ELSEVIER

Mechanisms of Development 54 (1995) 149-160

The Xenopus laevis homeobox gene Xgbx-2 is an early marker
of anteroposterior patterning in the ectoderm
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Abstract

In a search for homeobox genes expressed during early Xenopus development, we have isolated a gene which appears to be the
Xenopus cognate of the mouse Gbx-2 gene. Expression of Xgbx-2 is first detectable by in situ hybridization at the midgastrula stage
when it is predominantly expressed in the dorsolateral ectoderm, with a gap in expression at the dorsal midline. By the end of gastrula-
tion and during neurulation, Xgbx-2 is expressed dorsolaterally in the neural ectoderm and laterally and ventrally in the epidermis with
sharp anterior expression borders in both tissues. The anteriormost expression in the neural ectoderm persists throughout the early
stages of development, and was mapped to the region of rhombomere 1, with an anterior expression border in the region of the mid-
brain-hindbrain boundary. Thus Xgbx-2 is expressed anterior to the Hox genes. Xgbx-2 expression is induced by retinoic acid (RA) in
animal caps, and RA treatment of whole embryos expands and enhances Xgbx-2 expression in the ectoderm. We suggest a role for
Xgbx-2 in establishing the midbrain-hindbrain boundary, which appears to separate early neurectodermal regions expressing genes that

are positively and negatively regulated by RA.
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1. Introduction

The understanding of anteroposterior (A-P) patterning
in vertebrates has advanced rapidly with the identification
of the vertebrate homologues of the homeobox genes
contained within the homeotic gene clusters in Droso-
phila, termed the Hox genes (McGinnis and Krumlauf,
1992; Slack and Tannahill, 1992; Akam et al., 1994). In
the mouse, the Hox genes are expressed in overlapping
domains, with sharp anterior boundaries and generally
diffuse posterior boundaries in the mesoderm and neural
ectoderm, suggesting that they specify regional identities
along the A-P axis in a combinatorial manner (Gaunt,
1991; Hunt and Krumlauf, 1992). It is not possible, how-
ever, to account for all A-P neural patterning in the CNS
by the Hox genes since the Hox genes are not expressed
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anterior to rhombomere 2 in the hindbrain (Krumlauf,
1993).

Recently, it has been shown that homeobox genes only
distantly related to the Hox genes, such as the vertebrate
genes related to Drosophila orthodenticle (Otx) and empty
spiracles (Emx), are expressed in central nervous system
(CNS) regions anterior to the hindbrain (Simeone et al.,
1992, 1993). They are expressed in nested overlapping
domains, and the posteriormost expressed genes of this
group, Otxl and Orx2, have a posterior expression border
at the midbrain—hindbrain boundary. This suggests that
the Ot/Emx genes specify regional identity in the head
region anterior to the hindbrain in a combinatorial man-
ner, much like the Hox genes in the trunk region. The
region of thombomere 1 does not express any known Hox
or Emx/Otx genes, suggesting that other genes may be
involved in the early patterning of this region.

The factors regulating A-P patterning in vertebrates are
not known, but the vitamin A derivative all-trgns retinoic
acid (RA) or related retinoids have been suggested to play
a role in this process. Addition of RA to early Xenopus
embryos causes a truncation of the anterior CNS and a
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compression of the anterior hindbrain (Durston et al.,
1989; Sive et al., 1990; Papalopulu et al., 1991), dimin-
ished expression of some dorso-anterior mesodermal
genes like gsc and pintallavis (Cho et al., 1991; Ruiz i
Altaba and Jessell, 1992) and repression of anterior ecto-
dermal marker genes including En-2 (Sive et al., 1990).
Recently, it has also been found that RA downregulates
the Otx2 gene in cultured cells (Simeone et al., 1993,
1995) and in whole embryos of mouse (Ang et al., 1994,
Simeone et al., 1995), chicken (Bally-Cuif et al., 1995)
and Xenopus (Pannese et al., 1995). This downregulation
appears to act through a cis-acting mechanism, suggesting
that it may be direct (Simeone et al., 1995). In contrast to
Otx2, Hox genes are induced by RA in cultured cells, and
in some cases this activation has been shown to be direct
(Boncinelli et al., 1991; Langston and Gudas, 1994). RA
also increases the level and changes the pattern of Hox
gene expression in whole embryos of mouse (Kessel and
Gruss, 1991; Conlon and Rossant, 1992), chicken (Sundin
and Eichele, 1992) and Xenopus (Cho and DeRobertis,
1990; Sive et al., 1990; Sive and Cheng, 1991; Dekker et
al., 1992a,b; Leroy and DeRobertis, 1992; Lopez and
Carrasco, 1992; Kolm and Sive, 1995). These and other
observations have led to the view that RA may act as a
posteriorizing agent in the A-P specification of the verte-
brate axis, inhibiting anterior (forebrain) differentiation
and enhancing differentiation of hindbrain and spinal cord
levels in both the mesoderm and the ectoderm (reviewed
in Yamada, 1994). It should be noted, however, that not
all of the RA-induced changes in molecular markers
along the A-P axis appear to be consistent with this view
(reviewed in Slack and Tannahill, 1992).

We have isolated a Xenopus member of the Gbx class
of homeobox genes (Gbx = gastrulation brain homeobox;
Frohman et al., 1993), which are only distantly related to
the Hox genes. Xgbx-2, which is a putative homologue of
the mouse Gbx-2 gene (Bulfone et al., 1993; Frohman et
al., 1993; Chapman and Rathjen, 1995), is initially ex-
pressed during the midgastrula stage of Xenopus devel-
opment in the presumptive neural ectoderm and epider-
mis, forming sharp anterior borders by the end of gastru-
lation. The anterior border in the neural ectoderm was
followed throughout development, and shown to lie
within the region of the midbrain—hindbrain boundary,
which is anterior to the anteriormost expression limit of
the Hox genes. We show that Xgbx-2 expression is posi-
tively regulated by retinoic acid treatment, and suggest a
role for Xgbx-2 in the early establishment of the mid-
brain—hindbrain boundary.

