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Abstract

A homologue of theDrosophila homothorax(hth) gene,Xenopus Meis3(XMeis3), was cloned fromXenopus laevis. XMeis3is expressed
in a single stripe of cells in the early neural plate stage. By late neurula, the gene is expressed predominantly in rhombomeres two, three and
four, and in the anterior spinal cord. Ectopic expression of RNA encoding XMeis3 protein causes anterior neural truncations with a
concomitant expansion of hindbrain and spinal cord. EctopicXMeis3expression inhibits anterior neural induction in neuralized animal cap
ectoderm explants without perturbing induction of pan-neural markers. In naive animal cap ectoderm, ectopicXMeis3expression activates
transcription of the posteriorly expressed neural markers, but not pan-neural markers. These results suggest that caudalizing proteins, such
as XMeis3, can alter A–P patterning in the nervous system in the absence of neural induction. Regionally expressed proteins like XMeis3
could be required to overcome anterior signals and to specify posterior cell fates along the A–P axis. 1999 Elsevier Science Ireland Ltd.
All rights reserved
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1. Introduction

In Xenopus, the central nervous system (CNS) is induced
in ectoderm by adjacent dorsal mesoderm during gastrula-
tion. The CNS is characterized by a distinct anteroposterior
(A–P) and dorsoventral (D–V) patterning (reviewed by
Kelly and Melton, 1995). Classical embryological experi-
ments using recombinant explants addressed the question of
A–P pattern formation in the nervous system (reviewed by
Hamburger, 1988). The predominant model of how A–P
patterning is established was suggested by Nieuwkoop
(1952); (reviewed by Doniach, 1993). In this two-step
model, the initial neural inducing signal specifies anterior
neural tissues, such as cement gland and forebrain; this step
is called ‘activation’. The second caudalizing step is called
‘transformation’. During this step, anterior neural tissue is
respecified to more posterior fates, such as midbrain, hind-
brain and spinal cord.

A number of molecules have been identified which parti-
cipate in the ‘activation’ and ‘transformation’ processes.
Non-neural ectoderm is induced to anterior-neural tissue
by inhibition of Bone Morphogenetic Protein (BMP) activ-
ity (Wilson and Hemmati-Brivanlou, 1995). The noggin,
chordin, and follistatin proteins are all BMP antagonists
(Re’em-Kalma et al., 1995; Sasai et al., 1995), which bind
the BMP molecule and inhibit its activity (Piccolo et al.,
1996; Zimmerman et al., 1996; Fainsod et al., 1997). These
secreted molecules are expressed in Spemann’s organizer
during gastrulation and induce anterior neural tissue in adja-
cent ectoderm (Hemmati-Brivanlou et al., 1994; Lamb et
al., 1994; Sasai et al., 1994).

Three secreted factors were shown to caudalize neural
tissue in whole embryos or explants: retinoic acid (RA),
fibroblast growth factor (FGF) and Xwnt3a. RA repressed
anterior neural marker gene expression and activated poster-
ior neural marker gene expression in treated embryos and
explants (Durston et al., 1989; Sive et al., 1990; Ruiz i
Altaba and Jessell, 1991; Sharpe, 1991; Papalopulu and
Kintner, 1996). Posteriorly expressedHox genes, such as
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HoxA1andHoxD1, are induced directly by RA in animal
cap explants in the absence of neural or mesoderm inducers
(Sive and Cheng, 1991; Kolm and Sive, 1995). RA receptors
are expressed in dorsal meso/ectoderm during gastrulation
when A–P patterning is established (Blumberg et al., 1992;
Sharpe, 1992; Ellinger-Ziegelbauer and Dreyer, 1993;
Sharpe and Goldstone, 1997). The role of RA receptors
(RARs) in XenopusCNS development was examined by
ectopically expressing the RARa1, RARa2, and RARb
dominant-negative (DN) proteins (Blumberg et al., 1997;
Kolm et al., 1997; van der Wees et al., 1998). RARa1 DN
protein expanded forebrain regions while reducing posterior
hindbrain and spinal cord regions (Blumberg et al., 1997).
RARa2 DN protein caused a more subtle phenotype, the
forebrain and posterior spinal cord were unaltered, but pos-
terior hindbrain structure was disrupted and sensory neurons
were lost (Kolm et al., 1997; Sharpe and Goldstone, 1997).
Expression of the RARb DN protein led to an expansion of
the rhombomere 3–5 (r3–r5) regions (van der Wees et al.,
1998), but had little effect on fore-midbrain and spinal cord.

