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Organizer-Specific Homeobox Genes in

Xenopus laevis Embryos

BRUCE BLUMBERG,* CHRISTOPHER V. E. WRIGHT, T
Eppy M. DE RoBEerTIS, KEN W. Y. CHO

The dorsal blastopore lip of the early Xenopus laevis gastrula can organize a complete
secondary body axis when transplanted to another embryo. A search for potential gene
regulatory components specifically expressed in the organizer was undertaken that
resulted in the identification of four types of complementary DNAs from homeobox-
containing genes that fulfill this criterion. The most abundant of these encodes a
DNA-binding specificity similar to that of the Drosophila melanogaster anterior
morphogen bicoid. The other three are also homologous to developmentally significant
Drosophila genes. These four genes may participate in the regulation of the develop-

mental potential of the organizer.

HE DORSAL BLASTOPORE LIP FROM

an early salamander gastrula, when

implanted into the ventral side of a
recipient gastrula, can organize the forma-
tion of a secondary body axis consisting of
both host and graft-derived tissue (7). The
dorsal blastopore lip was called the “orga-
nizer” to reflect its ability to recruit or
organize host cells to form a secondary axis
with appropriate anterior-posterior and dor-
sal-ventral polarity. The anterior-posterior
extent of the secondary axis induced by the
transplanted dorsal lips differed as gastrula-
tion proceeded; dorsal lips from early gas-
trulaec could induce nearly complete axes
including heads, whereas dorsal lips from
late gastrulaec induced axes consisting of
trunk and tail (2). The biochemical basis of
the organizer phenomenon has, however,
remained elusive, despite intensive investi-
gation (3).

Experiments have shown that peptide
growth factors related to transforming
growth factor-B (TGFB, XTC-MIF, ac-
tivin) and basic fibroblast growth factor can
induce mesoderm formation in uncommit-
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ted ectoderm and even confer organizer
activity on treated ectoderm in transplanta-
tion experiments (4). Activin protein can
organize body axis in uncommitted ecto-
derm and activin mRNA, injected into a
single vegetal blastomere, can organize a
secondary body axis (5). Although it is not
known whether any of these molecules is a
natural inducer in vivo, they are believed to
be, or be related to, the actual molecules
involved in mesoderm induction. The exact
relation between mesoderm induction and
the organizer phenomenon is not clear at

been shown to influence the expression of
several position-specific homeobox genes
(6). Therefore, it has been postulated that
mesoderm-inducing growth factors may
provide positional information along the
anterior-posterior axis by the regulation of
the expression of homeobox genes (6).

Although single growth factors may in-
duce a variety of mesodermal structures and
even confer organizer-like activity on un-
committed ectoderm or microinjected blas-
tomeres, the organizer’s actual mode of ac-
tion is likely to involve a number of molecules
that jointly provide the spectrum of activities
necessary for the induction of a body axis. That
localized positional information exists in the
organizer is indicated by experiments in which
the salamander dorsal lip was divided into a
number of fragments and cultured separately.
The types of tissues formed by each fragment
depended on its original location along the
longitudinal axis in the dorsal lip (7). The
quantity of organizer tissue in a Xenopus laevis
embryo is directly proportional to the extent of
anterior development (8). Thus, it can be in-
ferred that the inductive potential of the orga-
nizer is dependent on both regional specializa-
tion in, and the overall size of, the dorsal
blastopore lip.

We investigated the molecular basis of the
organizer by isolating mRNA from excised
dorsal lips [at stage (st) 10.25 gastrula when
the dorsal lips are capable of inducing a
complete secondary axis] (Fig. 1A). We
then constructed a cDNA library from this
mRNA, which is presumably enriched in
molecules encoding proteins that provide
positional information specific for the orga-
nizer, and screened for molecules that are
likely to be involved in conferring organizer
activity. As a first step in understanding
what underlies regional specialization in the
organizer, we decided to study a well-char-
acterized family of genes known to be devel-
opmentally significant—those containing a

resent. However, these growth factors have  homeobox. The homeobox is a DNA se-
bl B
Fig. 1. Identification of  p B g{!osscoid l;RRHRTlFTDEQLEALENLFQETKYPDVGTREQLARRVHLREEKVEVHFKNRRAKHRRQK
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the construction of the Xcad2 v-
dorsal  lip  library. o g e F
Dashed area indicates
the extent of the dissect- [
ed area used in the con- Hox-2.9
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struction of the library.
(Top)  Cross-sectional
view of the st 10.25 gastrula used; (bottom) external view of the same gastrula shown in (top). (B
through D) Dorsal lip homeobox sequences (29). Asterisk indicates conserved Glu residue explained in
text. Except where indicated, homeobox sequences used for comparison were derived from Scott and
co-workers (11). (B) The relations among the products of goosecoid and related genes: Mix.1 (15),
gooseberry-proximal, bicoid, and Antennapedia. (C) The relations among the products of Xcad1, Xcad2,
and the related genes caudal and cdx (18). (D) The products of Xlab and the related genes Hosx-1. 6,
Hox-2.9 (37), labial, and GHox-lab (19).
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quence, first found in homoeotic genes of
Drosophila melanogaster, that encodes a con-
served sequence of 60 amino acids called the
homeodomain (9). Proteins containing a
homeodomain are transcription factors that
are expressed in temporally and spatially
restricted patterns during development and
have been implicated in the regulation of cell
identity (10, 11). If they were found specif-
ically in the early gastrula dorsal lip, they
would represent good candidates for provid-
ing or interpreting positional information in
the organizer.

