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Molecular studies have begun to unravel the sequential cell-cell signalling events that
establish the dorsal-ventral, or ‘back-to-belly’, axis of vertebrate animals. In Xenopus and
zebrafish, these events start with the movement of membrane vesicles associated with

dorsal determinants. This mediates the induction of mesoderm by generating gradients of
growth factors. Dorsal mesoderm then becomes a signalling centre, the Spemann’s organizer,
which secretes several antagonists of growth-factor signalling. Recent studies have led to
new models for the regulation of cell-cell signalling during development, which may also

apply to the homeostasis of adult tissues.

With its rapid embryonic development, large egg size
(1-2 mm in diameter) and high numbers of embryos
(1,500 per female), Xenopus provides a favourable
model system for the study of vertebrate development,
and it has been used extensively to probe the events in
early embryogenesis. The dorsal side of the amphibian
embryo contains the information for the differentiation
of many different cell types. At the gastrula stage, the
dorsal side of the embryo can be recognized by the pres-
ence of the dorsal blastopore lip (F1G.1). When the gas-
trula embryo is bisected by ligature with a hair loop into
dorsal and ventral fragments, the half that contains the
dorsal blastopore lip develops into an entire embryo,
whereas the ventral half remains as a ‘belly piece’
(Bauchstiick) that is devoid of all axial organs®. In a
complementary experiment, the dorsal lip transplanted
to the ventral side of a host embryo induces the forma-
tion of a twinned embryo that contains axial structures
and organs?. This dorsal-ventral difference can be
traced back to the fertilization stage, with the dorsal side
always forming opposite to the sperm entry point.

The first external sign of asymmetry in the Xenopus
egg is the appearance of an unpigmented porsAL CRESCENT

(called the grey crescent in some amphibians)?, which is
caused by a rotation of the egg cortical cytoplasm that is
driven by microtubules* (F1G.1). Dorsal determination
seems to be associated with the cytoplasm that sur-
rounds the heavy yolk platelets in the vegetal pole. When
the heavy yolk and associated cytoplasm is made to flow
towards the animal pole of an amphibian egg, for exam-
ple by inverting the egg by 180° or by centrifugation, a
twinned dorsal axis is formed®. Isolating the molecules
that mediate the phenomena behind these experimental
observations has been the Holy Grail of amphibian
embryology. Remarkably, the general outlines of a mole-
cular pathway that regulates dorsal development from
fertilization to gastrulation are starting to emerge.

Here we review how dorsal determinants located in
membrane vesicles in the vegetal pole of the embryo are
transported to the dorsal side by cortical microtubules.
This event correlates with the activation of the canonical
Whnt signalling pathway on the dorsal side, causing the
stabilization and nuclear localization of the 3-Catenin
protein. In turn, this leads to the generation of a gradi-
ent of signalling molecules related to Nodal in the endo-
dermal region at the blastula stage, resulting in the
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Figure 1 | The anatomy of Xenopus development. The ovarian oocyte is radially
symmetrical and is divided into an animal and a vegetal domain. One hour after fertilization,

an unpigmented dorsal crescent is formed in the fertilized egg opposite the sperm entry point.
As the embryo rapidly divides into smaller and smaller cells, without intervening growth
(cleavage), a cavity called the blastocoel is formed, which defines the blastula stage. By the
late blastula stage (9 h of development), the three germ layers become defined. The ectoderm,
or animal cap, forms the roof of the blastocoel. The mesoderm is formed in a ring of cells in
the marginal zone, located between the ectoderm and endoderm. At the gastrula stage (10 h),
involution of the mesoderm towards the inside of the embryo starts at the dorsal blastopore
lip. The morphogenetic movements of gastrulation lead to the formation of the vertebrate
body plan, patterning the ectoderm, mesoderm and endoderm. At the neurula stage (14 h),
the neural plate, or future central nervous system (CNS), becomes visible in dorsal ectoderm.
By the tailbud stage (24-42 h), a larva with a neural tube located between the epidermis and
the notochord has formed. The blastopore gives rise to the anus, and the mouth is generated
by secondary perforation.

induction and patterning of the mesodermal germ layer.
During gastrulation, a signalling centre (Spemann’s
organizer) becomes established in the dorsal mesoderm
and expresses numerous organizer-specific genes,
notably secreted proteins that bind to growth factors in
the extracellular space and prevent them from sig-
nalling. These antagonists include molecules such as
Noggin, Chordin, Cerberus, Frzb-1, Crescent and
Dickkopf (DKK). One of the main conclusions from
this research is that cell differentiation in the gastrula
embryo is regulated by inhibitory secreted molecules.
We also address in some detail the Chordin pathway, in
which signalling by sone MoreHoGENETIC PROTEINS (BMPS)
bound to Chordin is regulated by the combined action
of the protease Xolloid and of another BMP-binding
protein called Twisted-gastrulation (XTsg).

BONE MORPHOGENETIC
PROTEINS

(BMPs). Molecules of the
TGF-3 family that can induce
bone formation and ventralize
the vertebrate embryo. In
zebrafish, a mutation in either
BMP-2b or BMP-7 has a similar
effect, suggesting that they work
as heterodimers; either
mutation also inhibits
transcription of BMP-4.

Rescue of the effects of UV irradiation

The critical function of the dorsal determinants stored
in the Xenopus egg is best illustrated by the experiments
shown in FiG.2. When fertilized eggs are irradiated at the
vegetal pole with ultraviolet light, which impairs micro-
tubule function by crosslinking GTP to tubulin, the
embryo develops as a belly piece, lacking all dorsal axial

organs (FIG. 2a, left). Other treatments that disrupt micro-
tubules, such as nocodazole and low temperature, have
similar outcomes*. The ventralized belly pieces develop
all three germ layers, but the mesoderm is of the ventral
type (lateral plate mesoderm and blood) and the ecto-
derm consists exclusively of epidermis®® (riG. 2b).
Remarkably, these ventralized embryos can be com-
pletely rescued by the microinjection of certain synthet-
ic messenger RNAs. For example, upon a single injec-
tion of chordin MRNA into 4- to 32-cell embryos, the
formation of head, trunk and tail is restored (FIG. 2a,
right), and the rescued embryos contain a variety of dor-
sal tissues, such as central nervous system (CNS) in
ectoderm, and somite, notochord and kidney in meso-
derm (FI1G. 2c). The most extraordinary aspect of the
ultraviolet-rescue experiment is that the same result can
be obtained with a large variety of mMRNAs that function
in very different signalling pathways (FiG. 2d). Complete
rescue can be caused by the microinjection of MRNAs
that encode Wnts and several downstream effectors of
its pathway, such as 3-Catenin and proteins that regulate
[-Catenin degradation®™, and by microinjection of a
number of Nodal-related factors'? or BMP antagonists,
such as Noggin and Chordin®**, How can such diverse
molecules all have the same properties in such a simple
ultraviolet-rescue assay? The thesis that we develop in
the following pages is that Wnts, Nodals and anti-BMP
molecules represent sequential steps in a common path-
way leading to dorsal axis development. The ultimate
consequence of activating this pathway in the embryo
would be to generate a region of low BMP signalling
that is required for dorsal differentiation.

Dorsal determinants stabilize B-Catenin

A breakthrough in the study of early dorsal axis establish-
ment was the discovery that 3-Catenin is translocated
into the nuclei of cells on the dorsal side of both Xenopus
and zebrafish embryos at the early blastula stage!®.
Xenopus B-Catenin has been shown to be required for
dorsal axis formation by the inhibition of maternal
mMRNAs using antisense oligonucleotides'”8, 3-Catenin
protein starts to accumulate in the dorsal cytoplasm as
early as the 2-cell stage and in dorsal nuclei by the 16-cell
stage'®. By the midblastula stage, nuclei stain positively for
[3-Catenin in the entire dorsal side, including regions that
later give rise to endoderm, mesoderm and ectoderm;
this shows that dorsal signals are present in a much wider
area than was previously thought®.

Another crucial discovery has been that the cortical
microtubules, which extend in parallel arrays from the
sperm entry point to the dorsal side of the embryo, not
only mediate the 30° rotation of the egg cortex with
respect to the underlying cytoplasm, but also transport
membrane vesicles located at the vegetal pole to the
dorsal side'® (F1G. 3a). Importantly, these membrane
vesicles are transported dorsally 90° or more towards
the animal pole, at the extraordinary speed of 25-40
pm min~t (Rer. 19). The membrane vesicles are able to
bind the fusion protein Dishevelled—green fluorescent
protein (Dsh-GFP) and transport it to the dorsal side®.
Dsh is a component of the Wnt signalling pathway and

172 | DECEMBER 2000 | VOLUME 1

www.nature.com/reviews/genetics



REVIEWS

uv

@

C Dorsal

| .
) .

