionXsyl is  controlling the expression of genes involved in anterior
independent of ectoderm neuralization. proliferation and neurogenesis, we used, as an alternative to the
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Control Xrx1inj Fig. 7. Xrx1inducesxhairy2but does not affect several
. other markers in animal capéixlinjected animal caps
T e were dissected at stage 9, cultured to stage 17 and
® e 0 RSt - analyzed for the expression of the indicated genes. The
* |‘- o ' | i I . .
Xhairy2 e 3 L e a column on the right (Embryo) shows the expression of the

- : . N %
- A .. . indicated genes in control embryos.

Xrx1 expression, Fig. 8Np=33). Analogous results
were also obtained usingsix3as eye field marker
(not shown). A very similar phenotype was observed
in HUA-treated embryos (100% reducedrxl
expression,n=25; Fig. 80), suggesting that the
effects observed iXrx1 loss of function are mainly
due to a reduced proliferation of the anterior neural
plate. As gain-of-function experiments indicated a
potential role ofXhairy2 downstream ofXrx1, we
tested whetheXhairy2 could rescudoXrx1 effects.
Bilateral injection ofMoXrx1 resulted in reduction,
but not complete abolishment, of the expression of
Xhairy2 (98%, n=50; Fig. 8P,Q), whereaXhairy2

' overexpression led to a severe repressiod-onr-
Sox2 { ) 1 expression (67%)=36; Fig. 8R). Co-injection of
MoXrx1landXhairy2resulted in embryos displaying
the typical anterior expansion #fngnr-1observed

Zic2

XBF-1

® ) in embryos injected withMoXrx1 alone, thus

e .. o ® o () indicating thatXhairy2 is not able to rescue the

XK81 © ® [#) ' MoXrx1phenotype (84%0=94; Fig. 8S). Among the
® o0 o © © genes activated byXrx1l overexpression and

repressed byrx1 inactivation (Andreazzoli et al.,

1999), XBF-1is of particular interest, because, like

Xrx1, it acts by controllingp27Xicl expression
Xrx1-EnR construct, an antisense morpholino approachi{Hardcastle and Papalopulu, 2000). Therefore, we tested
(Heasman et al., 2000). Injection of 10 ng of a morpholinavhetherXBF-1 could rescue the effects bfoXrx1 injection.
oligo directed againstXrxl (MoXrx1) into dorsoanimal Overexpression oKBF-1 alone repressed anterigrngnr-1
blastomeres at the eight-cell stage generates embryegpression while inducing ectopk-ngnr-1in the posterior
displaying severe reduction of eyes and anterior head (97%eural plate (90%n=30; Fig. 8T,U). When co-injected with
n=102; Fig. 8A). This phenotype, which is very similar to theMoXrx1, XBF-1was able to restore a widengnr-1-free area
one obtained afteXrx1-EnR injection and toRxtI’~ mice in the anterior neural plate (82%;70; Fig. 8V). These results
(Mathers et al., 1997; Andreazzoli et al.,1999), is completelguggest thaXBF-1might work downstream ofrx1and/or that
rescued by co-injection of 80 pg ¥fx1l RNA (99%,n=86; these genes function by controlling common mechanisms.
Fig. 8B) and is not observed upon injection of control
morpholino (96% normal embryos=75; Fig. 8C). Analysis Discussion
of X-ngnr-1 expression in botiMoXrx1- and Xrx1-EnR o ) ]
injected embryos showed an anterior expansion of th&rx1 function in early anterior neurogenesis
expression domains of this gene, which tend to fuse mediallZomparing the expression domainXrkl with those of genes
This phenotype is first observed at stage X% 1-EnR 82%  involved in promoting neuronal differentiation or blocking
n=34; MoXrx1 83%,n=79; Fig. 8D-F) and is maintained at cell proliferation, we observed thaXrxl expression is
stage 18Xrx1-EnR 75%,n=28; MoXrx1 78%,n=38; Fig. 8H- complementary to the expression ¥fngnr-1 X-Delta-1,
J). The expanded expression domainX-ofgnr-lappeared to XRALDHZ2andp27Xicl In particularXrx1completely fills the
correspond to the telencephalon rather than the trigeminatea surrounded by the anterior domainXeDelta-1 Other
ganglia. This was confirmed by the observation MaXrx1  transcription factors known to control neurogenesis in this area
did not affect the expressionB6xD3 a marker of neural crest includeXBF-1, Xoptx2andXanf-1(Bourgouignon et al., 1998;
cells that contribute also to the trigeminal ganglia (100%Ermakova et al., 1999; Zuber et al., 199BF-1is expressed
n=19; Fig. 8G,K). To analyze simultaneously the effects obnly in the most anterior border of the neural plate, adjacent
Xrx1 knockdown on neurogenesis and eye-field specificatioto the rostral expression ofX-Delta-1 and p27Xicl
we co-hybridizedMoXrxl-injected embryos witX-ngnr-land  (Bourgouignon et al., 1998; Hardcastle and Papalopulu, 2000),
Xrx1 (Fig. 8L-N). We found that the medial expansionXef  where it plays a crucial role in defining the border between
ngnr-1correlates with a smallefrx1 expressing area, which in proliferative and non-proliferative areasoptx2is expressed
extreme cases was totally abolished, with no overlap of the twia the anterior neural plate later th&rx1 (Zuber et al., 1999)
markers (85% reducedrxl1 expression, Fig. 8M; 15% absent and Xanf-1is expressed in a domain broader than the region
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Fig. 8. Effects ofXrx1loss of function on genes
regulating anterior neurogenesis.