We screened the dorsal lip cDNA library
with a degenerate oligonucleotide that recog-
nizes a variety of homeobox genes (12). We
identified 30 cDNAs containing recognizable
homeoboxes and classified them according to
their amino acid sequence (13). The most
abundant type (23 out of 30 clones) was
named goosecoid to reflect its resemblance, in
regions of the homeodomain, to two Droso-
phila genes, the segmentation gene gooseberry
and the anterior morphogen bicoid (14) (Fig.
1B). The goosecoid homeobox is most similar to
that of gooseberry (57% identical) but divergent
from the Antennapedia homeobox (32% iden-
tical). The goosecoid homeobox is similar to the
homeobox of Mix.1 (53% identical), which is
one of the first Xenopus genes activated after the
onset of zygotic transcription and is expressed
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Fig. 2. Developmental expression of Xenopus
organizer-specific homeobox genes. Northern
analysis of Xenopus RNA from specific develop-
mental stages probed with homeobox gene
probes. Equal amounts of total RNA were loaded
on each lane. The probes used were the following:
(A) goosecoid, (B) Xlab, (C) Xcad1 and Xcad2, and
(D) the gene for Xenopus EF-la. All of the
homeobox transcripts are localized in a the dorsal
lip at st 10.5; however, Xlab and Xcad mRNAs
are just beginning to accumulate at this stage,
whereas the quantity of goosecoid mRNA peaks at
this stage. In each panel one blot was sequentially
hybridized with the indicated probes. Egg, unfer-
tilized egg; st 7.5, early blastula; st 10, early
gastrula; st 11.5, midgastrula; st 13, early neu-
rula; st 15, midneurula; st 20, late neurula; st 30,
tailbud; st 40, swimming tadpole; st 10.5, gastru-
la; lip, from the dorsal lip; and lipless, from all
areas of the gastrula except the dorsal lip.
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as a primary response (there is no need for
ongoing protein synthesis) to growth factor
treatment in isolated animal cap ectoderm (15).
There is no obvious similarity between goosecoid
and any other gene outside of the homeobox
(16). An analysis of the 1.3-kb goosecoid mRNA
expression shows that it is first detectable at st
8.5, peaks in quantity at st 10.5, and is much
reduced by the beginning of neurulation (st
13) (Fig. 2A) (16). The goosecoid mRNA is
enriched in manually dissected dorsal lips (Fig.
2A, right panel). The temporal pattern of
goosecoid mRNA expression is similar to that of
Mix. 1, and, like Mix. 1, goosecoid expression is a
primary response to growth factor treatment
(17); however, Mix.1 is not localized to the
dorsal lip but rather is expressed predominantly
in the prospective endoderm at this stage (15).

Six cDNA clones were isolated that cor-
respond to two different Xenopus genes sim-
ilar to the Drosophila gene caudal. Four
compose one class that is most similar to the
mouse cdx gene (18); this class is designated
Xcad1l (Fig. 1C). The other two cDNAs
define a different class of caudal-related genes
and are designated Xcad2. The 2.3-kb Xcad1
and the 4.5-kb Xcad2 mRNAs are first de-
tectable by Northern analysis in the early
gastrula (st 10.5), reach maximal quantities
at about st 13, and decrease to low amounts
after st 15 (Fig. 2C). Both Xcad1 and Xcad2
mRNAs are enriched in manually dissected
dorsal lips when compared with the rest of
the gastrula (Fig. 2C, right panel).

One cDNA was isolated that is related to
the Drosophila gene labial, the mouse Hox-
2.9 and Hox-1.6 genes, and the chicken gene
GHox-lab (Fig. 1D). We have designated
this gene Xlab. Xlab mRNA is first detect-
able by Northern analysis at st 10.5, peaks at
midgastrula (st 11.5), and is also enriched in
the dorsal lip (Fig. 2B). The temporal and
spatial distribution of Xlab is similar to that
of GHox-lab, which is expressed in high
amounts by the midgastrula stage in Hen-
sen’s node (the organizer equivalent of the
chicken embryo) and in the primitive streak
(19). Xlab is not similar enough to any
single vertebrate labial-related gene to allow
its assignment to a particular Hox cluster.