FGF also transformed anterior neural-ectoderm to poster-
ior fates (Cox and Hemmati-Brivanlou, 1995; Kenkgaku
and Okamoto, 1995; Lamb and Harland, 1995; reviewed
by Doniach (1995). In anterior-neuralized animal cap ecto-
derm, FGF activated hindbrain and spinal cord markers
without significantly inhibiting the expression of forebrain
markers (Lamb and Harland, 1995). The role of FGF in
whole embryos is not entirely understood. Neural induction
along the A–P axis did occur in transgenic frogs expressing
FGF DN receptors (Kroll and Amaya, 1996). However,
Godsave and Durston (1997) showed that spinal cord
expression ofHoxB9was perturbed in embryos expressing
the FGF DN receptor. Expression of the FGF DN receptor
eliminated mesoderm which regulates neural induction and
A–P patterning in the CNS; thus it may be difficult to draw
clear conclusions from such experiments.

In contrast to the experiments with FGF DN receptor,
ectopic expression of FGF in embryos strongly supports a
role for FGF in neural A–P patterning. Ectopic expression
of eFGF or XFGF9 caused anterior truncations and acti-
vated expression of the posteriorly-expressedcaudal
homeobox genes (Pownall et al., 1996; Christen and
Slack, 1997). TheeFGF, XFGF-3 and XFGF-9 genes are
expressed posteriorly in the embryo in a temporal manner
supporting a role for FGF in caudalization (Isaacs et al.,
1992; Christen and Slack, 1997). FGF may mediate its pos-
teriorizing effects by activating transcription ofcaudal
genes. Ectopiccaudalgene expression activated transcrip-
tion of posteriorHox genes and inhibited formation of ante-
rior neural structures in embryos and animal caps (Pownall
et al., 1996; Epstein et al., 1997).

Wnt signaling is also required for the proper induction of
neural markers along the A–P axis. Embryos and explants
injected with the DN Xwnt8 protein expressed reduced
levels ofEn-2andKrox-20, while HoxB9levels were unal-
tered (McDrew et al., 1997). Xwnt3a interacted with noggin

or follistatin in animal cap explants to activate expression of
En-2 and Krox-20, while inhibiting expression of anterior
neural markers such asXAG-1, XANF-2andotx2 (McDrew
et al., 1995; McDrew et al., 1997). In noggin-neuralized
animal cap explants, Xwnt3a required FGF signaling for
inhibition of anterior gene expression, but not for activation
of posterior gene expression (McDrew et al., 1997). Cauda-
lization of noggin-neuralized animal caps by bFGF was
significantly inhibited in explants expressing the DN
Xwnt8 protein (McDrew et al., 1997). Xwnt3a is expressed
in the neural plate at the time when A–P pattern is specified
(McDrew et al., 1997). These results suggest that the FGF
and Wnt pathways could interact to regulate A–P pattern-
ing.

It is still not entirely clear how the RA, FGF and Wnt
pathways merge to regulate A–P patterning in the nervous
system. However, it has been shown that FGF, RA and
Xwnt3a are not equivalent as caudalizers and that additional
signals may also regulate A–P pattern formation in the CNS
(Kolm et al., 1997; McDrew et al. 1997).

In search for homologues of theDrosophila homothorax
(hth) gene, we have cloned a new member of theMeisgene
family from Xenopus laevis. This gene is most similar to the
mouseMeis3gene and has thus been termedXenopus Meis3
(XMeis3). The Meis family proteins contain a diverged
homeobox and a highly conserved motif called the Meis-
homology (MH) box (reviewed by Burglin, 1997). InDro-
sophila, the HTH protein is necessary for proper cell fate
specification throughout embryonic and adult development
(Salzberg et al., 1994; Rieckhof et al., 1997; Casares and
Mann, 1998; Kurant et al., 1998; Pai et al., 1998). The
Drosophila HTH protein interacts with the Extradenticle
(EXD) protein and drives its nuclear localization (Rieckhof
et al., 1997; Kurant et al., 1998; Pai et al., 1998). EXD and
its vertebrate homologues, the PBX proteins, affect DNA-
binding specificity of Hox proteins (reviewed by Mann and
Chan, 1996). In addition, Meis and PBX proteins can dimer-
ize and bind DNA in vitro without Hox proteins (Chang et
al., 1997; Knoepfler et al., 1997). Meis family genes have
been identified in a number of vertebrate species (Nakamura
et al., 1996; Steelman et al., 1997). During early mouse
development these proteins are expressed throughout the
CNS (Cecconi et al., 1997; Oulad-Abdelghani et al.,
1997), but their function is still unknown.