2. Results
2.1. Isolation and sequence of Xgbx-2

Xgbx-2 was first identified in a search for homeobox-
containing genes transcribed during the gastrula stages

using a polymerase chain reaction (PCR)-based approach
(Northrop and Kimelman, 1994). One of the DNA frag-
ments isolated in our search demonstrated considerable
homology to the chicken CHox7 gene (Fainsod and Gru-
enbaum, 1989). CHox7 is expressed in gastrulating chick
embryos (Fainsod and Gruenbaum, 1989), although spa-
tial localization of its expression has not been reported.

.To obtain the full-length sequence of our CHox7-like

gene, we screened a Xenopus neurula-stage cDNA library
(Kintner and Melton, 1987). The clone with the longest
insert (approximately 2.4 kb) was chosen for further
analysis. DNA sequence analysis revealed a 1020 bp open
reading frame encoding a predicted protein of 340 amino
acids (Fig. 1A).

Examination of the amino acid sequence of this gene
showed that it is most similar to Gbx-2, a CHox7-related
gene that was originally isolated from the mouse us-
ing the nucleotide sequence obtained from our gene
(Bulfone et al., 1993; Frohman et al., 1993). We have
therefore named our gene Xgbx-2. A fragment of the Gbx-
2 homeodomain was also isolated independently and
called MMox-A (Murtha et al., 1991). In the homeodo-
main, Xgbx-2 shows 98% amino acid sequence identity to
Gbx-2, and the two genes have an overali amino acid se-
quence identity of 80% (Fig. 1A; sequence data from
Chapman and Rathjen, 1995). Xgbx-2 is less similar to
CHox7 than Gbx-2 in its homeodomain (Fig. 1B; 95%
amino acid identity) and C-terminus (Fig. 1C). Thus,
Xgbx-2 appears to be the Xenopus homologue of the
mouse Gbx-2 gene, whereas CHox7 and human GBX-1
(Matsui et al., 1993a) appear most similar to mouse Gbx-
1 (Fig. 1B,C). A Gbx-2 homologue has also been found in
goldfish (Levine and Schechter, 1993; E. Levine, pers.
comm.). Xgbx-2 differs from the Drosophila Antp gene
product in 27 out of the 60 amino acids of the homeodo-
main, showing that it is not closely related to the Hox
genes (Fig. 1B). Recently, PCR was used to isolate a
fragment of a CHox7-like Xenopus gene, XHox7, which
codes for the same amino acid sequence as Xgbx-2 within
the homeodomain (King and Moore, 1994). This suggests
that XHox7 is identical to Xgbx-2, although the sequence
of regions outside the homeodomain of XHox7 has not
been reported.

2.2, Temporal and spatial expression of Xgbx-2 during
early Xenopus development

Xgbx-2 transcripts were first clearly detected by the
midgastrula-stage using RNase protection analysis (Fig.
2A, stage 11). Long exposures of the autoradiogram re-
vealed a low level of Xgbx-2 expression at the start of
gastrulation (stage 10), but no maternal transcripts were
detected (not shown). By the end of gastrulation, the ex-
pression level reaches a maximum (Fig. 2A; stage 13),
and remains high throughout the neurula stages (Fig. 2A;
stages 15, 17, and 19). Northern blot analysis of embry-
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Fig. 1. (A) Comparison of the predicted amino acid sequence of Xgbx-2 and Gbx-2. The homeodomain in Xgbx-2 is underlined. Non-identical resi-
dues in Gbx-2 are indicated. The predicted Xgbx-2 open reading frame is nine amino acids longer at the amino terminal end than is Gbx-2. (B) Com-
parison of the amino acid sequences of the homeodomain of different Gbx-class homeodomain proteins. Percentages are amino acid identities to Xgbx-
2, (C) Comparison of C-terminal amino acid sequences of different Gbx-class homeodomain proteins. X, Xenopus; m, mouse (Frohman et al., 1993;
Chapman and Rathjen, 1995); h, human (Matsui et al., 1993a,b); ¢, chick (Fainsod and Gruenbaum, 1989). Note that the high degree of amino acid
similarity shown here for CHox7 extends throughout the whole C-terminal region only after deletion of one nucleotide from the published sequence of

CHox7 (Matsui et al., 1993a).

onic RNA revealed only a single Xgbx-2 transcript during
early embryonic stages (Fig. 2B).

To determine the spatial expression pattern of Xgbx-2,
we performed whole mount in situ hybridization using a
digoxygenin-labeled RNA probe (Harland, 1991). Ex-
pression of Xgbx-2 was first detected at stage 10.5-~11
(midgastrula) in the dorsolateral ectoderm at a distance
from the blastopore lip and with a wide gap in expression