Ventral

d Molecules that rescue the UV phenotype

Wnt pathway

[B-Catenin

TGF-B pathway
Wnts Nodal-related
proteins Noggin

BMP antagonists
Chordin

Figure 2 | The ultraviolet (UV) phenotype of irradiated embryos can be rescued by
many different molecules. a | Ultraviolet-irradiated embryos do not develop axial
structures, and differentiate into a belly piece (left). Microinjection of synthetic mRNA for
Chordin, an antagonist of bone morphogenetic protein (BMP) signalling, completely
rescues the development of axial structures (right). b | The belly piece comprises epidermis
(Ep), lateral plate mesoderm (LPM), endoderm (En) and blood (Bl), whereas c | unirradiated
or ultraviolet-treated embryos injected with chordin mRNA differentiate dorsal tissues, such
as central nervous system (CNS), somites (So), notochord (No), kidney (Ki) and HYPOCHORD
(He). d | A puzzling variety of gene products can rescue the ultraviolet phenotype; the main
thesis explored in this review is that these molecules participate in a sequential pathway of
biochemical events leading to dorsal development.

HYPOCHORD

Transient rod-like structure
derived from the endoderm,
which is located beneath the
notochord in vertebrate
embryos.

it associates with the cytoplasmic side of membranes
on activation by Wnt!t, When the mRNA that encodes
the Frizzled-7 Wnt receptor is ablated in oocytes that
have been microinjected with antisense oligonu-
cleotides, the formation of the dorsal axis is abolished?.
It is therefore attractive to speculate that Frizzled-7 may
be present in the membrane vesicles that function as
dorsal determinants, becoming activated by an as yet
unidentified Wnt protein present inside the membrane
vesicles and leading to the stabilization and nuclear
localization of 3-Catenin (FIG. 3a).

In ultraviolet-treated embryos, the parallel micro-
tubular arrays do not form, and nuclear 3-Catenin is
found only in vegetal pole nuclei® (FI1G.3b). The mem-
brane vesicles marked by Dsh—GFP remain in the vege-
tal pole?, and the expression of 3-Catenin target genes,
such as homeobox (siamois and xtwin) and secreted
factor genes (nodal-related-3 and cerberus), remain
confined to the vegetal pole®?22. In this vegetal loca-

tion, the B-Catenin signal does not reach the marginal
zone and animal cap, and is unable to trigger the differ-
entiation of dorsal cells into mesoderm and ectoderm.
When vegetal cytoplasm is injected into marginal or
animal regions, however, the differentiation of dorsal
tissues is restored®.

In the zebrafish, arrays of parallel microtubules are
formed in the vegetal pole of the zygote that, when dis-
rupted by ultraviolet irradiation, result in ventralization
of the embryo?. Partial removal of the vegetal yolk cell
mass results in severely ventralized embryos?®2. It is
therefore conceivable that zebrafish vegetal cytoplasm
contains vesicles similar to those that function as dorsal
determinants in Xenopus. In some freshwater snails (for
example, Bithynia), a small protrusion of cytoplasm of
less than 1% of the egg volume, called a polar lobe, is
formed during early cleavage, and its removal results in
the loss of many mesodermal structures. These polar
lobes are filled with intriguing small membrane vesicles
of about 3 um in diameter, which are located at the veg-
etal pole cortex during oogenesis?’. In the mouse, genet-
ic evidence supports the proposed role of the Wnt path-
way in axis formation. Mutation of axin, an inhibitor of
[3-Catenin, results in duplicated axes'’, and targeted
gene inactivation of Wnt-3 or SB-catenin results in the
absence of axis formation?2.

In conclusion, recent studies indicate that the initial
dorsal asymmetry in the vertebrate embryo may be trig-
gered by the transport of dorsal membrane vesicles
capable of activating the 3-Catenin pathway.

Mesoderm induction by Nodals
The next step in dorsal-ventral axis formation is the
induction of mesoderm by the endoderm. The estab-
lished view from embryological studies was that the
endoderm releases two signals, one from the ventral
endoderm, which induces ventral mesoderm, and a sec-
ond from the dorsal endoderm (a region called the
Nieuwkoop centre), which induces dorsal mesoderm (or
Spemann’s organizer tissue). A third signal subsequently
emanates from the Spemann’s organizer in the plane of
the mesoderm to refine the initial dorsal-ventral pat-
tern”*® (FiG. 4). The mesoderm-inducing signal is released
by endoderm after midblastula® and can be investigated
experimentally by combining explants of vegetal and
animal tissue, as done initially by Nieuwkoop.

Nodal-related proteins, which belong to the trans-
forming growth factor (TGF)-B family of growth
factors, have important functions in mesoderm forma-
tion in different species. In the mouse, only one nodal
gene has been identified, and the effects of its inactiva-
tion suggest a central function in the formation or
maintenance of mesoderm?®2%, In zebrafish, two nodal-
related genes, cyclops (cyc) and squint (sqt), have been
found®. In the absence of each individual gene, cyclopic
embryos develop, but when both gene products are
removed, embryos lack head and trunk dorsal
mesoderm, as well as endoderm, and fail to express the
organizer-specific homeobox gene goosecoid *.

We mentioned above that ultraviolet-induced ven-
tralization of Xenopus embryos is completely rescued by
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Figure 3 | Dorsal determinants and the transport of membrane vesicles to the dorsal
side. a | After fertilization, parallel arrays of cortical microtubules extend from the centriole and
the large aster at the sperm entry point towards the dorsal side (where the plus end lies), and
transport small membrane vesicles from the vegetal towards the dorsal animal pole. The inset
shows that the dorsal determinant vesicles are associated with Dishevelled (Dsh), a
component of the Wnt signal transduction pathway. The Wnt receptor Frz7 is required for
dorsal axis formation, but the Wnt molecules shown inside the vesicles are entirely
hypothetical. Kinesins are molecular motors that can transport vesicles towards the plus ends
of microtubules. B-Catenin is found in a large cytoplasmic complex that includes Axin, APC
(adenomatous polyposis coli) and GSK-3 (glycogen synthase kinase 3). GSK-3 negatively
regulates B-Catenin through phosphorylations that target 3-Catenin for degradation by the
proteasome. GSK-3 can be inhibited by treatment with lithium chloride (LiCl). On stimulation of
the Wnt pathway, B-Catenin is stabilized on the dorsal side and can be found in the nucleus,
where, together with TCF-3, it activates various target genes, including homeobox and Nodal-
related genes (Xnrs). Further molecules that participate in this canonical Wnt signalling

pathway''*

are not shown in this simplified diagram. b | Irradiation of embryos with ultraviolet

light disrupts cortical microtubules and prevents the transport of the membrane vesicles to the

prospective dorsal side.
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microinjection of MRNAs encoding proteins related to
Nodal*?. In Xenopus, there are five mesoderm-inducing
Nodal-related (Xnrs) genes (Rers 12,36; and M. Asashima,
personal communication), making loss-of-function
studies particularly difficult. However, the induction of
mesoderm by endoderm was discovered initially in
amphibians, and has been analysed in considerable
detail in these animals®.

A specific inhibitor of Xnrs provided a way of testing
the role of these molecules in Xenopus mesoderm
induction. It was found that one of the inhibitory pro-
teins secreted by the organizer, Cerberus®, was an
antagonist of Xnrs, and that the Xnr-binding activity
resided in the carboxy-terminal domain®. A construct
comprising only this domain, called Cer-short, provides
a valuable tool to test the role of the several Xnrsin
development, as it specifically inhibits mesoderm-

inducing Xnrs but not other TGF-3 molecules, such as
Activin, Vg1, BMP-4 and Derriere®.