Ectopic XMeis3or hth expression inXenopusembryos
caused anterior truncations leading to a loss of cement
gland, forebrain, eye, and midbrain structures. Hindbrain
and spinal cord regions were expanded in embryos expres-
sing ectopicXMeis3. Over expression ofXMeis3inhibited
induction of anterior markers in animal caps neuralized with
noggin or the BMP DN receptor. However, the expression
of pan-neural markers was not perturbed in these explants.
Non-neuralized animal cap ectoderm expressing ectopic
XMeis3 turned on expression of posterior neural markers
such asKrox-20, HoxD1, RARa2.2 andHoxB9. These ani-
mal caps did not express anterior or pan-neural markers.
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Our results demonstrate that XMeis3 can caudalize cell fates
within the nervous system in the absence of neural induc-
tion. Regionally expressed proteins like XMeis3 may be
required for cells to overcome anterior neural signaling,
and thus acquire their proper posterior fate along the A–P
axis.

2. Results

2.1. Cloning and expression pattern of the XMeis3 gene

Using degenerate RT-PCR techniques (see experi-
mental procedures), we searched for aXenopushomo-

Fig. 1. Cloning and expression of theXenopus Meis3during development. (A) Comparison of the amino acid sequences of theXenopusMeis3 and mouse
Meis3 proteins. Identical amino acids are depicted in red. The Meis-homology (MH) box and homeodomain regions are underlined. (B) Similarity of XMeis3
to other Meis family proteins. The percent of identity in the MH box and homeodomain regions is shown for the mouse Meis3 (#MMU57344), mouse Mrg1A
(#MMU68383), mouse Meis2 (#MMU57343), mouse Meis1 (#MMU33629),XenopusMeis1 (#XLU68386), andDrosophilaHTH (#AFO32865) proteins.
The accession number for XMeis3 is AF072895. (C) Expression ofXMeis3mRNA duringXenopusdevelopment. Total RNA was isolated from eggs and
developing embryos through stage 27. One-embryo equivalent of total RNA was loaded per well for Northern analysis. The filter was sequentially hybridized
with XenopuscDNA probes forXMeis3andSRC. SRCis used as a positive control of RNA levels loaded per well.
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logue of theDrosophila hthgene. We cloned aXenopus
Meis homologue which was most similar to the mouse
Meis3 gene (Fig. 1A), being 90% identical in the MH
region and 96% identical in the homeodomain (Fig. 1B).
This new gene was termedXenopus Meis3(XMeis
3).

By northern analysis,XMeis3 mRNA was initially
detected at gastrula stages (Fig. 1C). Expression peaked
at neurula stages and was maintained at stable levels
through tailbud stages (Fig. 1C). Spatial expression was
determined by whole-mount in situ hybridization. In
early-mid neurula stages,XMeis3was expressed in a single
stripe in the neural plate (Fig. 2A). By neurula, early tailbud
stages, expression was localized to rhombomeres (r) 2, 3,
and 4 and the anterior spinal cord (Fig. 2B–D). Some ven-
tral XMeis3expression was also detected in posterior rhom-
bomeres (Fig. 2D). As seen in double in situs withKrox-20
or En-2, XMeis3 was expressed anterior to theKrox-20
stripe seen in r3 (Fig. 2E).XMeis3was not expressed in
r1 as shown by the gap between theXMeis3 and En-2
expression (Fig. 2F).

2.2. Ectopic XMeis3 expression perturbs anterior neural
induction

To examine the possible role of XMeis3 protein during
early development, we injected 1–2 ng of in vitro synthe-
sizedXMeis3or hth RNA into the animal hemisphere of
one-cellXenopusembryos. Embryos were scored at tailbud
to tadpole stages for phenotypes (Fig. 3A–C). Over expres-
sion of Drosophila hthor Xenopus XMeis3RNA caused
anterior truncations in 80% of the injected embryos (Fig.
3B,C,n = 150). These effected embryos exhibited reduced
cement glands and eyes, with a dorsal-anterior index (Kao
and Elinson, 1988) in the 2–4 range, with the average being
3.0–3.2. Injection of the deadDXMeis3 construct (see
experimental procedures) caused no phenotypes (n = 65),
and the injected embryos resembled uninjected control
embryos (Fig. 3A).

Expression of various neural markers was examined in
XMeis3 injected embryos by both Northern and RT-PCR
analysis. Ectopic expression ofXMeis3reduced expression
of the anteriorly-expressedXAG-1(Sive et al., 1989),otx2