(A-C) Phenotypes of stage 41 embryos

injected withMoXrx1(A), MoXrx1andXrx1(B),
and control morpholino oligo (C).

(F,J,K,M,N,Q) Embryos injected witkloXrx1in
both dorsoanimal blastomeres at the eight-cell
stage and analyzed at stage 14 (F,K,M,N,Q) and
stage 18 (J). (D,G,H,L,P) Control uninjected
embryos analyzed at stage 14 (D,G,L,P) and
stage 18 (H). (E,I) Embryos bilaterally injected
with Xrx1-EnRanalyzed at stage 14 (E) and stage
18 (I). (O) Stage 14 embryo treated with HUA.
(R,S,V) Stage 14 embryos bilaterally injected
with Xhairy2 (R), MoXrx1andXhairy2(S), and
MoXrx1andXBF-1(V). (T,U) Dorsal (T) and
frontal (U) views of a stage 14 embryo injected
with XBF-1 Red staining represents co-injected
lacZ Black brackets indicate the size of the
anterior expression domain in the uninjected
embryo (P); white brackets indicate the size of
the corresponding domain in the injected embryo
(Q). Arrows in D,E,F,S,V indicate the anterior
boundaries oK-ngnr-1expression; the arrow in

T indicatesX-ngnr-lectopic expression. Black
arrowheads in 1,J indicate the continuous anterior
extension oX-ngnr-lexpression. White
arrowheads in U and R indicate the repressed
anterior expression domain ¥fngnr-1