at the dorsal midline (Fig. 3A,B). To examine whether
Xgbx-2 expression is excluded from the presumptive
mesoderm, we cohybridized midgastrula stage (stage 11)
embryos with antisense probes to Xgbx-2 and Xbra, the
Xenopus homologue of the Brachyury (T) gene (Smith et
al., 1991), which in vertebrates appears to be initially
expressed throughout the presumptive mesoderm
(Herrmann, 1991; Schulte-Merker et al., 1992). Xgbx-2
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Fig. 2. (A) RNase protection analysis of the temporal expression of Xgbx-2. Total RNA (20 ug) from unfertilized eggs (U) and embryos at the indi-
cated stages was analyzed by RNase protection using a mixture of Xgbx-2 and EF-la probes. Stage 7, blastula; stage 9, late blastula; stage 10, early
gastrula; stage 11, mid-gastrula; stage 12, late gastrula; stage 13, early neurula; stage 15, mid-neurula; stage 17, late neurula; stage 19, late neurula.
EF-Ia is a ubiquitously expressed gene in the Xenopus embryo; EF-1a levels increase from the midblastula transition at stage 8 (Krieg et al., 1989).
(B) Northern analysis of the temporal expression of Xgbx-2. Poly(A+) RNA was isolated from 50 unfertilized eggs (U) or 50 embryos at the indicated
stages, separated on a denaturing gel, blotted, and hybridized with a 32p yabeled probe from the Xghx-2 cDNA. Stage 8, mid-blastula; stage 9, late
blastula; stage 10, early gastrula; stage 12, late gastrula; stage 15, mid-neurula; stage 18, late neurula, stage23, early tailbud.

appeared to be expressed outside of the region containing
Xbra transcripts (Fig. 4A-C), although we cannot exclude
a minor overlap in the expression of the two genes at the
resolution of these experiments. The dorsal gap in Xgbx-2
expression probably comprises at least the future floor
plate of the neural tube. This is consistent with the ob-
served lack of expression in the floor plate at later stages
(Fig. 5C). The expression of Xgbx-2 in the stage 11 em-

bryo tapers off towards the ventral side (Fig. 3B), but can
still be weakly detected at the ventral midline (not
shown). Thus, at the midgastrula stage, Xgbx-2 is ex-
pressed mainly in the presumptive ectoderm, which in-
cludes the future epidermis and neural plate.

By the end of gastrulation/start of neurulation (stage
13), the dorsal gap in Xgbx-2 expression has become very
narrow, occupying only a small strip along the dorsal

Fig. 3. Spatial expression of Xgbx-2 during early development. The expression was analyzed by whole mount in situ hybridization of albino embryos.
In all pictures, anterior is to the left. (A) Dorsal view of a stage 11 embryo. Note the wide gap at the dorsal midline and the distance of the expression
from the blastopore lip (b). (B) Dorsolateral view of a stage 11 embryo. (C) Dorsal view of a stage 1314 embryo. The gap in expression at the dorsal
midline has narrowed. Note the sharp anterior expression border in the neuroectoderm (n). (D) Lateral view of a stage 13-14 embryo. Xgbx-2 is ex-
pressed in the neuroectoderm (n) and in epidermal ectoderm (e). (E) Dorsal view of a stage 15 embryo. The neurectodermal expression is concentrated
in a pair of anterior stripes (n). The epidermal expression has a sharp anterior border (e). There is additional expression in the presumptive posterior
spinal cord (s). (F) Dorsal view of a stage 19-20 embryo. Labeling as in (E). (G) Lateral view of a stage 19-20 embryo. The lateral epidermal expres-
sion (e) shows a sharp anterior border and gradually tapers off towards the posterior end. Labeling as in (E). (H) Dorsal view of a cleared stage 22-23
embryo. Xgbx-2 is expressed in the anterior neuroectoderm (n), in the otic vesicle (0), in a pair of lateral stripes anterior to the otic vesicle, in the neu-
ral tube (nt) posterior to the otic vesicle, in the posterior spinal cord (s), and in the future branchial arches (lateral to the otic vesicle). (I) Dorsal view of
an uncleared stage 22-23 embryo. Expression is in the region of the neural crest (arrowhead) ventrally and posterioventrally to the otic vesicle. (J)
Dorsal view of a cleared stage 31 embryo. Note the crescent-shaped expression in the dorso-medial part of the otic vesicle (o). Labeling as in (H). (K)
Lateral view of a cleared stage 31 embryo. Note expression in the dorsal and ventral past of the anterior hindbrain (n). There is weak expression in the
region of the visceral arches (va). Labeling as in (H). (L) Dorsolateral view of a cleared stage 31-32 embryo, showing Xgbx-2 expression in the neural
tube dorsal to the eye (arrowhead).

Fig. 4. Comparison of the expression of Xgbx-2 to the expression of Xbra. All three embryos are stage 11 (midgastrula stage). The same magnification
is used in all photographs. Shown are dorsovegetal views; future anterior is to the top. (A) Embryo hybridized for Xgbx-2 alone. (B) Embryo hybrid-
ized for Xgbx-2 and Xbra. (C) Embryo hybridized for Xbra alone.
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midline (Fig. 3C). This narrowing is probably due to the
convergence of the prospective neural plate (Keller et al.,
1992). A lateral view of a stage 13—14 embryo (Fig. 3D)
shows that, in addition to expression in the neural plate,
Xgbx-2 is now expressed in ventrolateral regions, in the
presumptive epidermis. Beginning with stage 12, both the
neural and the epidermal expression show a distinct ante-
rior border at a similar anterior-posterior level (Fig. 3D).
Transverse sections of stage 14—15 embryos localized the
dorsal expression to the thickened neural plate and the
ventral expression to the epidermis (Fig. 5B). In anterior
regions, expression appeared to be restricted to the inner,
sensorial layer of the epidermis (Fig. 5B). We did not
detect Xgbx-2 expression in mesodermal regions at this or
later stages.