Fig. 2. Expression pattern ofXMeis3. (A) Whole-mount in situ hybridization withXMeis3was performed on early neurula stage embryos (see Section 4). All
embryos are oriented anterior to posterior, left to right. A single stripe of expression is seen in the neural plate (dorsal-lateral view). (B)XMeis3expression in
neurula stage embryos, dorsal view. Expression is observed in a patch of cells in the anterior hindbrain (corresponding to rhombomeres 2–4), followed by a
gap; expression continues in the anterior spinal cord. (C,D) A dorsal-lateral (C) and lateral view (D) of late neurula - early tailbud stage embryos. The arrow
(D) marks the ventral expression in the posterior hindbrain. (E) Double in situ hybridization withKrox-20andXMeis3. XMeis3is expressed anterior to the r3
Krox-20stripe, but not posterior to the r5 stripe. Asterisks markXMeis3expression in r2 and r4. Arrows markKrox-20expression in r3 and r5. (F). Double in
situ hybridization withEn-2 and XMeis3. The arrow marksEn-2 expression.XMeis3 is expressed posterior to theEn-2 stripe at the midbrain-hindbrain
junction. XMeis3is not expressed in r1 as seen by the gap between theEn-2 andXMeis3expression domains.
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(Blitz and Cho, 1995), andEn-2 (Hemmati-Brivanlou and
Harland, 1989) genes by 3–6-fold as compared to control
embryos (Figs. 3D and 5A). However, expression of the
posteriorly-expressedKrox-20 (Bradley et al., 1992) and
HoxB9(Wright et al., 1990) genes was increased 2–3-fold
in XMeis3injected embryos as compared to control embryos
(Fig. 3D). The pan-neurally expressednrp-1 gene (Richter
et al., 1988) was not affected by ectopicXMeis3expression
(Fig. 5A). Similar results were seen in embryos injected
with hth RNA (not shown). EctopicXMeis3 expression
did not reduce expression of Spemann organizer marker
genes such asgoosecoidor Xlim-1 (not shown), suggesting

Fig. 3. Ectopic expression ofXMeis3or hth RNAs causes anterior trunca-
tions inXenopusembryos. (A) Embryos at the one-cell stage were injected
with 2 ng of in vitro transcribedXenopusDXMeis3RNA. Embryos devel-
oped until stages 38–40; the embryos appear normal like uninjected con-
trols. (B) Embryos at the one-cell stage were injected with 2 ng of in vitro
transcribedXenopus Meis3RNA. Embryos developed until stages 38 - 40;
the embryos exhibit anterior truncations. (C) Embryos at the one-cell stage
were injected with 2 ng of in vitro transcribedDrosophila hth RNA.
Embryos developed until stages 38–40; the embryos exhibit anterior trun-
cations. (D) Expression of neural markers in embryos injected with
XMeis3RNA. Embryos at the one-cell stage were injected in the animal
hemisphere with 1.4–1.6 ng ofXMeis3 RNA. Total RNA was isolated
from control andXMeis3injected embryos at stage 18. RT-PCR analysis
was performed with the markers:XAG-1, otx2, En-2, Krox-20, andHoxB9.
EF1a served as a positive control for quantitating RNA levels in the
different samples. As a control, -RT-PCR was performed on total embryo
RNA.

Fig. 4. Spatial expression pattern of neural markers in embryos injected
with XMeis3 RNA. Two-cell albino embryos were injected unilaterally
into the animal hemisphere of one blastomere with 0.7–0.8 ng of
XMeis3 RNA. In parallel experiments,XMeis3 was coinjected with 50
ng of b-galactosidase(b-gal) mRNA which served as a lineage tracer
(see experimental procedures). In situ hybridization was performed in
late neurula stage embryos. The perturbations seen in the embryos were
always seen on the red stainedb-gal/XMeis3injected side (not shown). (A)
In situ hybridization withKrox-20; expression is expanded on theXMeis3
injected side. (B) In situ hybridization withEn-2; expression is reduced on
the XMeis3 injected side. (C) Double in situ hybridization withKrox-20
and HoxB9; HoxB9 and Krox-20 expression is expanded on theXMeis3
injected side (the right side of the shown embryos). The large white arrow
denotes the dorsal midline. The white arrowheads denote the lateral extent
of HoxB9expression.
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that its caudalizing effects were restricted to neuroectoderm.
These results suggest that ectopicXMeis3expression dis-
rupts fore-midbrain formation by expanding posterior
neural structures.

To examine the effects of ectopicXMeis3expression on
spatial expression of neural markers, whole-mount in situ
hybridization was performed onXMeis3injected embryos.
Embryos were unilaterally injected (0.8 ng ofXMeis3RNA)
into the animal hemisphere of one blastomere at the two-cell
stage. In 78% of the injected embryos (26/33 in the shown
experiment), theKrox-20expression region was enlarged on
the injected side (Fig. 4A).Krox-20 expression expanded
into r4, and less frequently into r2 and r6. Expression also

expanded laterally in the r5 neural crest region; there was
often a fusion of the r3 and r5Krox-20stripes at the neural
crest-neural tube border (Fig. 4A). TheEn-2 stripe at the
midbrain-hindbrain junction was reduced in injected
embryos (Fig. 4B). EctopicXMeis3 expression also ex-
panded theHoxB9expression domain in 84% of the injected
embryos (16/19 in the shown experiment). InXMeis3
injected embryos,HoxB9expression always spread laterally
and sometimes spread anteriorly (Fig. 4C). Expression of
the r4-specificXE10 (Weinstein et al., 1996) andHoxB1
genes was also slightly expanded in injected embryos,
whereasHoxB3 expression in r5/6 remained unaltered
(not shown). These results demonstrate that ectopic