When Nieuwkoop’s original mesoderm-induction
experiments of combining animal and vegetal explants
were repeated using Cer-short as a reagent to inhibit
Xnrs, the induction of both dorsal and ventral meso-
derm was blocked®. At the blastula stage, Xnrs are
expressed in a dorsal to ventral gradient in endodermal
cells®, which is accompanied by the preferential phos-
phorylation of Smad?2 (a downstream effector of TGF-3
signalling) on the dorsal side*’. Dose—response experi-
ments using increasing amounts of cer-short mMRNA
confirmed the existence of an endogenous Xnr activity
gradient in endoderm®. A modified model of Xenopus
early development, in which the induction of both dor-
sal and ventral mesoderm is mediated by a gradient of
several Nodal-related signals released by the endoderm
at the blastula stage, is shown in FIG. 4. In this view, the
three-signal model mentioned above may be considered
a two-signal one**,

The gradient of Xnr expression in the endoderm is
thought to be activated by three maternally provided
molecules: Vg1, \egT and 3-Catenin (F1G.4). Vgl,a TGF-
factor, and VegT, a T-box transcription factor, are both
localized to the vegetal pole of the Xenopus oocyte and
are potent inducers of endoderm?*-“2, Depletion of
maternal VegT leads to the absence of endoderm“2, In
VegT-depleted embryos, Xnr transcription and meso-
derm formation are severely inhibited and can be res-
cued by injection of Xnr mMRNA®, Wild-type embryos
microinjected with VegT and Vg1 have only low levels of
Xnr transcription; however, when -Catenin is also pro-
vided, it cooperates with VegT and Vg1 to achieve the
high levels of Xnr expression that cause organizer
induction® (F1G. 4). A plausible explanation for the ultra-
violet-induced phenotype, in which all three germ layers
are present (FIG. 2b), is that, even though B-Catenin is
lacking on the dorsal side, endogenous VegT and Vgl
levels in endoderm are sufficient to generate low levels
of Xnr signalling, thereby mediating the induction of
ventral mesoderm (FIG. 4).

In conclusion, after midblastula, the 3-Catenin signal,
in combination with other maternal genes, activates a
dorsal-ventral gradient of several Nodal-related signals
in the endoderm that, in turn, mediate the induction
and patterning of the mesodermal layer.

B-Catenin dorsalizes the three germ layers

As discussed above, nuclear 3-Catenin accumulates in
the entire dorsal side of the Xenopus blastula®®. This
stabilization of -Catenin protein has profound effects
in all three germ layers. It has been known for a long
time that the dorsal ectoderm of the embryo is predis-
posed, when compared with ventral ectoderm, to
respond to neural-inducing signals*. Ectopic expres-
sion of B-Catenin in animal-cap ectoderm is able to
repress BMP-4 transcription, thus promoting neural
development®. Similarly, signalling through 3-Catenin
represses transcription of the epidermal homeobox
gene DIx3, a Xenopus anti-neural factor*. In zebrafish,
[-Catenin both induces transcription of the homeobox
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Figure 4 | Two-step model of mesoderm induction in Xenopus. At the midblastula
stage, higher B-Catenin levels on the dorsal side of the embryo, together with the vegetally
located transcription factor VegT and the maternal TGF-B-family growth factor Vg1, generate
a gradient of Nodal-related molecules expressed in the endoderm. In turn, this gradient
induces the formation of overlying mesoderm: low doses of Nodal-related molecules (Xnrs)
lead to the formation of ventral mesoderm, whereas high doses lead to the establishment

of Spemann’s organizer. Nieuwkoop’s centre is the region of dorsal endoderm that induces
organizer tissue. At the gastrula stage, the organizer secretes a cocktail of factors that refine
the initial patterning. Note that B-Catenin is widely distributed on the dorsal side, including in
derivatives of the three germ layers. (CNS, central nervous system.)
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gene bozozok, which is related to goosecoid, and is
required for the dorsal repression of BMP-2b/4 tran-
scription in the dorsal marginal zone* ¢,

In the mesoderm, even after the initial induction has
taken place, B-Catenin and TGF-f3 signals (probably
Nodal-related) are integrated at the level of promoter
DNA to trigger transcription of the organizer-specific
gene goosecoid*s-5L, In Xenopus, 3-Catenin can also
directly activate transcription of the homeobox genes
siamois and xtwin?®, These two closely related homeobox
genes are transcriptional activators and therefore are
different from bozozok and goosecoid in zebrafish, which
are considered to be transcriptional repressors®2. The
goosecoid promoter in Xenopus contains two distinct
DNA regulatory elements (see supplementary informa-
tion online, FIG. S1). Xtwin/Siamois binds to the proxi-
mal element, thereby relaying the 3-Catenin signal. The
distal element contains binding sites for a mesendoder-
mal homeodomain protein, Mixer, and for a het-
erodimer of Smad2 and Smad4. Transcription of mixer
is activated, and nuclear translocation of the
Smad2/Smad4 heterodimer is stimulated by the TGF-
B/Xnr signal that, in this way, is transduced to the
goosecoid promoter®., In the promoters of other TGF-[3-
inducible genes, the function of Mixer is carried out by
the Forkhead-related protein FAST-1 (ReF.53). The Wnt
and TGF-[3 pathways might even be integrated in the
absence of separate promoter elements, as in the case of
the xtwin promoters% (see supplementary information
online, FIG. S1).

In the endoderm, inhibition of B-Catenin signalling
by ultraviolet irradiation blocks the induction of
XIHbox-8, a marker of dorsal endoderm, which can be
restored by microinjection of TGF-[3 factors®. Cell-dis-
sociation experiments have shown that the secretion of

TGF- factors, such as Xnrs, is required for endodermal
differentiation®. In addition, the initial expression of
Xnr-1, Xnr-2 and Xnr-4 in the endoderm requires the [3-
Catenin pathway®.

In conclusion, signals triggered by the dorsal deter-
minants pattern all three germ layers. B-Catenin acti-
vates genes such as siamois and bozozok, and the expres-
sion of Nodal-related factors, which subsequently
cooperate in several parallel pathways as effectors of
dorsal development®2%8%°, Detailed studies on promot-
ers, such as that of goosecoid, are gradually providing an
understanding of how these many pathways are brought
together at the level of transcriptional regulation of
organizer-specific genes.

The organizer secretes antagonists

At the gastrula stage, the main dorsalizing centre of the
embryo is Spemann’s organizer, which is located in the
dorsal mesoderm (FIG. 4). Its molecular exploration
proved a productive fishing ground for the discovery of
new genes (see supplementary information online, FIG.
S2) and produced unexpected findings. The main sur-
prise was that the organizer is a source of secreted antag-
onists that bind to growth factors in the extracellular
space and prevent them from binding to their cognate
receptors. These novel antagonists can be classified
according to the growth factors that they inhibit (FI1G.5).

BMP antagonists. The BMP antagonists Chordin,
Noggin and Follistatin do not share any common struc-
tural elements!314%; however, a single ventral injection
of MRNAs of any of these proteins leads to the forma-
tion of twinned axes, recapitulating the effects of graft-
ing Spemann’s organizer. When BMP antagonists are
overexpressed ubiquitously, embryos become radially
dorsalized, mimicking the phenotype caused by lithium
chloride (LiCl) treatment during early cleavage. LiCl
transforms the entire mesoderm into Spemann’s orga-
nizer and acts through the inhibition of GSK-3, a
serine/threonine kinase that phosphorylates 3-Catenin
and targets it for degradation®®® (F1G. 3a). So these anti-
BMP activities mimic those caused by increased
B-Catenin signalling. Transcription of noggin and
chordin is induced radially by treatment with LiCl and

Frzb-1 Chordin
Dickkopf-1 Noggin Lefty/
Crescent Cerberus Follistatin Antivin
Wnts Xwnt-8 Xnrs BMPs BMPs TGF-B/Nodal
receptor

Figure 5 | Spemann’s organizer is a source of secreted
growth factor antagonists. The organizer secretes
proteins that bind to different growth factors in the
extracellular space and block signalling through their
cognate receptors. Crescent, Frzb-1 and Dickkopf-1 are
Whnt antagonists. Cerberus is a multivalent inhibitor that
antagonizes Xwnt-8, Xnrs and BMPs. Chordin, Noggin and
Follistatin bind to and inhibit bone morphogenetic proteins
(BMPs). Lefty/Antivin blocks Nodal signalling through a
different mechanism, by binding to the TGF-B/Nodal receptor
and acting as a competitive inhibitor.
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Figure 6 | Genetics of chordin/sog in zebrafish and
Drosophila. a | In zebrafish, loss-of-function mutations

in chordino ventralize the mesoderm and the ectoderm.
Organizer tissue and neuroectoderm are reduced, and
ventral mesoderm and epidermis are expanded in chordino-
embryos. b | In Drosophila, mutations in sog lead to
dorsalized embryos. The neurogenic ectoderm is reduced,
the amnioserosa is lost, and the amount of tissue allocated
to dorsal ectoderm is expanded. The amnioserosa is the
dorsal-most tissue of the fruitfly embryo and forms a thin
layer of cells required for proper gastrulation. Formation

of the amnioserosa requires the activity of Sog and dTsg.
Dorsal-ventral polarity in arthropods has been inverted with
respect to that of vertebrates in the course of evolution'?,

both genes were cloned during the course of screens
involving LiCl treatment of Xenopus embryos®314,
Conversely, chordin and noggin transcripts are greatly
reduced in ultraviolet-treated embryos and, as
mentioned above, when microinjected, they completely
rescue the ultraviolet-induced ventralized phenotype
(FIG. 2a). The expression of Chordin is negatively regulat-
ed by signals from the ventral side of the embryo that
activate ventralizing homeobox genes, such as vent and
vox, which repress chordin expression in ventral-lateral
regions of the embryo®-%, Chordin and Noggin bind
BMPs directly in the extracellular space, preventing
BMPs from binding to and signalling through its cog-
nate BMP receptor®¢’, Follistatin also binds BMPs,
although, unlike the other BMP antagonists, the
Follistatin-BMP complex can bind to the BMP receptor
but is unable to signal®.