During neurulation, the dorsal expression becomes
restricted to a pair of stripes with sharp anterior bounda-
ries (Fig. 3E-G). We have mapped this expression to
the presumptive anterior hindbrain (see below). In addi-
tion, a pair of longitudinal stripes of Xgbx-2 expression
is visible by stage 15 in the presumptive posterior spinal
cord (Fig. 3E). The epidermal expression domain of neu-
rula stage embryos shows a sharp anterior border
(Fig. 3E-G), and moves dorsally as the neural folds close
during neurulation (compare Fig. 3D and G). The epi-
dermal expression gradually tapers off towards the poste-
rior end (Fig. 3G). Weak epidermal expression was also
observed across the ventral midline (Fig. 5B), but the
sharp anterior border of the epidermal expression was
only observed in lateral regions. In horizontal sections

of stage 14-15 embryos, which were cut through the lat-
eral domain of expression, this sharp lateral anterior bor-
der of the epidermal expression was localized in the re-
gion of the boundary between the epidermis and the ante-
rior neural plate (i.e. future midbrain and forebrain re-
gions; Fig. SA).

By the early tailbud stage (stage 22-23), epidermal
Xgbx-2 expression has become weaker (Fig. 3H,I). New
expression is observed in a pair of lateral stripes anterior
to the otic vesicle, in the otic vesicle itself and in the neu-
ral tube posterior to the otic vesicle (Fig. 3H,1, and data
not shown). We also observed Xgbx-2 expression in the
region of migrating neural crest ventrally and posterio-
ventrally to the otic vesicle (Fig. 3I).

In stage 31 embryos, expression in the epidermis
and the posterior spinal cord has disappeared, but there is
weak expression in the region of the visceral arches (Fig.
3K). In the anterior hindbrain, Xgbx-2 expression is local-
ized mainly to the dorsal neural tube (Figs. 3],K and 5C).

In the otic vesicle, Xgbx-2 expression becomes local-
ized to the dorsal region at least by stage 26 (not shown),
and transverse sections at stage 31 reveal that Xgbx-2 is
expressed along the medial (inner) side, where the otic
epithelium abuts the rhombencephalon (Fig. 5D). Sec-
tions through the posterior hindbrain near the hindbrain/
spinal cord junction of stage 31 embryos revealed Xgbx-2
expression in two bilaterally symmetric longitudinal col-
umns (Fig. 5E). By stage 31-32, the latest stage examin-
ed, a new area of expression was observed anterior to the
hindbrain, in the neural tube, dorsal to the eyes (Fig. 3L).

Fig. 5. Histological analysis of Xgbx-2 expression. Embryos were processed for whole-mount in situ hybridization, embedded in Paraplast, and 16 um
(A,B) or 10 um (C-E) sections were cut. Dorsal is at the top in all sections except in (A). (A) Horizontal section of a stage 14-15 embryo which is cut
anterior to the hindbrain. Note that the anterior neural plate is bent ventralwards at this stage, so that the horizontal section passes through the future
forebrain and midbrain, and the lateral epidermis. Anterior is at the top. The anterior border of the epidermal expression (e) lies in the region of the
posterior border of the anterior neural plate. (B) Transverse section of a stage 14-15 embryo at a level near the anterior expression border in the neural
plate. The section is slightly oblique, such that the left side is more anterior than the right side. Staining is observed in the thickened neural plate (n)
and in the epidermis (e). There is no expression in the dorsal midiine. At this stage, the most anterior epidermal expression (left side) appeared to be
restricted to the inner (sensorial) layer of the epidermis. Epidermal expression is observed across the ventral midline. (C—E) Transverse sections of the
same stage 3! embryo. (C) Section at the level of the anterior hindbrain. Staining is observed in the dorsal part of the neural tube, but not at the dorsal
midline. The section is slightly oblique, such that the ventrolateral expression in the anterior hindbrain (Fig. 3K) is not visible. (D) Section at the level
of the otic vesicle. Expression is found along the medial (inner) side of the dorsal part of the otic epithelium. The notochord (no) is labeled. (E) Section
through the posterior hindbrain. There is staining in two bilaterally symmetric spots in the neural tube.

Fig. 6. Localization of Xghx-2 expression in the hindbrain. Embryos were hybridized alone or in combinations with Xgbx-2, Krox-20, or En-2. For all
embryos, a lateral view is shown with dorsal at the top and anterior to the left. The magnification is the same in all photographs. All embryos are
cleared. Arrowhead in A, B, D-F: anterior border of Xgbx-2 expression. (A—C) Stage 21. (A) Embryo hybridized with Xgbx-2 alone. Xgbx-2 is also
expressed in the head endoderm (arrow). (B) Embryo cohybridized with Xgbx-2 and Krox-20. Note the gap between the Xgbx-2 stripe and the thom-
bomere 3-stripe (3) of Krox-20, which is a length of approximately one thombomere. Krox-20 is also expressed in neural crest (nc) migrating into the
third visceral arch (Bradley et al., 1992). (C) Embryo hybridized with Krox-20 alone. (D-G) Stage 31. (D) Embryo cohybridized with Xgbx-2 and
Krox-20. The anterior Xgbx-2 expression border (arrowhead) lies at least 2 thombomere lengths anterior to the rhombomere 2/3 boundary. (E) Embryo
hybridized with Xgbx-2 alone. (F) Embryo cohybridized with En-2 and Xgbx-2. The En-2 stripe does not appear to be widened compared to (G). The
anterior border of Xgbx-2 expression (arrowhead) would be predicted to lie approximately halfway into the En-2 expressing region (compare to E). (G)
Embryo hybridized with En-2 alone. En-2 is also expressed in the mandibular arch (arrow).