Fig. 5. EctopicXMeis3expression inhibits anterior neural induction but activates expression of posterior neural markers in animal cap ectoderm explants. (A)
One-cell stage embryos were injected in the animal hemisphere with 1.0 and 2.0 ng ofXMeis3RNA. Thirty-six animal cap explants were removed from
uninjected and injected groups of blastula embryos (stage 8–9). Eighteen explants from each group were treated with noggin until stage 12.5–13 and eighteen
untreated explants served as controls. Explants from each group were grown to stage 20 and total RNA was isolated. Total RNA was also isolated from pools
of five embryos from both the control and the twoXMeis3injected groups. For northern analysis, one embryo equivalent of RNA was loaded per well and all
explant RNA was loaded. Filters were sequentially hybridized withXenopuscDNA probes forXAG-1, nrp-1 andSRC. SRCis used as a positive control to
compare RNA levels loaded per well. (B) One-cell stage embryos were injected in the animal hemisphere with 1.4 ng ofXMeis3and/or 0.4 ng ofBMP DN
receptorRNA. Eighteen animal cap explants were removed from uninjected and injected groups of blastula embryos (stage 8–9). Explants from each group
were grown to stage 20 and total RNA was isolated. RT-PCR analysis was performed with the markers:XAG-1, otx2, Krox-20, HoxD1, RARa2.2, XE10,
HoxB9andnrp-1. EF1a served as a positive control for quantitating RNA levels in the different samples. For controls, RT-PCR and -RT-PCR was performed
on total RNA isolated from normal embryos.
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XMeis3 expression significantly expands the expression
domains ofKrox-20 (r3 and r5) andHoxB9 (spinal cord),
while having milder effects on genes such asXE10 and
HoxB1, which are expressed in r4.

2.3. XMeis3 inhibits anterior neural, but not pan-neural
induction by noggin, or the BMP-4 dominant-negative
receptor

To examine a direct role for the XMeis3 protein in reg-
ulating A–P patterning in the CNS,XMeis3injected animal
caps were treated with noggin, and the expression of various
neural markers was assayed. As determined by Northern
analysis,XAG-1expression was reduced 5–20-fold in nog-
gin-neuralized animal cap explants injected withXMeis3
RNA as compared to uninjected neuralized explants (Fig.
5A). In contrast toXAG-1, nrp-1 expression was nearly
identical in noggin-neuralizedXMeis3 injected and unin-
jected animal cap explants (Fig. 5A). Similar effects were
caused by ectopic expression of flyhth in animal caps (not
shown). In parallel experiments, animal caps were removed
from embryos coinjected with RNAs encoding the BMP DN
receptor and XMeis3 proteins. The co-expression of
XMeis3 and BMP DN proteins in animal caps lowered
otx2 and XAG-1 mRNA levels by 3–6-fold as compared
to BMP DN injected animal caps (Fig. 5B). Expression of
the pan-neuralnrp-1 marker was not altered in coinjected
animal caps (Fig. 5B). Thus, ectopicXMeis3expression can
differentially alter neural induction in animal cap ectoderm;
anterior neural induction is inhibited, but induction of pan-
neural gene expression is unaltered.

2.4. XMeis3 activates expression of posterior neural
markers in the absence of neural induction

To test whether the induction of posterior markers by
XMeis3 requires neural induction, we examined the levels
of such markers in non-neuralized animal cap ectoderm
injected withXMeis3RNA. Posterior neural marker expres-
sion was activated in non-neuralized animal caps injected
with XMeis3 RNA. Transcripts of theKrox-20, HoxB9,
XE10, HoxD1 and RARa2.2 genes were detected in non-
neuralized animal caps injected withXMeis3 RNA (Fig.
5B). Anterior and pan-neural expressed genes, such as
XAG-1, otx2, En-2, andnrp-1 were not induced inXMeis3
injected animal cap explants as compared to controls (Fig.
5B). Animal caps injected with theDXMeis3construct did
not express any posterior neural markers, being identical to
uninjected animal cap ectoderm (not shown). We also deter-
mined that XMeis3 was not mediating its caudalizing effects
by inducing mesoderm, since muscle actin transcripts were
never detected in XMeis3 injected caps (not shown).