Whnt inhibitors. Wnt inhibitors secreted by the organizer
are of two types, Frzbs and Dkks (FiG.5). Frzb-1 is a
secreted protein that contains a domain similar to the
Whnt-binding region of the Frizzled Wnt receptors, and
functions by binding to Wnts and antagonizing their
activity®™. Frzb-1 is a member of a large family of relat-
ed Wnt inhibitors that have been renamed secreted
Frizzled-related proteins (sFRPs)*. Other members of

this family are also expressed in Spemann’s organizer,
namely sFRP-2 and crescent™. Another sFRP, sizzled, is
expressed in the ventral side of the gastrula’. Dkk-1 was
the founding member of a new class of Wnt antago-
nists, and contains two new cysteine-rich domains™,
Dkk-1 and Frzb-1 are expressed in the deep layers of
Spemann’s organizer, including the future head meso-
derm and anterior endoderm. When ubiquitously over-
expressed, Dkk-1 and Frzb-1 lead to embryos with
enlarged heads and a shortened trunk. This phenotype
is caused by an expansion of Spemann’s organizer,
thought to be caused by inhibition of ventralizing
Xwnt-8 signals present in the ventral-lateral marginal
zone®® ™37, In combination with inhibitors of BMP sig-
nalling, Dkk-1 and Frzb-1 cooperate in the formation of
head structures, and microinjection of neutralizing Dkk
antibodies causes microcephaly’7. The many Wnt
antagonists expressed by Spemann’s organizer differ in
biological activities. For example, overexpression of cres-
cent mMRNA causes cyclopia, whereas overexpression of
frzb-1 mRNA leads to enlarged eyes™. This indicates
that different Wnt antagonists bind to overlapping, but
distinct sets of Wnt signals.

Cerberus. Cerberus, a secreted protein of 260 amino
acids expressed in the anterior-most region of involut-
ing endoderm®, is the founding member of a large fam-
ily of cell-cell signalling regulators™. Microinjection of
cerberus mRNA into the ventral side of the embryo leads
to induction of ectopic head structures in the absence of
trunk formation®. Cerberus protein is a multivalent
antagonist that binds to Xnrs, Xwnt-8 and BMP-4 in the
extracellular space®. These three signalling pathways are
required for trunk development, and secretion of
Cerberus by anterior endoderm serves to maintain a
trunk-free region in the anterior of the embryo so that
the head territory can develop.

TGF-B/Nodal receptor antagonists. Antivin/Lefty is an
Activin/Nodal antagonist that has been isolated in frog,
fish and mouse. It is a divergent member of the TGF-3
superfamily that lacks the a-helix required for dimeriza-
tion™"78, Mouse mutants lacking lefty-2 form excess
mesoderm, a phenotype that is partially suppressed by
heterozygosity for nodal, suggesting that the main func-
tion of Lefty-2 is to downregulate Nodal signalling™.
Because transcription of antivin/lefty is induced by
Nodal, it acts as a feedback inhibitor that limits the
Nodal signal in time and space™®. Interestingly, the phe-
notypic effects of Antivin/Lefty in zebrafish can be sup-
pressed by overexpression of the extracellular domain of
the Activin/Nodal receptor type I1B (ReF. 79). This result
indicates that Antivin/Lefty may block Nodal signalling
by binding to TGF-B/Nodal receptors and inhibiting
their activity (FI1G.5). In Xenopus, Xnr-3 (a divergent Xnr)
lacks mesoderm-inducing activity but can induce neu-
ralization instead®. Although its mechanism of action
has not been determined, it may be worthwhile in future
studies to explore whether Xnr-3 can also function asa
competitive inhibitor of TGF-[3 receptors.

In conclusion, studies of Spemann’s organizer have
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Figure 7 | A molecular pathway involving Chordin, Xolloid and Twisted-gastrulation
regulates the dorsal-ventral activity gradient of bone morphogenetic protein in
Xenopus. a | Chordin binds bone morphogenetic protein (BMP) through cysteine-rich
domains CR1 and CR3. After cleavage of Chordin by Xolloid (small arrows), the CR modules
still bind BMP, but with tenfold reduced affinity. In principle, this lowered affinity might explain
why Xolloid cleavage restores BMP signalling from inactive BMP—Chordin complexes. b | In
the presence of Twisted-gastrulation (xTsg) protein, two new activities are observed. First,
xTsg increases the binding of BMP to full-length Chordin, converting the Chordin—xTsg-BMP
ternary complex into a better BMP antagonist. Second, after Xolloid cleavage, residual binding
of BMP to CR modules is readily competed by xTsg. The binary xTsg-BMP complex does not
interfere with BMP receptor binding at physiological concentrations, therefore eliminating
inhibition by CR fragments and providing a permissive signal for BMP binding to its cognate
receptors. The thicker arrows in b indicate the effects of xTsg on this biochemical pathway.
Activated BMP receptor is phosphorylated (circled Ps), relaying the signal intracellularly.

led to the discovery of new mechanisms of regulating
cell—cell signalling, in which secreted antagonists of
growth factors are important in patterning the verte-
brate embryo.

Chordin and dorsal-ventral patterning
We now discuss in more depth the protein Chordin, as
studies on this molecule have uncovered a finely regu-
lated pathway of cell—cell signalling. Chordin is a secret-
ed protein that contains four internal cysteine-rich
domains of about 70 amino acids (designated CRs, see
supplementary information online, FIG. S3) that bind
BMP molecules and prevent their binding to BMP
receptors®. All four CRs bind BMPs at a detectable level,
but CR1 and CR3 bind more effectively than do CR2
and CR4. The affinity of the binding of BMPs to CR1 or
CR3 is ten times lower than that of full-length Chordin
for BMPs®. In agreement with these biochemical prop-
erties, injection of MRNA encoding CR1 or CR3 causes
dorsalization in Xenopus embryos®. Although less effec-
tive than full-length Chordin, the CR1 and CR3 mod-
ules retain significant anti-BMP activity.

Genetic analyses in zebrafish, mouse and Drosophila
support an important function of Chordin in

dorsal-ventral patterning. In zebrafish, the strongest
ventralizing mutation isolated in extensive genetic
screens corresponded to the inactivation of the Chordin
homologue Chordino®#4, In chordino mutants, neural
plate and dorsal mesoderm are reduced, whereas epider-
mis and ventral mesoderm are expanded at the gastrula
stage® (FIG. 62). The crucial role of BMP signalling in early
embryonic patterning is illustrated by the fact that the
dorsal-ventral mutants identified so far in zebrafish
encode components of the BMP signalling pathway.
Mutants in swirl/BMP-2b, somitabun/Smad5 and snail-
house/BMP-7 have strong dorsalized phenotypes®-8,
The swirl dorsalized phenotype is epistatic to chordino in
chordino;swirl double mutants®, suggesting that Chordin
is a specific antagonist of BMP ventralizing activities. In
mouse, chordin;noggin double mutants lack the fore-
brain and anterior notochord, and have a greatly
reduced pharyngeal endoderm, as well as a randomized
left-right axis®. These genetic studies in zebrafish and
mouse show that secreted Chordin protein is required
for correct patterning of the three germ layers.