Fig. 7. Treatment with retinoic acid causes an expansion and enhancement of ectodermal Xgbx-2 expression in whole embryos. Pigmented embryos
were treated for 30 min at stage 9 with 10 uM all-frans RA, fixed when controls reached stage 12.5-13, and processed for whole mount in situ hy-
bridization with Xgbx-2 antisense probe. Embryos that were only treated with ethanol, the RA solvent, looked the same as untreated control embryos
(not shown). For all embryos, anterior is to the left, and the magnification is the same. (A) Untreated control embryo, dorsal view. (B) The same con-
trol embryo, lateral view. (C) RA-treated embryo, dorsal view. (D) RA-treated embryo, lateral view.
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2.3. Localization of Xgbx-2 expression in the anterior and
posterior hindbrain

The anterior border of Xgbx-2 expression could be
followed through successive stages of embryogenesis
beginning at stage 12. By stage 15, most of the neural
expression of Xgbx-2 is concentrated in a pair of small
stripes within a region of the anterior neural plate (Fig.
3E). To determine more precisely where this expression
was localized, we hybridized embryos with probes for
Xgbx-2 and either Krox-20, which is expressed in rthom-
bomeres 3 and S of the hindbrain (Bradley et al., 1992),
or Engrailed-2 (En-2), which, like the En-2 protein, is
found in a band across the midbrain—hindbrain junction
(Hemmati-Brivanlou and Harland, 1989; Hemmati-
Brivanlou et al., 1991; Bolce et al., 1992).

At stage 21, the most anterior Xgbx-2 expression is
found anterior to rthombomere 3 with a gap between
Xgbx-2 and Krox-20 expression of approximately the
same length as the rhombomere 3 staining of Krox-20
(Fig. 6A-C). Similar results were observed at stage 26
(not shown) and at stage 31 (Fig. 6D,E). This suggests
that Xgbx-2 is expressed within the region of rhombomere
1 but only in low levels or not at all in rhombomere 2.
This interpretation is consistent with the expression pat-
tern of NCAM-PSA (the highly sialylated form of N-
CAM), which has been used to distinguish individual
rhombomeres in the hindbrains of stage 32-36 Xenopus
embryos (Ruiz i Altaba and Jessell, 1991). This has
shown that rhombomere 2 is of approximately the same
length as rhombomere 3.

When comparing stage 31 embryos stained for Xgbx-2
alone (Fig. 6E) and for En-2 and Xgbx-2 (Fig. 6F), the
otic vesicle could be used as a morphological landmark.
Here the anterior border of Xgbx-2 expression is ap-
proximately halfway into the En-2 expressing region of
the costained embryos (compare Fig. 6E and F). The En-2
stripe did not seem to be widened in the costained em-
bryos when compared to the expression of En-2 alone
(compare Fig. 6F and G). Thus, Xgbx-2 expression in the
anterior hindbrain appears to overlap with the posterior
En-2 expression. In Xenopus, En-2 is expressed in the
future cerebellum (Hemmati-Brivanlou et al., 1991), and
the posterior cerebellar anlage in Xenopus is believed to
correspond to the anterior region of rhombomere 1 (Ruiz i
Altaba and Jessell, 1991). This suggests that Xgbx-2 is
expressed in the presumptive posterior cerebellar anlage
in thombomere 1, with an anterior expression boundary
near the anterior border of rhombomere 1, which corre-
sponds to the midbrain-hindbrain junction.

The location of Xgbx-2 expression in the posterior
hindbrain, which appears by stage 23, can also be as-
sessed by analyzing stage 31 embryos that have been co-
stained with Xgbx-2 and Krox-20. Weak Xgbx-2 expres-
sion can be seen just posterior to the rhombomere 5 stripe
of Krox-20 expression, and strong expression begins ap-

proximately at the level of thombomere 7 (Fig. 6D,E).
This expression extends into the spinal cord and tapers off
posteriorly.

2.4. Treatment with retinoic acid causes an expansion of
Xgbx-2 expression in whole embryos

The anterior hindbrain is known to be a very sensitive
region to RA treatment during embryonic development of
vertebrates including Xenopus (Papalopulu et al., 1991;
Morriss-Kay, 1993), and RA treatment can alter the ex-
pression of Hox genes in this region (Conlon and Rossant,
1992). Since Xgbx-2, similar to the Hox genes, shows a
sharp anterior expression border in the neural ectoderm,
we analyzed Xgbx-2 expression in RA-treated embryos.
Embryos were treated for 30 min at stage 9 with 10 M
RA and were fixed when control embryos reached stage
12.5-13. The embryos were then processed for whole
mount in situ hybridization using the Xgbx-2 probe.
RA treatment of embryos under these conditions led to
anterior and ventral enhancement of Xgbx-2 expression
(Fig. 7C,D). Sections of these embryos showed that RA
expanded Xgbx-2 expression in the ectodermal layer, but
no expression in the mesoderm was observed (not
shown). The expression areas fused anteriorly, still leav-
ing an anteriorly widened, keyhole-shaped gap of ex-
pression in the dorsal midline. Thus, the sharp anterior
borders of expression were lost in both the neural
and non-neural ectodermal regions. RA-treated embryos
that were allowed to develop until stage 40 showed the
anterior and posterior malformations described previously
(Durston et al., 1989; Sive et al., 1990; Papalopulu et al.,
1991). The average dorso-anterior index (DAI; Kao
and Elinson, 1988) of these embryos was approximately
2.0, corresponding to embryos that completely lacked
eyes.