axis of the diencephalon/eye-tract develops,
the response ofXrx1 to the Hedgehog
gradient may become more complex. In fact,
Xrx1 is expressed in the retina and retinal
pigmented epithelium, where the level of
Hedgehog is low, is absent in the optic stalk,
and is expressed again in the diencephalon
floor, a region exposed to the highest level of
Hedgehog signalXrx1 expression in the
anterior neural plate is also controlled by
occupied byXrx1 (data not shown). Thus, the earxl  negative regulators such as RA afitgnr-1, which appear to
expression appears to be restricted, spatially and temporallyrevent Xrx1 expansion to surrounding regions. This is
to the proliferative area of the anterior neural plate moreeflected in the spatial relationship betwe@rl on one side,
specifically than that of other transcription factors. HodMrist ~ and XRALDH2 a RA-producing enzyme (Chen et al., 2001),
expression localized to this area and how are its expressi@amd X-ngnr-1 on the otherXrx1 is not simply regulated by
boundaries defined? We found that both positive and negativactors controlling neuronal differentiation, but plays an active
signals contribute to this positioning, &sx1 is activated by role in this process. In fackrx1 is able to repress neuronal
chordinand Hedgehog and is repressed by retinoic acikand differentiation markers and to counteract the effecis-onr-
ngnr-1 As BMP antagonists are known to act as general and RA on neurogenesis. Both in the case of neurogenin and
forebrain inducers (Sasai and De Robertis, 199%)dinmay  RA, Xrx1 action appears to be twofoldrx1 acts upstream by
be responsible for the initial activation Xfx1 in the anterior repressing X-ngnr-1 and XRALDH2 expression, and
neuroectoderm. Hedgehog signaling has been shown to deldgwnstream or in parallel, by blocking the differentiation
differentiation and promote proliferation at early neurula stageromoting activity of these factors. Although at early neurula
(Franco et al., 1999); thus, the observation that Hedgehaiage,XRALDH2 and Xrx1 expression domains are adjacent
signaling can activatXrx1 correlates with the expression of but do not overlap, at later stage®RALDH2 expression
Xrx1in anterior proliferating cells. Different Hedgehog genesextends into the retina (Chen et al., 2001). This indicates that
share the same activity, with regional specificity being achievedlthough at later stages RA is required for retina formation, for
by differential expression of the family members. Thus, it ighe initial specification of the eye field it is important to keep
expected thak-shhand X-chhwere equally effective iXrxl ~ RA in the anterior neural plate at a very low level. The RA
activation, although it is likely thak-chh which displays degrading activity of Cyp26 provides protection from RA
anterior expression (Ekker et al., 1995), assumes this functimoming from the posterior neural plate (Hollemann et al.,
in normal development. At later stages, when the proximodistdl998). However, the lack of expression of Cyp26 in the most
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rostral region of the embryo leaves this area exposed to Ré&xperiments resulted in reduction, but not abolishment, of
generated by the anterior domain XRALDH2 Xrx1, the  Xhairy2 and Zic2 expression (Fig. 8Q; data not shown),
expression pattern of which is complementary to that of Cyp2fhdicating thatXrx1is not the only factor responsible for their
(data not shown), may be one of the elements that counteraetsterior activation. ConverselX-ngnr-1anterior expression
the RA signal in the anterior neural plate. was expanded medially, probably as a consequence of the
Besides counteracting neuronal differentiatioXrxl  reduction of the eye field. This phenotype, which is essentially
promotes proliferation in the anterior neural plate. In factyeproduced in HUA-treated embryos, is consistent with a
BrdU incorporation in gain- and loss-of-function experimentsseverely reduced anterior proliferation. Accordingly, the
provides a direct evidence thAtx1 is both necessary and functional inactivation oKrx1does not appear to be sufficient
sufficient to regulate proliferation in the anterior neural plateto induce widespread ectopX-ngnr-1 across the anterior
In particular, loss ofXrx1 activity reduces anterior neural neural plate, presumably because of the persistenZécdf
plate proliferation to levels similar to those observed in theand Xhairy2 expression. Co-injection experiments revealed
posterior neural plate, indicating théitx1 is one of the main that XBF-1, but notXhairy2, is able to rescue the anterior
factors responsible, directly or indirectly, for the increasedxpansion oK-ngnr-lobserved irMoXrx1-injected embryos.
proliferation of the anterior neural plate. So far, among the R¥hese data indicate thathairy2 cannot maintain a normal
genes that promote an enlargement of the retina, a proliferatidevel of proliferation in the anterior neural plate in the absence
inducing activity has been suggested for med@ka(Loosli  of Xrx1 function. The ability ofXBF-1to re-establish &-
et al.,, 2001) but not for zebrafiskl andrx2 (Chuang and ngnr-1-free region suggests thatrxl might work in part
Raymond, 2001). Although species-specific differences mathroughXBF-1and/or that both genes control anterior neural
exist, the orthology relationship between vertebrate Rx genggate proliferation acting on common regulators, as is the case
has not yet been completely clarified. for p27Xicl

Anterior-specific activities of ~ Xrx1 Lateral inhibition is not involved in Xrx1 activities