We also examined whether anterior neural signaling
could alter the ability of XMeis3 to activate expression of
posteriorly expressed genes. Animal caps neuralized by
BMP DN receptor and coinjected withXMeis3, exhibited

identical levels ofKrox-20 andHoxD1 expression as caps
injected withXMeis3alone (Fig. 5B). In contrast,HoxB9
and RARa2.2 mRNA levels were inhibited approximately
5-fold by coinjection of the BMP DN receptor withXMeis3
as compared to animal caps injected withXMeis3 alone
(Fig. 5B). Krox-20, HoxB9, HoxD1 and RARa2.2 were
not detected in BMP DN receptor neuralized animal caps,
but XE10expression was slightly induced (Fig. 5B).

In summary, ectopic expression ofXMeis3 activated
expression of posterior-neural marker genes in the absence
of neural induction in animal cap ectoderm. Anterior neural
signaling modifiedXMeis3 mediated activation of some
posteriorly expressed genes. XMeis3 induced expression
of the RARa2.2 andHoxB9genes was reduced by anterior
neural signaling, whereas XMeis3 induced expression of the
Krox-20andHoxD1genes was unaltered.

3. Discussion

3.1. Expression and biological activity of the XMeis3 gene

We have cloned a new member of the Meis gene family,
XMeis3. XMeis3 mRNA is initially detected at gastrula
stages, and in early neurula embryos, it is expressed in a
stripe of cells in the developing neural plate. In neurula/
tailbud stage embryos, gene expression is mainly localized
to r2, r3, r4 and the anterior spinal cord, with lower levels of
expression detected in ventral cells of the more posterior
rhombomeres.

Ectopic expression of either theDrosophila hth or
XMeis3 RNAs caudalizedXenopusembryos. The cement
gland, eyes, and midbrain were reduced in injected
embryos. Ectopic expression ofXMeis3expanded expres-
sion of Krox-20 in the hindbrain andHoxB9 in the spinal
cord. In neuralized animal cap explants, ectopichth or
XMeis3 expression inhibited induction of anterior neural
markers without altering expression of pan-neural markers.
In non-neuralized animal cap ectoderm, ectopichth or
XMeis3 expression activated transcription of posterior
neural markers such asKrox-20, HoxB9, XE10, HoxD1
and RARa2.2. These results demonstrate thatXMeis3can
caudalize the developing CNS.

3.2. XMeis3 as a transformation protein

What role mayXMeis3 play in regionalization of the
CNS? The two-step ‘activation-transformation’ model is
currently the most prevalent model of neural induction
(Nieuwkoop, 1952; reviewed by Doniach, 1993). According
to this model, ectoderm is first ‘activated’ to form anterior
neural tissue, and then it is ‘transformed’ to form posterior
neural tissues. The model is supported by the discovery that
all the neural inducers characterized up to present induce
anterior neural tissue (Hemmati-Brivanlou et al., 1994;
Lamb et al., 1994; Sasai et al., 1994). If the ground state
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of the neural tissue is anterior, then additional factors should
be required for the proper A–P axis formation (reviewed by
Doniach, 1995). Our studies support this model, providing
evidence thatXMeis3expression may be required for the
activation of posterior markers and the restriction of anterior
markers during CNS development.

XMeis3exhibits the biological activity necessary to act
as a ‘transformer-caudalizer’ of the ‘activated-anterior’
CNS. XMeis3 respecified anteriorized neural fates to
more posterior cells fates. In neuralized animal caps,
XMeis3activated posterior marker expression while inhi-
biting anterior marker expression.XMeis3activated poster-
ior marker expression in naive animal cap ectoderm in the
absence of neural induction, thus caudalizing in a neural
independent manner. In neural ectoderm anteriorized by
the BMP DN receptor, ectopicXMeis3expression activated
Krox-20 andHoxD1 expression as in non-neuralized ecto-
derm expressingXMeis3 RNA. However, genes such as
HoxB9andRARa 2.2which are transcriptionally activated
by XMeis3 in non-neuralized ectoderm were inhibited by
the addition of the BMP DN receptor. These results suggest
that anterior neural signaling regulatesXMeis3target genes
in a differential manner. Certain genes are transcribed in
XMeis3expressing cells despite anterior neural signaling,
whereas transcription of other genes is reduced. These
results suggest that the balance of XMeis3 levels within a
given cell, and the anterior signaling it receives, could reg-
ulate the position along the A–P axis in which specific
genes are expressed. Perhaps, in this manner,XMeis3 is
capable of regulating spatial expression of different genes
along the A–P axis.

In whole embryos, ectopicXMeis3expression expanded
the domains of bothKrox-20andHoxB9expression.Krox-
20 is normally expressed in r3, r5 and in r5 neural crest
(Bradley et al., 1992). In embryos ectopically expressing
XMeis3RNA, Krox-20 expression was spread anterior of
r3 into anterior rhombomeres. In addition,Krox-20was also
expressed in r4 and its expression spread posterior of r5 into
more posterior rhombomeres. In normal embryos,XMeis3
and Krox-20 expression overlaps in r3. Low levels of
XMeis3 are detected ventrally in r5, butXMeis3 is not
expressed in all of the Krox-20 expressing cells in r5. We
do not know ifXMeis3expression in normal embryos reg-
ulatesKrox-20 expression solely in r3. It is possible that
XMeis3expression in r4 also regulatesKrox-20expression
in the adjacent r5 by a non-cell autonomous mechanism.
Future experiments will clarify this point. However, our
data clearly demonstrates thatXMeis3is a strong transcrip-
tional activator of theKrox-20gene.