2.5. Retinoic acid can induce Xgbx-2 expression in
animal caps

Since RA led to an expansion and enhancement of ec-
todermal Xgbx-2 expression in whole embryos, we tested
whether Xgbx-2 could also be induced by RA in animal
caps, which are prospective ectoderm. Animal caps were
excised at stage 8-9 and treated for 45 min at the equiva-
lent of stage 9-10 with the indicated doses of all-trans
RA (Fig. 8). The caps were analyzed for Xghx-2 expres-
sion when control embryos reached stage 13—14, when
the expression level of Xgbx-2 in whole embryos is
maximal (Fig. 2A). We did not observe Xgbx-2 expres-
sion in untreated animal caps (Fig. 8, lane 2) or caps in-
cubated in the solvent dimethylsulfoxide (DMSO) alone
(Fig. 8, lane 3). In contrast, treatment with 10 uM RA
induced Xgbx-2 expression (Fig. 8, lane 4), and treatment
with a ten-fold higher dose led to an even higher level of
Xgbx-2 induction (Fig. 8, lane 5).
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Fig. 8. Induction of Xgbx-2 by all-trans RA. Embryos were cultured
until stage 8-9, at which time the upper portion of the animal hemi-
sphere (the animal cap) was removed. Animal caps were treated for
45 min at the equivalent of stage 9-10 with the indicated doses of RA.
RNA was isolated at stage 13-14 of controls for RNase protection
analysis. An EF-la probe was included to control for RNA loading.
Lane 1, RNA of one untreated control embryo was loaded. In lanes 2-
5, RNA of ten animal caps was loaded per lane. Lane 2, untreated; lane
3, incubated in DMSO (the solvent of the RA stock solution) at the
same concentration as with 10 uM RA; lane 4, 10uM RA; lane 5,
100 M RA.

3. Discussion
3.1. Xgbx-2 and Gbx-2 are likely cognate genes

We have described the isolation and expression of the
Xenopus Xgbx-2 gene, which is the likely cognate of the
mouse Gbx-2 gene (Buifone et al, 1993; Frohman et al.,
1993; Chapman and Rathjen, 1995). The expression pat-
terns of Xgbx-2 and Gbx-2 are conserved in some regards,
but also show differences. Similar to Xgbx-2, Gbx-2 is
first detected during gastrulation. During neurulation
(E7.5-E8.5), Gbx-2 is expressed in the neural ectoderm
and underlying mesoderm with an anterior boundary in
the region of the midbrain-hindbrain junction (M.
Frohman, pers. comm.). This is similar to Xgbx-2 expres-
sion, although by whole mount in situ hybridization, we
did not detect mesodermal expression of Xgbx-2 at all the
stages analyzed. In the mouse, expression of Gbx-2 in the
epidermis has not been reported, whereas we found Xgbx-
2 expression in the epidermal ectoderm from late gastrula
to early tailbud stages. By E9.5, Gbx-2 expression is
found in the hindbrain, the spinal cord, and the otic vesi-
cle (M. Frohman, pers. comm.) and we observed similar
expression sites for Xgbx-2. In summary, the similarities
in the amino acid sequences and in most sites of expres-
sion suggest that Xgbx-2 is the Xenopus cognate of the
mouse Gbx-2 gene.

3.2. Early regulation of the anteriormost Xgbx-2
expression in the neural ectoderm

Soon after Xgbx-2 expression is activated at the mid-
gastrula stage, the anterior border becomes sharply de-

marcated. This border can be followed through develop-
ment to a position in the region of the anterior boundary
of rhombomere 1, which corresponds to the midbrain—
hindbrain junction. We do not know whether the expres-
sion of Xgbx-2 is regulated by the Hox genes, or if it is
regulated on a parallel pathway. The onset of Xghx-2 ex-
pression is observed at about the same time or only
slightly later than the onset of expression of the earliest
expressed Hox genes. Of these, the expression of the
Hoxd-1 (Xhox.labl) gene (Sive and Cheng, 1991; Kolm
and Sive, 1995) is most similar to Xgbx-2. By Northern
analysis, Hoxd-1 expression is first weakly detected at
stage 10.5 (Kolm and Sive, 1995), which is similar to the
time when we first detect Xgbx-2 expression by RNase
protection and by whole mount in situ hybridization
(stage 10.5-11). Moreover, the initial expression pattern
of Hoxd-1 at stage 11 is very similar to Xgbx-2, in that it
is also predominantly expressed in the dorsolateral ecto-
derm with a gap in expression at the dorsal midline (Kolm
and Sive, 1995). Two other Hox genes, Hoxb-1 and
Hoxb-3, are weakly detected in early Xenopus embryos at
the start of gastrulation by RNase-protection analysis
(Dekker et al., 1992a,b), although by in situ hybridization,
they are only detected by the late gastrula/early neurula
stages (Godsave et al., 1994), suggesting that these genes
do not regulate Xgbx-2. A comparison of the spatial local-
ization of Xgbx-2 and the Hox genes also suggests that the
Hox genes do not regulate the anteriormost expression of
Xgbx-2. The anteriormost expression of Xghx-2 is in
rhombomere 1, which lies anterior to all Hox gene ex-
pression (Krumlauf, 1993).