We previously noticed that the phenotypic effectsXexl  An important mechanism used during development to prevent
overexpression are restricted to the eye-anterior brain regioneuronal differentiation is lateral inhibition, a process mediated
despite of the wider distribution of the injected RNA by transduction of the Notch signal. We considered the
(Andreazzoli et al., 1999). In the present work, we find thapossibility that Xrx1 might work by increasing lateral
Xrx1 is able to induce proliferation and repress neuronainhibition. This hypothesis was supported by the co-expression
differentiation in an anterior-specific manner. As Xrx1 is aof Xrx1 andX-Notch-1at early neurula and by data indicating
transcription factor, it presumably acts by regulating theéhat mouse Rx1 activates Notch transcription during
expression of target genes. Interestingly, previous experimentstinogenesis (Furukawa et al., 2000). By contrast, we did not
have shown thatXrx1 microinjection activates ectopic find activation ofX-Notch-1in Xrx1-injected embryos during
expression oKBF-1in the lateroanterior border of the neural early-mid neurulation (stages 13-18). FurthermoXexl
plate (Andreazzoli et al., 1999) (Fig. 2G). As the effects okxpression could not be stimulated by expression of a
Xrx1on neurogenesis are also observed in regions \Wi&ffe  constitutively active form ofNotch at early neurula stage.

1 cannot be activated b¥rx1, and theXrx1 expression domain Another way in which lateral inhibition could be triggered is
is larger than that ofBF-1, additional factors are likely to be by overexpression dbelta, but this possibility could also be
regulated byXrx1in the anterior neural plate. Althougtixl  ruled out as<rx1 represseX-Delta-1expression, probably as
appears to be a transcriptional activator (Andreazzoli et ala consequence of-ngnr-1inhibition. Finally, we checked if
1999; Chuang and Raymond, 2001), its overexpressioXrx1repression of neuronal differentiation could be prevented
repressedX-ngnr-1, X-Delta-1, N-tubulin XRALDH2 and by blocking lateral inhibition. We observed that co-injection of
p27Xicl ConsistentlyXrx1 activatesZic2 and Xhairy2, two  Xrx1and an antimorphic form of Delta, known to block lateral
transcriptional repressors involved in delaying neuronainhibition, does not affect the ability ofrx1 of repressing
differentiation. As these two genes have an anterior expressioeuronal differentiation in the anterior regions of the embryo.
domain that partially overlaps with that ¥ix1, they may These data suggest thétx1 does not work through lateral
mediate the repressive effects ofrx1 in this system. inhibition involving Delta and Notch, but may bypass this
Interestingly, mouseRx1 can activate Hes] a hairy  system through the activation ofhairy2, a target gene of
homologue, during retinogenesis (Furukawa et al.,, 2000 otch (Davis et al., 2001). In general, lateral inhibition is
indicating that genes of the Hairy family might be probably not responsible for preventing precocious neuronal
evolutionary conserve®x1 targets. Moreover, mutations in differentiation in the anterior neural plate. In fact, the inability
human ZIC2 induce holoprosencephaly, and the mouseof noggirinjected animal caps, which display an anterior
knockout ofHeslaffects eye morphogenesis, phenotypes thaheuroectodermal character, to undergo neuronal differentiation
are similar to those produced by the loss of function of that early neurula stage is not mediated by lateral inhibition
Rx1lgene (Tomita et al., 1996; Mathers et al., 1997; Brown efPapalopulu and Kintner, 1996). Similarly, the inhibition of
al., 1998; Andreazzoli et al., 1999). However,Za2 is not  neuronal differentiation after injection of high doseX8f-1
induced byXrx1in animal caps, additional factors are likely is not due to increased lateral inhibition (Bourguignon et al.,
required forZic2 activation. Both the ectopic activation of 1998).

Zic2 andXhairy2, and the repression &fngnr-1, X-Delta-1, o ] )

N-tubulin XRALDH2andp27Xic1lby Xrx1overexpression are Distinct anterior and posterior gene systems control

restricted to the anterior neural plate, suggesting that only thiguronal differentiation

region is competent to respondXox1. Xrx1loss-of-function  In Drosophilg prepattern genes that are expressed before the
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onset of neurogenesis control the region-specific activation the neural plate by defining domains of cell differentiatitature393 579-

of proneural genes. Prepattern genes inclodiey and the 583.