EctopicXMeis3expression caused a dramatic lateral and
mild anterior expansion ofHoxB9expression in the spinal
cord. Normally,XMeis3andHoxB9are expressed in over-
lapping domains in the anterior spinal cord, andXMeis3
could be responsible for activating posteriorly expressed
genes, such asHoxB9, in this region. The posteriorly
expressedcaudal homeobox genes could be responsible

for activating HoxB9 transcription in the posterior spinal
cord region (Pownall et al., 1996; Epstein et al., 1997)
whereXMeis3is not expressed.

TheXE10, HoxD1andRARa2.2genes are also activated
by XMeis3 in animal cap ectoderm.HoxD1 and RARa2.2
genes are expressed in an A–P domain that spans from r4
and posteriorly throughout the entire spinal cord (Kolm et
al., 1997). Thus, their expression overlaps withXMeis3in r4
and the anterior CNS. It is possible thatXMeis3acts in a
regional specific manner, activating expression of posterior
neural markers in the hindbrain and anterior spinal cord. Not
all hindbrain gene expression was severely modified by
ectopicXMeis3expression. The expression domains of the
r4 specificHoxB1andXE10genes were slightly expanded,
and expression of the r5/6HoxB1gene was unaltered. Thus,
not all hindbrain patterning was perturbed by ectopic
XMeis3expression. In a similar manner, embryos injected
with the DN RARb receptor exhibited expandedKrox-20
expression and duplications of r4 specific Mauthner neu-
rons, without dramatic changes inHoxB1or HoxB3expres-
sion (van der Wees et al., 1998). Probably, different
hierarchies of factors regulate different aspects of patterning
in the hindbrain.

3.3. Possible interactions of XMeis3 with transformation
signaling pathways

In preliminary studies, we examined the regulation of
endogenousXMeis3expression in neural induction assays
(unpublished observations). Residual levels ofXMeis3
mRNA were detected in naive animal cap ectoderm. Animal
caps treated with noggin and bFGF did not express addi-
tional XMeis3. Thus, the combination of noggin and FGF,
which sufficed to activate genes likeKrox-20 andHoxB9,
did not increaseXMeis3mRNA levels. The same is true for
RA. All-trans-RA had no positive effect onXMeis3expres-
sion in animal caps, in fact, RA lowered endogenous
XMeis3mRNA levels in animal caps (not shown). RA or
XMeis3are both efficient inducers ofHoxD1andRARa2.2
expression in animal cap ectoderm (Fig. 5B; Kolm et al.,
1997). It is still not clear whether the lowXMeis3 levels
present in animal caps are permissive for caudalization by
RA or FGF. RA or FGF could also regulateXMeis3protein
activity by post-transcriptional or post-translational
mechanisms.

XMeis3 may regulate the RA signaling output through
the various RARs, since theRARa2.2gene is transcription-
ally activated by XMeis3 in animal cap explants. There is
also a great phenotypic similarity (expansion of Krox-20
expression) between embryos ectopically expressing
XMeis3 or the RARb DN protein (van der Wees et al.,
1998). Thus, the XMeis3 protein could interact with the
various RA signaling pathways in a number of still unde-
termined ways. It is also possible that alternative, non-
XMeis3 dependent, caudalizing pathways activate posterior
neural gene marker expression in the animal cap neural
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induction assay. Thus, FGF or RA could caudalize anterior
neural tissue via a mechanism which bypasses the XMeis3
protein.

It is interesting that ectopic expression of either theDro-
sophila HTH or XenopusMeis3 proteins produce similar
phenotypes in the frog embryo. Inhth mutant fly embryos,
head development is impaired and abdominal and thoracic
segments undergo posterior transformations (Rieckhof et
al., 1997; Kurant et al., 1998). It is not clear if analogous
functions for the Meis genes have been conserved through
evolution. The mouse Meis1 protein rescueshth mutant
phenotypes in flies (Rieckhof et al., 1997) and it will be
interesting to determine ifXMeis3 can also rescuehth
mutants.