In Drosophila, the product of the short-gastrulation
(sog) gene® is the functional homologue of Chordin®
and antagonizes the BMP homologues Dpp and screw,
which are the zygotic dorsal-ventral morphogens of the
fly embryo®-*, Loss-of-function mutations in sog result
in an expansion of dorsal ectoderm at the expense of
neurogenic ectoderm® (FIG. 6b). As in the case of swirl
and chordino, in double-mutant studies, dpp and screw
are epistatic to sog®%, suggesting that sog/chordin is a
specific antagonist of BMP signalling.

Proteolytic control of Chordin activity

In Drosophila, a protease called Tolloid is an integral
component of the dorsal-ventral patterning system ,and
functions as an enhancer of DPP/BMP signals®2. In
zebrafish, the most frequently isolated dorsalized
mutant, mini-fin, is a loss of function of the zebrafish tol-
loid gene. This mutant shows a reduction of ventral and
an expansion of dorsal markers at late gastrula, and
eventually develops into a viable fish that lacks the ven-
tral tail fin®.

Using a direct biochemical approach, it was found
that Tolloid and its Xenopus homologue, Xolloid, func-
tion by cleaving inactive SOG-DPP or Chordin-BMP
complexes®® (FIG. 7a). Cleavage of these complexes per-
mits the re-activation of BMPs, which are then able to
signal again, ventralizing Xenopus explants®. Recently,
the precise cleavage sites of Xolloid in Chordin have been
identified'® and found to be located at conserved aspar-
tate residues 30 amino acids downstream of CR1 and 16
amino acids downstream of CR3. Therefore, the cleavage
of Chordin by Xolloid releases intact CR modules in a
complex with BMPs, and this cleavage may allow previ-
ously inactive BMP molecules to signal once again.

A new player: Twisted-gastrulation

Recent results from Drosophila and Xenopus indicate that
a further molecule may participate in the Chordin/Sog,
Xolloid/Tolloid, BMP/Dpp pathway. The Drosophila gene
twisted-gastrulation (dtsg) encodes a secreted protein
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Box 1 | Conservation of cysteine-rich modules
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Individual cysteine-rich (CR) domains similar to those of Chordin are present in
fibrillar procollagen I, procollagen Il and procollagen V, Thrombospondin-1 (TSP-1),
and connective tissue growth factor (CTGF) (a). Other proteins contain several CR
domains, such as Nel-1, Crossveinless-2, CRIM-1 and Kielin, which contain 4,5, 6 and
27 CR domains, respectively*®™1, In the case of procollagen 1A, the CR domain is
located in the N-propeptide region and directly binds to BMP-4 and to TGF-31 (REFS
82,106). In Xenopus assays, full-length procollagen 1A mRNA has anti-BMP activity,
which requires the CR domain®; however, the monomeric collagen 1A CR module
does not have detectable biological activity. After secretion, procollagen 11A forms a
homotrimer and the N propeptide containing the CR remains attached to collagen
fibrils in the extracellular matrix (b)'%. This structure brings together three CR
domains and, as in the case of the multiple CR repeats of Chordin, may result in the
stabilization of the interaction between the CRs and BMP. The cleavage closest to the
CR, which would release bound growth factors, is hypothetical and is indicated by a
question mark. The CRIM-1 homologue of Caenorhabditis elegans also has anti-BMP
activity in Xenopus embryos®. Kielin has dorsalizing activity that is consistent with
moderate anti-BMP activity''°. The Crossveinless-2 protein of Drosophila contains
five CR repeats but, unlike the other CR-containing proteins, is required genetically to
increase levels of DPP/BMP activity during formation of the cross veins of the fruit fly
wing'®, Thus, it seems that many CR modules are involved in growth-factor
regulation in the extracellular matrix.

necessary for the formation of the amnioserosa, the tissue
in the Drosophila embryo that requires the highest levels
of Dpp/Screw activity’®*12 (FiG. 6b). Therefore, dTsg is a
molecule that is required to attain maximal BMP sig-
nalling activity. Careful inspection of the amino-acid
sequence of dTsg revealed some sequence similarity with
the CRs of Chordin, which was validated biochemically
by the demonstration that dTsg can bind BMPs'%, The
Xenopus twisted-gastrulation homologue (xtsg) is
expressed in the ventral pole of the embryo as part of the
BMP-4 synexpressioN group, suggesting that this gene may
function in the BMP pathway%1%4,

A combination of co-injection experiments in

SYNEXPRESSION GROUP

A group of genes that have
similar expression domains

in the embryo, which usually
correlate with functionina
common biochemical pathway.

Xenopus embryos and protein crosslinking'® support the
biochemical pathway depicted in FIG. 7b. XTsg is expressed
in the same cells that synthesize BMP-4, and it is therefore
possible that a complex of both proteins is secreted by
ventral cells. In addition to binding BMPs, the xTsg pro-

tein is able to bind to Chordinitself. In the presence of
xTsg, Chordin is a more efficient BMP-binding protein,
forming a stable ternary complex®®, As Chordin/BMP
complexes do not bind to BMP receptors, in this first
aspect of its function xTsg would convert Chordininto a
better antagonist of BMP signalling (FIG. 7b).

After Xolloid cleavage, however, xTsg—BMP binary
complexes are formed preferentially. These binary com-
plexes do not interfere with binding of BMP to its recep-
tor and replace inhibitory CR1-BMP complexes. In
agreement with these biochemical experiments, dorsal-
ization by CR1 is readily competed by xtsg mRNA, and
reduction of endogenous xTsg levels by a dominant-
negative form of xTsg increases the anti-BMP effects of
CR1 mRNA in Xenopus embryos'®, In this second func-
tion, xTsg would provide a permissive signal to allow
peak BMP signalling (FiG. 7b). BMP activity would be
maximal in regions that have the highest concentrations
of Xolloid, Chordin proteolytic fragments and xTsg. In
Drosophila, the homologous region would correspond
to the amnioserosa. In regions of the embryo in which
residual full-length Chordin is still present, xTsg would
facilitate the binding of any BMPs that have been
released by Xolloid cleavage to fresh molecules of
Chordin; this mechanism could facilitate the generation
of borders between embryonic territories and ensure
that peak BMP signalling occurs only in a specific
region of the BMP activity gradient. In future, it will be
worthwhile to investigate whether additional factors,
such as a co-receptor, exist in this pathway. In addition
to the two biochemical functions described above, xTsg
also enhances the cleavage of Chordin by Xolloid in
microinjected embryos (E.M.D.R., J.L. and M.O.,,
unpublished observations). This third function suggests
that the Chordin—-BMP—xTsg ternary complex may be a
better substrate for Xolloid cleavage.

Studies in Drosophila add a further layer of complexi-
ty to the function of Tsg. Constructs of Sog, termed
Supersogs, which contain CR1 and further amino acids
downstream of the first Tolloid cleavage site show new
signalling properties. When overexpressed in the wing
imaginal disc, full-length SOG will inhibit the BMP factor
Glass bottom boat/60A (GBB), but not DPP. However,
Supersog will inhibit DPP as well*®®, Because Supersog is
insensitive to cleavage by Tolloid'%, this inhibitory speci-
ficity may be explained by the formation of trimolecular
complexes of Supersog, dTSG and DPP. Supersog-like
fragments have been detected in Drosophila embryos
overexpressing SOG. Furthermore, in biochemical stud-
ies dTSG binds to SOG and generates Supersog-like frag-
ments in the presence of Tolloid and DPP%, In the
future, it will be of interest to investigate whether
‘Superchordin’ fragments are generated in vertebrates.

In conclusion, Twisted-gastrulation seems to have
many functions in BMP signalling. In vertebrates, it can
increase the binding of BMP to full-length Chordin to
create a better antagonist, compete for the residual
BMP binding activity of CRs, thereby promoting BMP
activity, and facilitate cleavage by Xolloid. In Drosophila,
TSG generates inhibitory specificities by changing the
cleavage site of Tolloid on its SOG substrate. Despite the
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current complexity, these recent studies indicate that
XTsg/dTSG are part of an extracellular regulatory path-
way involving Chordin/SOG and Xolloid/Tolloid that
finely regulates the levels of BMP/DPP signalling dur-
ing dorsal-ventral patterning.

Chordin-like modules

The CR domains of Chordin are sufficient for BMP
binding, and modules of similar sequence are present in
many other proteins. The similarities are found in the
spacing of the cysteines, as well as in additional amino
acids (Box 1). These Chordin-like CRs may function as
binding sites for TGF- superfamily members in the
extracellular matrix®21%, Some of these proteins are pro-
duced in large amounts and, indeed, procollagen | is the
most abundant protein of the human body. Recently
deposited extracellular procollagen might serve as a sink
for TGF-[3 factors that could then be released when
required for tissue homeostasis. When procollagen is
processed by its N-terminal proteinase, the NH,-
propeptide that is released still retains a trimeric struc-
ture; it is therefore tempting to propose that a further
proteolytic cleavage closer to the CR domain may be
required to release individual CR domains and to reacti-
vate the bound growth factors (8ox 1). In addition, pro-
teins related to xTsg may function together with these
other CR modules to further regulate growth-factor sig-
nalling. These exciting possibilities will keep researchers
occupied in the near future.