The homeobox-containing ¢DNAs that
we isolated from the dorsal lip library all
appear to be enriched in the dorsal blasto-
pore lip (Fig. 2). This is not an artifact of the
methods used because we have isolated oth-
er, nonhomeobox cDNAs from this library
whose mRNAs are expressed during gastru-
lation but are not limited to the dorsal lip
(16). We did not isolate cDNAs encoding
other Xenopus homeobox genes reported to
be expressed at this stage of gastrulation
[Mix.1 (15), Xhox1A, and Xhox3 (20)]. It is
not known where Xhox1A and Xhox3
mRNAs are localized in the early gastrula,
whereas Mix. 1 does not appear to be local-
ized to the dorsal lip (15). Although our
screen could have missed rare cDNAs, this
result provides further molecular evidence
that molecules encoding potential positional
information are spatially restricted in the
early Xenopus gastrula and probably reflects
the special nature of the organizer, as com-
pared with the rest of the embryo.

The majority of homeodomain proteins
isolated to date contain a Gln residue at
position 50 of the homeodomain (indicated
by an asterisk in Fig. 1B). At this position,
the bicoid protein has a Lys residue that
causes its DNA-binding specificity to differ
from that of other homeodomains (21). The
substitution of Lys by Gln at this position in
the bicoid protein homeodomain is sufficient
to replace the bicoid protein DNA-binding
specificity with that of the Antennapedia pro-
tein (21). Because the goosecoid protein ho-
meodomain contains a Lys residue at posi-
tion 50, we investigated whether the
goosecoid protein could bind to a bicoid pro-
tein-binding site (22). A fusion protein
containing the goosecoid protein homeo-
domain specifically bound to an oligonucle-
otide containing the bicoid protein-binding
site (Fig. 3), which suggests that the
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Fig. 3. The goosecoid protein binds preferentially to an oligonucleotide

containing a bicoid protein DNA-binding site. The fusion protein product of
goosecoid, but not of the XIHbox1 protein (which contains an Antennapedia

type homeodomain), retards the bicoid product-binding site oligonucleotide
(b). The retardation by the fusion protein product of goosecoid-lacZ (g,) was
competed out by the addition of a 500-fold molar excess of unlabeled bicoid
competitor oligonucleotide but not by an equal amount of Antennapedia-
binding site oligonucleotide (A). Equivalent amounts of the fusion protein of
XIHbox1-lacZ (x,) were capable of binding the Antennapedia oligonucleotide,
but not the bicoid oligonucleotide. This binding was competed out by excess
unlabeled Antennapedia oligonucleotide. The retarded band of intermediate

mobility present in the XIHbox1-lacZ preparation probably represents binding
by a partially degraded protein. The fusion protein product of goosecoid-lacZ
binds the Antennapedia oligonucleotide weakly, but reproducibly (16).
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goosecoid and bicoid proteins can bind to similar
DNA target sequences.

The similarity between goosecoid and bicoid
may be significant, considering the role of bicoid
in Drosophila development. The bicoid mRNA
is localized to the anterior pole of the Droso-
phila egg, and its translation after fertilization
results in a gradient of bicoid protein (23). The
different threshold responses of subordinate
genes to the concentration of bicoid protein are
responsible for the generation of pattern in the
anterior of the embryo (24). The injection of
synthetic bicoid mRNA into Drosophila eggs
can lead to the formation of an ectopic anterior
signal, resulting in the formation of secondary
anterior structures, including heads (24). These
properties underscore the significance of the
bicoid protein in development. Despite investi-
gation at a number of laboratories, no verte-
brate bicoid homolog has yet been reported. To
our knowledge, goosecoid is the first example of
a vertebrate gene that shows any functional
similarity to bicoid. The bicoid protein is a ma-
ternal gene product and exerts its concentra-
tion-dependent morphogenetic effects in the
syncytial Drosophila embryo, before the
formation of cells interferes with the diffu-
sion of macromolecules. In contrast,
goosecoid is presumably expressed in a small
subset of cells beginning at the blastula
stage. Thus, its concentration and any as-
sociated dependent morphogenetic effects
cannot be explained by a diffusion model as
for the bicoid protein. However, the early
onset of goosecoid mRNA expression, its
localization to the organizer region, and its
functional similarity to bicoid lead us to
believe that goosecoid plays a central role in
the initial events of axis formation in ver-
tebrates.

The homologies between homeobox genes
expressed predominantly in the Xenopus dorsal
lip and anteriorly expressed (bicoid and labial)
and posteriorly expressed (caudal) Drosophila
genes may reflect the different inductive capac-
ities of certain regions of the invaginating dor-
sal lip. The Xenopus embryo may first specify
the ends of the body axis in the dorsal lip and
later interpolate between these ends to generate
the remainder of the axis as gastrulation pro-
ceeds. The expression during axis formation of
vertebrate homeobox genes suggests that the
molecular mechanism to specify position has
been conserved in evolution.

We propose a mechanism for body axis
determination in Xenopus. As a result of dorsal
mesoderm  induction,  early-response  ho-
meobox genes, such as goosecoid, would be
activated in the future location of the dor-
sal lip. The goosecoid gene would, in turn,
activate various subordinate genes, includ-
ing homeobox genes such as Xlab and
Xcad, that further refine the axis. Observa-
tions that overexpression of homeobox
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genes in uncommitted embryonic cells can
give the cells axis-forming activity (25) are
consistent with this hypothesis.
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