Iroquois family homeobox genes (Gomez-Skarmeta et aI?ro‘;‘;”r;ggl'_g‘dtk‘évﬁgﬁ‘i”tg”' Bénﬁg‘l’("a"m Lﬁz Y-'C anc?'n/\l(ﬁ'er?feeda'(lgég"
1996; FISh,er and CaUdy’ 1998) In vertebrajes_, homqlogues 0 Holoprosencephal)’/ dué to mutation’sZICZ, a homologue obrosophila

the Iroquois genes play a similar role, functioning during early odd-paired Nat. Genet2, 180-183.

neurulation in the specification of neural precursors in th€arruthers, S., Mason, J. and Papalopulu, N(2003). Depletion of the cell-
posterior neural plate (Bellefroid et al., 1998; Gomez-Skarmeta cycle inhibitor p27(Xic1) impairs neuronal differentiation and increases the

et al.. 1998: de la Calle-Mustienes et al. 2002: Itoh et al number of EIrC(+) progenitor cells in Xenopus tropicaliech. Dev120,
N ’ I ’ "7 607-616.

2002). We notice several similarities between the activities aasarosa, s., Andreazzoli, M., Simeone, A. and Barsacchi, 997).XrxL,
Xenopuslroquois iro) genes ancKrxl, as these genes: (1)  a novelXenopushomeobox gene expressed during eye and pineal gland
repress neuronal differentiation at early neurula; (2) do not developmentMech. Dev61, 187-198.
work through lateral inhibition; (3) are repressedXpgnr-1 ~ Cavodeassi, F., Modolell, J. and Gomez-Skarmeta, J. (2001). The
and activated by hedgehog signaling; (4) upregutatairy2 g‘;ﬂ‘é%;rggmg’a g;f?'“igg;s from body building to neural patterning.
and Zic2, and (5) act after neural induction and before thechen, v., Huang, L. and Solrush, M.(1994). A concentration gradient of
selection of neuronal precursor cells. retinoids in the earl)Xenopus laeviembryo.Dev. Biol.161, 70-76.
Moreover, the loss of function of Rx genes in vertebrates g&hen. Y., Pollet, N., Niehrs, C. and Pieler, T2001). Increased XRALDH2
well as of the Iroquois complex idrosophilg results in the Zf;g:;yozﬁeiﬁogtg%flg% elfcf)e;t on the central nervous systempus
absence of the Strucw_res where these genes are norm%%nis, A., Henrique, D., Lewis, J., Ish-Horowicz, D. and Kintner, C.
expressed (Cavodeassi et al., 2001; Mathers et al., 1997{1995). Primary neurogenesis iXenopus embryos regulated by a
Andreazzoli et al., 1999; Loosli et al., 2001). Beside these homologue of th®rosophilaneurogenic genBelta Nature375, 761-766.
similarities, it is worth noting that while the Irogouis genesCf}:F“iSvCA- 5-0(1999’\)1- Cogfﬂgoage;éoge”%is—'6550“5 from frogs, fish and
H HY H H 1es. curr. IN. Neuropiold, -29.
play a . role .m pOSItIOhIng domains - of proneural gen%huaﬂg, J.C. gnd Raymond, P. A(2001). Zebrafish genegl andrx2 help
expression, this function has not been demons_trated for the Xefine the region of forebrain that gives rise to retidev. Biol.231, 13-
genes. However, the complementary expressioRret and 30.
Xiro genes together with their similar activities suggest théavis, R. L., Turner, D. L., Evans, L. M. and Kirschner, M. W. (2001).
existence of two gene systems, one acting in the anterior andviolecular targets of vertebrate segmentation: two mechanisms control

the other in the posterior neural plate the function of which is segmental expression ¥enopus hairy2luring somite formatiorDev. Cell
! 1, 553-565.

to control the timing and delimit the location of neuronalpawson, s. R., Tumer, D. L., Weintraub, H. and Parkhurst, S. M(1995).
differentiation. Specificity for thehairy/enhancer of splibasic helix-loop-helix (bHLH)

In conclusion Xrx1, by counteracting differentiating signals  proteins maps outside thc_e bHLH doma_in and suggests two separable modes
and promoting proliferation in a region—specific manner, plays of transcriptional repressioMol. Cell. Biol. 15, 6923-6931.

. . - e la Calle-Mustienes, E., Glavic, A., Modolell, J. and Gomez-Skarmeta, J.
a crucial role in executing a program that, after neura L. (2002). Xiro homeoproteins coordinate cell cycle exit and primary neuron

induction, leads to the correct differentiation and patterning of tormation by upregulating neuronal-fate repressors and downregulating the
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