Conclusions

The past few years have brought considerable progress
in our understanding of how dorsal-ventral patterning
is established in Xenopus and zebrafish embryos. It
appears that the dorsal displacement of membrane vesi-
clesis a key event in stabilizing B-Catenin on the dorsal
side of the embryo. This, together with other maternal
factors — such as VegT and Vg1 — leads to the genera-
tion of a gradient of Nodal-related signals. High levels of
Xnrs induce Spemann’s organizer in dorsal mesoderm.
The organizer secretes a cocktail of growth-factor antag-
onists that, in turn, further refine the pattern of the
three germ layers. The ventralized ultraviolet-induced
phenotype can be rescued by injecting vegetal cyto-
plasm (containing dorsal-determining vesicles),
[B-catenin MRNA, Nodal-related factors, or BMP antag-

onists, such as Chordin and Noggin. These gene prod-
ucts can all be considered as parts of a continuum that,
starting with the prevention of 3-Catenin degradation
on the dorsal side, eventually leads to the inhibition of
BMP signals that would otherwise cause the ventraliza-
tion of the entire embryo. Although this model is
admittedly oversimplified, it is attractive because it pro-
vides an explanation for why so many different gene
products rescue the ventralization caused by inhibiting
the movement of dorsal determinants.

Many questions remain unanswered. Can the elusive
dorsal determinant vesicles be purified? Do they contain
as yet unknown maternal Wnt ligands? Do additional
Nodal-related genes exist in mammals? Can other
growth factor/antagonist complexes — such as those of
Cerberus, Dkks or Frzbs — also be reactivated by
proteolytic regulation? Do all CR modules in extracellu-
lar proteins function in the regulation of the TGF-3
superfamily? Do extracellular matrix CR modules inter-
act with Twisted-gastrulation homologues? The studies
that we have reviewed here identify a plethora of regula-
tory molecules in the early embryo, and, as we move
into the era of the genome, it will be worthwhile to test
to what degree these findings will serve as paradigms for
understanding homeostasis in adult tissues.

&) Links

DATABASE LINKS (3-Catenin | Nodal | Noggin | Chordin |
Cerberus | Frzb-1 | Crescent | Dickkopf | Xolloid | Twisted-
gastrulation | Dishevelled | Frizzled-7 Wnt receptor |
siamois | Xtwin | Nodal-related-3 | Axin | Cyclops | Squint |
Goosecoid | Vgl | BMP-4 | Derriere | Smad2 | VegT | DIx-3 |
BMP-2 | zebrafish Goosecoid | Mixer | Smad4 | FAST-1 |
XIHbox-8 | Xnr-1| Xnr-2 | Xnr-4 | Follistatin | Vent | Vox |
SFRP-2 | Sizzled | Xwnt-8 | lefty-2 | nodal | BMP-2b |
Smad5 | BMP-7 | short-gastrulation | Dpp | screw | |
Drosophila Tolloid | zebrafish tolloid | Dtsg | GBB |
procollagen | | N-terminal proteinase | procollagen 11 |
procollagenV | CTGF | Thrombospondin-1 |
Crossveinless-2 | Kielin | APC | GSK-3

FURTHER INFORMATION Xenbase | The zebrafish
information network | Axeldb | De Robertis lab homepage
ENCYCLOPEDIA OF LIFE SCIENCES Xenopus embryo:
[3-Catenin and dorso—ventral axis formation | BMP
antagonists and neural induction

1. Spemann, H. Vererbung und Entwicklungsmechanik.
Naturwissenchaften 12, 65-79 (1924).

2. Hamburger, V. The Heritage of Experimental Embryology:
Hans Spemann and the Organizer (Oxford Univ. Press,
Oxford, 1988).

A magnificent account of the experiments that have
shaped embryological thinking in the twentieth
century.

3. Brachet, J. An old enigma: the gray crescent of amphibian
eggs. Curr. Top. Dev. Biol. 11, 133-186 (1977).

4.  Gerhart, J., Doniach, T. & Stewart, R. in Gastrulation:
Movements, Patterns, and Molecules (eds Keller, R. Clark,
W. H. & Griffin, F.) 57-76 (Plenum, New York, 1991).

5. Black, S. D. & Gerhart, J. High frequency twinning of
Xenopus laevis embryos from eggs centrifuged before first
cleavage. Dev. Biol. 116, 228-240 (1986).

6. Harland, R. & Gerhart, J. Formation and function of

Spemann’s Organizer. Annu. Rev. Cell Dev. Biol. 13,
611-667 (1997).

Heasman, J. Patterning of the Xenopus gastrula.
Development 124, 4179-4191 (1997).

Moon, R. T. & Kimelman, D. From cortical rotation to
organizer gene expression: toward a molecular

explanation of axis specification in Xenopus. BioEssays 20,

Wright, C. V. E. Nodal-related signals induce axial
mesoderm and dorsal mesoderm during gastrulation.
Development 121, 3651-3662 (1995).

The original demonstration that nodal-related genes
induce mesoderm and completely rescue Xenopus
embryos that have been ventralized by ultraviolet
radiation.

536-545 (1998). 13. Smith, W. C. & Harland, R. M. Expression cloning of

9. Molenaar, M. et al. XTcf-3 transcription factor mediates p- noggin, a new dorsalizing factor localized to the Spemann
catenin-induced axis formation in Xenopus embryos. Cell organizer in Xenopus embryos. Cell 70, 829-840 (1992).
86, 391-399 (1996). 14. Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L. K.

10. Zeng, L. et al. The mouse Fused locus encodes Axin, an & De Robertis, E. M. Xenopus chordin: a novel dorsalizing
inhibitor of the Wnt signaling pathway that regulates factor activated by organizer-specific homeobox genes.
embryonic axis formation. Cell 90, 181-192 (1997). Cell 79, 779-790 (1994).

11. Wodarz, A. & Nusse, R. Mechanism of Wnt signaling in 15. Schneider, S., Steinbeisser, H., Warga, R. M. & Hausen, P.
development. Annu. Rev. Cell Dev. Biol. 14, 59-88 (1998). B-Catenin translocation into nuclei demarcates the

12. Jones, C. M., Kuehn, M. R, Hogan, B. L., Smith, J. C. & dorsalizing centers in frog and fish embryos. Mech. Dev.

NATURE REVIEWS | GENETICS

VOLUME 1 | DECEMBER 2000 | 179



REVIEWS

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

57, 191-198 (1996).

The dorsalizing signal affects a wide region of the
embryo.

Larabell, C. A. et al. Establishment of the dorso-ventral
axis in Xenopus embryos is presaged by early
asymmetries in B-Catenin that are modulated by the Wnt
signaling pathway. J. Cell Biol. 136, 1123-1136 (1997).
This paper describes the earliest asymmetries in the
stability of the B-Catenin protein.

Heasman, J. et al. Overexpression of cadherins and
underexpression of B-Catenin inhibit dorsal mesoderm
induction in early Xenopus embryos. Cell 79, 791-803
(1994).

Heasman, J., Kofron, M. & Wylie, C. B-Catenin signaling
activity dissected in the early Xenopus embryo: a novel
antisense approach. Dev. Biol. 222, 124-134 (2000).
Rowning, B. A. et al. Microtubule-mediated transport of
organelles and localization of 3-catenin to the future dorsal
side of Xenopus eggs. Proc. Natl Acad. Sci. USA 94,
1224-1229 (1997).

Membrane vesicles are transported along
microtubule tracks.

Miller, J. R. et al. Establishment of the dorsal-ventral axis in
Xenopus embryos coincides with the dorsal enrichment of
dishevelled that is dependent on cortical rotation. J. Cell
Biol. 146, 427-437 (1999).

Sumanas, S., Strege, P.,, Heasman, J. & Ekker, S. C. The
putative Wnt receptor Xenopus frizzled-7 functions
upstream of B-Catenin in vertebrate dorsoventral
mesoderm patterning. Development 127, 1981-1990
(2000).

This paper shows that Wnt receptors are required for
dorsal-ventral patterning in Xenopus.