One candidate regulator of Xgbx-2 at its anterior ex-
pression boundary is the Drosophila orthodenticle-related
homeobox gene, Omx2. In vertebrates, Ox2 shows a
posterior expression border at the presumptive midbrain—
hindbrain junction, which in mouse, zebrafish and chick-
en becomes established during gastrulation (Simeone et
al., 1992, 1993; Ang et al., 1994; Li et al., 1994; Bally-
Cuif et al., 1995). In Xenopus, Otx2 is expressed in pre-
sumptive neurectoderm from stage 10.25-10.5 onwards
and shows a distinct posterior border of expression by
stage 12 (late gastrulation; Blitz and Cho, 1995; Pannese
et al.,, 1995). In comparison, Xgbx-2 expression in pre-
sumptive neurectoderm is first detected at stage 10.5-11,
and by stage 12, it has a distinct anterior border of ex-
pression. Thus, the first establishment of the posterior
O1x2 expression boundary in the neural ectoderm during
gastrulation appears to coincide with the first establish-
ment of the anterior Xgbx-2 expression border. In addi-
tion, preliminary cohybridization experiments indicate
that Xgbx-2 and Otx2 directly abut each other at the mid-
brain-hindbrain boundary (unpublished results). These
results suggest that the midbrain—hindbrain boundary
could be positioned or established by an interaction be-
tween Xgbx-2 and Otx2. It is therefore interesting that, as
described below, addition of RA to embryos enhances the
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expression of Xgbx-2 but decreases the expression of
O1x2.

It should be noted that other genes are expressed in the
midbrain-hindbrain boundary region, such as members of
the En-, Pax- and Wnt-families (reviewed in Alvarado-
Mallart, 1993; Fjose, 1994; Rubenstein and Puelles,
1994). Some of these have been shown to be required for
the formation of this region, such as Wns-1 and En-1 in
mice (McMahon and Bradley, 1990; Thomas and Capec-
chi, 1990; Wurst et al., 1994), and Pax [7f-b] in zebrafish
(Krauss et al., 1992). However, these genes appear to be
expressed after the onset of Otx2 and Xgbx-2 expression,
suggesting that they may function at later steps in the es-
tablishment of the midbrain—hindbrain boundary.

3.3. Regulation of Xgbx-2 by retinoic acid

We have shown here that all-trans retinoic acid ex-
pands and enhances the expression of Xgbx-2 in the ecto-
derm in whole embryos. Moreover, RA alone can induce
Xgbx-2 expression in animal caps, showing that RA can
activate Xgbx-2 expression in undifferentiated ectoderm.
These results suggest that the expression of Xgbx-2 may
be regulated by endogenous retinoids. Consistent with
this possibility, the expression in Xenopus of at least
some molecules thought to mediate or modulate the ef-
fects of RA on gene regulation, such as RA receptors
(RARs; Sharpe, 1992) and cellular RA binding proteins
(CRABPs; Ho et al., 1994), appears to overlap with re-
gions of Xgbx-2 expression.

While RA positively regulates Xgbx-2 and the Hox
genes (Cho and DeRobertis, 1990; Sive et al., 1990; Sive
and Cheng, 1991; Dekker et al., 1992a,b; Leroy and
DeRobertis, 1992), the Otx2 gene, which is expressed in
the mid- and forebrain, is inhibited by exogenous RA
(Simeone et al., 1993, 1995; Ang et al., 1994; Bally-Cuif
et al., 1995; Pannese et al., 1995). This suggests that the
midbrain~-hindbrain boundary may separate regions ex-
pressing early neural genes that are positively and nega-
tively regulated by RA.

The anterior expansion of Xgbx-2 expression, which
we observed in RA-treated embryos, may in part be re-
sponsible for the truncations of the anterior CNS which
are later observed in such embryos (Durston et al., 1989;
Sive et al., 1990; Papalopulu et al., 1991). In zebrafish
embryos, RA treatment can lead to a specific loss of the
En-2-expressing region around the midbrain—hindbrain
boundary (Holder and Hill, 1991), and a loss of En-2 ex-
pression is also observed in RA-treated Xenopus embryos
(Sive et al., 1990). If Xgbx-2 (perhaps by an interaction
with Otx2) is involved in the positioning or establishment
of the midbrain-hindbrain boundary, the loss of the sharp
anterior Xgbx-2 expression border in RA-treated embryos
may lead to a failure in the formation of the midbrain-
hindbrain boundary. The loss of En-2 expression may
then be a secondary consequence of a disruption of the

midbrain—hindbrain boundary region; this region has been
suggested to be the source of morphogenetic signals (such
as Wnt-1) which appear to be required for the induction
and maintenance of En-2 expression in the adjacent
neuroepithelium (reviewed in Alvarado-Mallart, 1993;
Rubenstein and Puelles, 1994).

3.4. Expression of Xgbx-2 in the epidermis

The expression of Xgbx-2 appears unique compared to
most of the Hox genes in that it shows A-P restricted ex-
pression in the presumptive epidermis from as early as
late gastrula until early tailbud stages. In Xenopus, only
two Hox genes have been reported to be expressed in the
epidermis. Hoxd-1 shows expression in the presumptive
epidermis during the gastrula stage, although this expres-
sion is almost lost by stage 15 (neurula stage; Kolm and
Sive, 1995) and Hoxa-9 (Xhox.Bl) is expressed in the
epidermis at stage 25-26 (Stickland et al., 1992). In the
mouse, the neural crest cells are believed to activate their
respective pattern of Hox gene expression in the overlying
epidermis (Hunt et al., 1991; Krumlauf, 1993). However,
the establishment of the anterior border of Xghx-2 ex-
pression in the epidermis precedes the beginning of the
ventralward migration of the neural crest cells at stage 19
(Sadaghiani and Thiébaud, 1987). This suggests that the
initial positioning of this border cannot be explained by
vertical influences from underlying neural crest, and it
appears unlikely that Hox genes expressed in the neural
crest regulate or induce Xgbx-2 expression in the surface
ectoderm. It is interesting to note that Xgbx-2 was not
expressed in untreated animal caps, suggesting that the
epidermal expression of Xgbx-2 requires a positive in-
ductive event.