Although it is not totally clear how XMeis3 patternsthe
nervous system, our results demonstrate that XMeis3 could
play a major role in the caudalization process. By inhibiting
anterior neural gene expression, and activating expression
of posterior neural markers, XMeis3 acts as a ‘transforming’
molecule which is required to re-specify cell fates along the
A–P axis during CNS formation. Some-what surprisingly,
XMeis3 can activate specific posterior neural markers in the
absence of general neural induction. This observation sug-
gests that A–P patterning can be ‘uncoupled’ from neural
induction per se. Regional expression of genes like XMeis3
in the hindbrain/spinal cord are necessary for proper A–P
patterning in these regions. The future ‘knockout’ of the
XMeis3 protein inXenopusembryos should elucidate the
exact role of this protein as a caudalizer in the developing
vertebrate CNS.

4. Materials and methods

4.1. Cloning XMeis3 cDNA

Degenerate RT-PCR (Winning and Sargent, 1994) was
performed on total RNA prepared from stage 20 embryos.
Degenerate primers were designed against the conserved
MH box motif (Burglin, 1997). The 5′ degenerate primer
sequence, 5′-TG(tc)-GA(ag)-(ct)T(X)-GC(X)-AC(X)-TG
(tc)-AC(X)-CC-3′ encodes the amino acids CELATCTP.
The 3′ degenerate primer sequence, 5′-A(ag)-(ga)TC-
(tag)AT-(X)GG-CAT-(ct)TT-(X)CC-(ct)TT-3′ encodes the
amino acids KGKMPIDL. A PCR fragment of 282 base
pairs was isolated and subcloned into the pGem-T plasmid
(Promega). DNA sequencing (Unit of DNA Sequencing,
Weizmann Institute, Israel) confirmed the presence of the
MH box open reading frame; this fragment was used as a
probe to screen aXenopus laevisstage 30 head cDNA
library in lZapII. After tertiary screens, individual positive
phages were converted into plasmids by in vivo excision. A
full length clone was sequenced and subcloned into the
pSP64T plasmid. This construct was transcribed by SP6
RNA polymerase to generate full-length sense RNA for
microinjection studies.

4.2. Xenopus embryos, explants and inducing factors

Ovulation, in vitro fertilization, embryo culture and dis-
sections were carried out as described in Re’em-Kalma et
al. (1995). Embryos were staged according to Nieuwkoop
and Faber (1967). Noggin was prepared from CHO-B3 cell
line conditioned medium as previously described (Lamb et
al., 1994). Noggin-treated animal cap explants were grown
to late neurula stages as described in Bonstein et al. (1998).

4.3. RNA injections, mutagenesis and plasmids

Different concentrations of capped sense in vitro tran-
scribed full-lengthhth (Kurant et al., 1998) andXMeis3
RNA (0.7–2.0 ng in a volume of 5–10 nl) were injected
into the animal hemisphere of embryos at the one or two-
cell stage. Using PCR, the deadDXMeis3 mutant was gen-
erated by deleting the homeobox domain and carboxy ter-
minus of the XMeis3 protein. This mRNA encodes a protein
of 252 amino acids instead of the wild type protein of 397
amino acids. Capped in vitro transcribedXenopus BMP DN
receptorRNA (0.4 ng) was injected into the animal hemi-
sphere of embryos at the one-cell stage (Graff et al., 1994).

4.4. In-situ hybridization and lineage tracing

Whole-mount in situ hybridization was carried out with
digoxigenin labeled probes as described in Hemmati-Bri-
vanlou et al. (1990); Harland (1991); Knecht et al. (1995).
Two-cell stage albino embryos were injected unilaterally
into the animal hemisphere of one-cell with 800 pg of
RNA encoding the XMeis3 protein. Embryos were cultured
until late neurula stages and subsequently fixed for in situ
hybridization. The uninjected side serves as an internal con-
trol in all experiments. For lineage tracing analysis, 50 pg of
RNA encoding theb-galactosidase protein (b-gal; Smith
and Harland, 1991) and 800 pg of RNA encoding the
XMeis3 protein were injected unilaterally at the two-cell
stage. At late-neurula stages, embryos were red-stained for
b-gal activity and fixed for whole-mount in situ hybridiza-
tion as described in Bonstein et al. (1998).

4.5. Northern and RT-PCR analysis

RNA was extracted from embryos and Northern analysis
performed as described in Re’em-Kalma et al. (1995).
Quantitation was performed using a Fuji phosphor-imaging
system.SRCwas used as a positive standard for comparing
amounts of RNA loaded per well at any given stage. RT-
PCR was performed as described in Wilson and Melton
(1994), except that random hexamers (100 ng/reaction)
were used for reverse transcription. Primers forEF1a, En-
2, Krox-20andHoxB9are as described in Hemmati-Brivan-
lou and Melton (1994). The primers fornrp-1 were
described in Thomsen (1996). The primers forHoxD1 and
RARa2.2 were described in Kolm et al. (1997). Theotx2
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andXAG-1primers were described in Knecht et al. (1995).
TheXE10primers were described in Weinstein et al. (1996).
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