Brannon, M. & Kimelman, D. Activation of siamois by the
Wnt pathway. Dev. Biol. 180, 344-347 (1996).

Darras, S., Marikawa, Y., Elinson, R. P. & Lemaire, P.
Animal and vegetal pole cells of early Xenopus embryos
respond differently to maternal dorsal determinants:
implications for the patterning of the organiser.
Development 124, 4275-4286 (1997).

Jesuthasan, S. & Strahle, U. Dynamic microtubules and
specification of the zebrafish embryonic axis. Curr. Biol. 7,
31-42 (1997).

Ober, E. A. & Schulte-Merker, S. Signals from the yolk cell
induce mesoderm, neuroectoderm, the trunk organizer,
and the notochord in zebrafish. Dev. Biol. 215, 167-181
(1999).

Mizuno, T., Yamaha, E., Kuroiwa, A. & Takeda, H. Removal
of vegetal yolk causes dorsal deficiencies and impairs
dorsal-inducing ability of the yolk cell in zebrafish. Mech.
Dev. 81, 51-63 (1999).

Dohmen, M. R. & Verdonk, N. H. in Determinants of Spatial
Organization (eds Subtelny, S. & Konigsberg, I. R.) 3-27
(Academic, New York, 1979).

Liu, P. et al. Requirement for Wnt3 in vertebrate axis
formation. Nature Genet. 22, 361-365 (1999).

Huelsken, J. et al. Requirement for B-Catenin in
anterior—posterior axis formation in mice. J. Cell Biol. 148,
567-578 (2000).

Gilbert, S. F. Developmental Biology 6th edn 303-338
(Sinauer, Sunderland, Massachusetts, 2000).

Wylie, C. et al. Maternal 3-Catenin establishes a ‘dorsal
signal’ in early Xenopus embryos. Development 122,
2987-2996 (1996).

Mesoderm induction takes place shortly after the
midblastula stage of Xenopus development.

Zhou, X., Sasaki, H., Lowe, L., Hogan, B. L. M. & Kuehn,
M. R. nodal is a novel TGF-B-like gene expressed in the
mouse node during gastrulation. Nature 361, 543-547
(1993).

Conlon, F. L. et al. A primary requirement for nodal in the
formation and maintenance of the primitive streak in the
mouse. Development 120, 1919-1928 (1994).

Schier, A. F. & Shen, M. M. Nodal signalling in vertebrate
development. Nature 403, 385-389 (2000).

Feldman, B. et al. Zebrafish organizer development and
germ-layer formation require nodal-related signals. Nature
395, 181-185 (1998).

Joseph, E. M. & Melton, D. A. Xnr4: A Xenopus Nodal-
related gene expressed in the Spemann organizer. Dev.
Biol. 184, 367-372 (1997).

Bouwmeester, T., Kim, S. H., Sasai, Y., Lu, B. & De
Robertis, E. M. Cerberus is a head-inducing secreted
factor expressed in the anterior endoderm of Spemann’s
organizer. Nature 382, 595-601 (1996).

Piccolo, S. et al. The head inducer Cerberus is a
multifunctional antagonist of Nodal, BMP and Wnt signals.
Nature 397, 707-710 (1999).

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Agius, E., Oelgeschlager, M., Wessely, O., Kemp, C. & De
Robertis, E. M. Endodermal Nodal-related signals and
mesoderm induction in Xenopus. Development 127,
1173-1183 (2000).

Dorsal and ventral mesoderm is mediated by
Nodal-related signals.

Faure, S., Lee, M. A, Keller, T., ten Dijke, P. & Whitman, M.
Endogenous patterns of TGFbeta superfamily signaling
during early Xenopus development. Development 127,
2917-2931 (2000).

Henry, G. L. & Melton, D. A. Mixer, a homeobox gene
required for endoderm development. Science 281, 91-96
(1998).

Zhang, J. et al. The role of maternal VegT in establishing
the primary germ layers in Xenopus embryos. Cell 94,
515-524 (1998).

Kofron, M. et al. Mesoderm induction in Xenopus is a
zygotic event regulated by maternal VegT via TGF3 growth
factors. Development 126, 5759-5770 (1999).

Sharpe, C. R., Fritz, A. F,, De Robertis, E. M. & Gurdon,

J. B. A homeobox-containing marker of posterior neural
differentiation shows the importance of predetermination in
neural induction. Cell 50, 749-758 (1987).

Baker, J. C., Beddington, R. S. & Harland, R. M. Wnt
signaling in Xenopus embryos inhibits BMP4 expression
and activates neural development. Genes Dev. 13,
3149-3159 (1999).

Beanan, M. J., Feledy, J. A. & Sargent, T. D. Regulation of
early expression of DIx3, a Xenopus anti-neural factor, by
beta-catenin signaling. Mech. Dev. 91, 227-235 (2000).
Koos, D. S. & Ho, R. K. The nieuwkoid/dharma homeobox
gene is essential for bmp2b repression in the zebrafish
pregastrula. Dev. Biol. 215, 190-207 (1999).

Fekany-Lee, K., Gonzalez, E., Miller-Bertoglio, V. &
Solnica-Krezel, L. The homeobox gene bozozok promotes
anterior neuroectoderm formation in zebrafish through
negative regulation of BMP2/4 and Wnt pathways.
Development 127, 2333-2345 (2000).

Watabe, T. et al. Molecular mechanisms of Spemann’s
organizer formation: conserved growth factor synergy
between Xenopus and mouse. Genes Dev. 9, 3038-3050
(1995).

Laurent, M. N., Blitz, I. L., Hashimoto, C., Rothbécher, U. &
Cho, K. W. Y. The Xenopus homeobox gene Twin
mediates Wnt induction of Goosecoid in establishment of
Spemann’s organizer. Development 124, 4905-4916
(1997).

Germain, S., Howell, M., Esslemont, G. M. & Hill, C. S.
Homeodomain and winged-helix transcription factors
recruit activated Smads to distinct promoter elements via a
common Smad interaction motif. Genes Dev. 14, 435-451
(2000).

This paper shows that Smads are recruited to the
goosecoid promoter through an interaction with the
homeodomain protein, Mixer.

Kessler, D. S. Siamois is required for the formation of
Spemann’s organizer. Proc. Natl Acad. Sci. USA 94,
13017-13022 (1997).

Whitman, M. SMADs and early developmental signaling by
the TGFp superfamily. Genes Dev. 9, 3038-3050 (1998).
Nishita, M. et al. Interaction between Wnt and TGF-f3
signalling pathways during formation of Spemann’s
organizer. Nature 403, 781-782 (2000).

Labbe, E., Letamendia, A. & Attisano, L. Association of
Smads with lymphoid enhancer binding factor 1/T cell-
specific factor mediates cooperative signaling by the
Transforming growth factor-3 and Wnt pathways. Proc.
Natl Acad. Sci. USA 97, 8358-8363 (2000).

Henry, G. L., Brivanlou, I. H., Kessler, D. S., Hemmati-
Brivanlou, A. & Melton, D. A. TGF-3 signals and a pattern
in Xenopus laevis endodermal development. Development
122, 1007-1015 (1996).

Yasuo, H. & Lemaire, P. A two-step model for the fate
determination of presumptive endodermal blastomeres in
Xenopus embryos. Curr. Biol. 9, 869-879 (1999).

Shimizu, T. et al. Cooperative roles of Bozozok/Dharma
and Nodal-related proteins in the formation of the dorsal
organizer in zebrafish. Mech. Dev. 91, 293-303 (2000).
Sirotkin, H. I., Dougan, S. T., Schier, A. F. & Talbot, W. S.
bozozok and squint act in parallel to specify dorsal
mesoderm and anterior neuroectoderm in zebrafish.
Development 127, 2583-2592 (2000).

Fainsod, A. et al. The dorsalizing and neural inducing gene
follistatin is an antagonist of BMP-4. Mech. Dev. 63, 39-50
(1997).

Kao, K. R. & Elinson, R. P. The entire mesodermal mantle
behaves as Spemann’s organizer in dorsoanterior
enhanced Xenopus laevis embryos. Dev. Biol. 127, 64-77

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

(1988).

Klein, P. S. & Melton, D. A. A molecular mechanism for the
effect of lithium on development. Proc. Natl Acad. Sci.
USA 93, 8455-8459 (1996).

Onichtchouk, D. et al. The Xvent-2 homeobox gene is part
of the BMP-4 signalling pathway controlling dorsoventral
patterning of Xenopus mesoderm. Development 122,
3045-3053 (1996).