It has been suggested that the ectodermal layer of the
body, including the presumptive epidermis, may be an-
teroposteriorly subdivided into genetically defined devel-
opmental units, termed ‘ectomeres’, as a result of an early
simultaneous specification event of neural tube, neural
crest and superficial ectoderm (Couly and Le Douarin,
1990). The epidermal expression of Xgbx-2 may reflect
the establishment of an ectomere boundary during late
gastrulation, before the migration of neural crest begins. It
will be interesting to determine the factors that regulate
the spatial distribution of Xgbx-2 within the epidermis.

4. Experimental procedures
4.1. Embryos

Fertilized Xenopus embryos were obtained as previ-
ously described (Newport and Kirschner, 1982). Eggs
were fertilized in 0.5 MMR (1xX MMR is 0.1 M NaCl,
2 mM KCl, 1 mM MgSO,, 2 mM CaCl,, 5 mM HEPES,
and 0.1 mM EDTA). The jelly coat was removed with 2%
cysteine in water (pH 7.8), and the eggs were rinsed in
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0.1x MMR. Embryos were maintained in 0.1 X MMR at
14-23°C. Staging was done according to Nieuwkoop and
Faber (1956).

4.2. Animal caps

The upper portion of the animal hemisphere, corre-
sponding to roughly one fourth of the embryo, was
manually separated from stage 8-9 embryos with a fine
wire knife. Care was taken to remove any adherent vege-
tal cells.

4.3. Retinoic acid treatment

Animal caps were cultured in 1X MBS (88 mM NaCl,
ImM KCI, 041mM CaCl,, 033mM Ca(NOsj),,
0.82 mM MgSO,, 2.4 mM NaHCO;, 10 mM HEPES, pH
7.4) containing 1 mg/ml BSA and 50 ug/ml gentamycin
sulfate (Sigmay) alone or in the dark in the presence of all-
trans RA (Sigma), which was diluted from a 10 mM stock
solution in DMSO (stored in aliquots at —80°C). Solvent
controls contained only DMSO at the same concentration
as with 10 uM RA (0.1% DMSO). The efficiency of the
RA treatment was always tested by incubating whole em-
bryos (using 0.1 X MMR) under the same conditions, with
RA taken from the same aliquot of the stock solution.

Whole embryos to be processed for whole mount in
situ hybridization were treated in the dark in 0.1X MMR
containing all-frans RA (Sigma), which in this case was
diluted from a 1 mg/ml stock solution in ethanol (stored at
~20°C). Solvent controls contained ethanol at the highest
concentration used in the experiment (1.2% ethanol).

4.4. Isolation of Xenopus homeobox-containing sequences

Xgbx-2 was isolated in a search for homeobox-
containing genes transcribed during the gastrula stages
using a polymerase chain reaction (PCR)-based approach
as previously described (Northrop and Kimelman, 1994).
The PCR fragments were used as probes to isolate cDNAs
from a stage 17 (neurula) phage library (Kintner and
Melton, 1987), which were inserted into the EcoRI site of
a Bluescript SK+ vector (Stratagene). The complete nu-
cleotide sequence of the longest cDNA (pXgbx-2) was
determined and deposited in GenBank under accession
number 1.47990.

4.5. RNA isolation and analysis

RNA was prepared by homogenization in a buffer con-
taining proteinase K (Krieg and Melton, 1984). The etha-
nol precipitate was dissolved in diethylpyrocarbonate-
treated water and reprecipitated overnight with an equal
volume of 8§ M LiCl at —20°C. RNase protection was per-
formed with an antisense transcript from the 3’ end of the

Xgbx-2 cDNA. The pXgbx-2 plasmid was linearized with
Rsal and transcribed with T3 polymerase, producing a
433 bp protected fragment. As a control for RNA loading,
a probe for the ubiquitously expressed EF-Ila gene (Krieg
et al., 1989) was synthesized at a reduced specific activity
(Sargent and Bennett, 1990) and included in every hy-
bridization reaction. Probes were hybridized with RNA
samples overnight at 45°C and then treated with 1 zg/ml
RNase T1 (Sigma) for 1 h at room temperature.

For Northern blot analysis, poly(A)-containing RNA
from 50 unfertilized eggs or 50 embryos was isolated
by oligo(dT)-cellulose chromatography, electrophoresed
on a formaldehyde-agarose gel, transferred to Duralon
(Stratagene) and immobilized by UV cross-linking. The
filter was hybridized with an Xgbx-2 probe labeled with
32P by random priming.

4.6. In situ hybridization and probe synthesis

Whole-mount in situ hybridization was performed us-
ing digoxygenin-labeled RNA probes (Harland, 1991),
with the modifications that levamisol was omitted from
the alkaline phosphatase buffer, and that the RNase di-
gestion step was omitted. Antisense probes corresponding
to the complete cDNA were synthesized from EcoRV-
digested pXghx-2 DNA using T3 polymerase. As a con-
trol, sense probes were synthesized from BamHI-digested
pXgbx-2 using T7 polymerase. For the generation of an-
tisense probes, the Xbra ¢cDNA (Smith et al., 1991) was
linearized with EcoRV and transcribed with T7 po-
lymerase; the Krox-20 cDNA (Bradley et al., 1992) was
linearized with EcoRI and transcribed with T7 po-
lymerase, and the En-2 cDNA (Hemmati-Brivanlou et al.,
1991) was linearized with Xbal and transcribed with T3-
polymerase. For sectioning, embryos were embedded in
Paraplast, sectioned at 10 or 16 um and mounted in Per-
mount (Kelly et al.,, 1991). Whole mount embryos and
sections were photographed using Kodak Ektachrome
160T and 64T film, respectively.
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