Melby, A. E., Clements, W. K. & Kimelman, D. Regulation
of dorsal gene expression in Xenopus by the ventralizing
homeodomain gene Vox. Dev. Biol. 211, 293-305 (1999).
Melby, A. E., Beach, C., Mullins, M. & Kimelman, D.
Patterning the early zebrafish by the opposing actions of
bozozok and vox/vent. Dev. Biol. 224, 275-285 (2000).
Piccolo, S., Sasai, Y., Lu, B. & De Robertis, E. M.
Dorsoventral patterning in Xenopus: Inhibition of ventral
signals by direct binding of Chordin to BMP-4. Cell 86,
589-598 (1996).

Zimmerman, L. B., De JesUs-Escobar, J. M. & Harland,
R. M. The Spemann organizer signal noggin binds and
inactivates bone morphogenetic protein 4. Cell 86,
599-606 (1996).

lemura, S. et al. Direct binding of follistatin to a complex of
bone-morphogenetic protein and its receptor inhibits
ventral and epidermal cell fates in early Xenopus embryo.
Proc. Natl Acad. Sci. USA 95, 9337-9342 (1998).

Leyns, L., Bouwmeester, T., Kim, S.-H., Piccolo, S. & De
Robertis, E. M. Frzb-1 is a secreted antagonist of Wnt
signaling expressed in the Spemann Organizer. Cell 88,
747-756 (1997).

Wang, S., Krinks, M., Lin, K., Luyten, F. P. & Moos, M.
Frzb, a secreted protein expressed in the Spemann
Organizer, binds and inhibits Wnt-8. Cell 88, 757-766
(1997).

Pera, E. & De Robertis, E. M. A direct screen for secreted
proteins in Xenopus embryos identifies distinct activities for
the Wnt antagonists Crescent and Frzb-1. Mech. Dev. 96,
183-195 (2000).

Salic, A. N., Kroll, K. L., Evans, L. M. & Kirschner, M. W.
Sizzled: a secreted Xwnt8 antagonist expressed in the
ventral marginal zone of Xenopus embryos. Development
124, 4739-4748 (1997).

Glinka, A. et al. Dickkopf-1 is a member of a new family of
secreted proteins and functions in head induction. Nature
391, 357-362 (1998).

This paper describes the isolation of Dickkopf-1, a
new Wnt antagonist.

Hoppler, S., Brown, J. D. & Moon, R. T. Expression of a
dominant-negative Wnt blocks induction of MyoD in
Xenopus embryos. Genes. Dev. 10, 2805-2817 (1996).
Glinka, A., Wu, W., Onichtchouk, D., Blumestock, C. &
Niehrs, C. Head induction by simultaneous repression of
Bmp and Wnt signalling in Xenopus. Nature 389, 517-519
(1997).

Pearce, J. J. H., Penny, G. & Rossant, J. A mouse
cerberus/Dan-related gene family. Dev. Biol. 209, 98-110
(1999).

Meno, C. et al. Left-right asymmetric expression of the
TGF-B-family member lefty in mouse embryos. Nature
381, 151-155 (1996).

Thisse, C. & Thisse, B. Antivin, a novel and divergent
member of the TGFB superfamily, negatively regulates
mesoderm induction. Development 126, 229-240 (1999).
Meno, C. et al. Mouse Lefty2 and Zebrafish Antivin are
feedback inhibitors of Nodal signaling during vertebrate
gastrulation. Mol. Cell 4, 287-298 (1999).

Cheng, A. M., Thisse, B., Thisse, C. & Wright, C. V. The
lefty-related factor Xatv acts as a feedback inhibitor of
nodal signaling in mesoderm induction and L-R axis
development in Xenopus. Development 127, 1049-1061
(2000).

Hansen, C. S., Marion, C. D., Steele, K., George, S. &
Smith, W. C. Direct neural induction and selective inhibition
of mesoderm and epidermis inducers by Xnr3.
Development 124, 483-492 (1997).

Larrain, J. et al. BMP-binding modules in chordin: a model
for signalling regulation in the extracellular space.
Development 127, 821-830 (2000).

The Chordin cysteine-rich domains are sufficient for
BMP binding and procollagen Il has anti-BMP
activity.

Schulte-Merker, S., Lee, K. J., McMahon, A. P. &
Hammerschmidt, M. The zebrafish organizer requires
chordino. Nature 387, 862-863 (1997).

Fisher, S. & Halpern, M. E. Patterning the zebrafish axial
skeleton requires early chordin function. Nature Genet. 23,
442-446 (1999).

Hammerschmidt, M., Serbedzija, G. N. & McMahon, A. P.

180 | DECEMBER 2000 | VOLUME 1

www.nature.com/reviews/genetics



REVIEWS

86.

87.

88.

89.

90.

91.

92.

93.

94.

Genetic analysis of dorsoventral pattern formation in the
zebrafish: requirement of a BMP-like ventralizing activity
and its dorsal repressor. Genes Dev. 10, 2452-2461
(1996).

Kishimoto, Y., Lee, K.-H., Zon, L., Hammerschmidt, M. &
Schulte-Merker, S. The molecular nature of swirl: BMP2
function is essential during early dorsoventral patterning.
Development 124, 4457-4466 (1997).

Hild, M. et al. The smad5 mutation somitabun blocks
Bmp2b signaling during early dorsoventral patterning of
the zebrafish embryo. Development 126, 2149-2159
(1999).

Schmid, B. et al. Equivalent genetic roles for
bmp7/snailhouse and bmp2b/swirl in dorsoventral pattern
formation. Development 127, 957-967 (2000).

Bachiller, D. et al. The organizer secreted factors Chordin
and Noggin are required for forebrain development in the
mouse. Nature 403, 658-661 (2000).

Francois, V., Solloway, M., O'Neill, J. W., Emery, J. & Bier, E.

Dorsal-ventral patterning of the Drosophila embryo
depends on a putative negative growth factor encoded by
the short gastrulation gene. Genes Dev. 8, 2602-2616
(1994).

Holley, S. A. et al. A conserved system for dorsal-ventral
patterning in insects and vertebrates involving short
gastrulation and chordin. Nature 376, 249-253 (1995).
Ferguson, E. L. & Anderson, K. V. Localized enhancement
and repression of the activity of the TGF-[3 family member,
decapentaplegic, is necessary for dorsal-ventral pattern
formation in the Drosophila embryo. Development 114,
583-597 (1992).

This paper describes the original genetic analysis
that revealed that tolloid and short-gastrulation
interact with the BMP pathway.

Neul, J. L. & Ferguson, E. L. Spatially restricted activation
of the SAX receptor by SCW modulates DPP/TKV
signaling in Drosophila dorsal-ventral patterning. Cell 95,
483-494 (1998).

Nguyen, M., Park, S., Marqués, G. & Arora, K.
Interpretation of a BMP activity gradient in Drosophila
embryos depends on synergistic signaling by two type |
receptors, SAX and TKV. Cell 95, 495-506 (1998).

95.

96.

97.

98.

99.

100.

101.

102.

10:

@X

Holley, S. A. et al. The Xenopus dorsalizing factor noggin
ventralizes Drosophila embryos by preventing DPP from
activating its receptor. Cell 86, 607-617 (1996).

Ashe, H. L. & Levine, M. Local inhibition and long-range
enhancement of Dpp signal transduction by Sog. Nature
398, 427-431 (1999).

Connors, S. A., Trout, J., Ekker, M. & Mullins, M. C. The
role of tolloid/minifin in dorsoventral pattern formation of
the zebrafish embryo. Development 126, 3119-3130
(1999).

Piccolo, S. et al. Cleavage of Chordin by the Xolloid
metalloprotease suggests a role for proteolytic processing
in the regulation of Spemann organizer activity. Cell 91,
407-416 (1997).

Marqués, G. et al. Production of DPP activity gradient in
the early Drosophila embryo through the opposing actions
of the SOG and TLD proteins. Cell 91, 417-426 (1997).
References 98 and 99 show that inactive
BMP/Chordin or DPP/SOG complexes are regulated
by specific cleavage by the Tolloid protease.

Scott, I. C. et al. Mammalian BMP-1/Tolloid-related
metalloproteinases, including novel family member
mammalian Tolloid-like 2, have differential enzymatic
activities and distributions of expression relevant to
patterning and skeletogenesis. Dev. Biol. 213, 283-300
(1999).

Mason, E. D., Konrad, K. D., Webb, C. D. & Marsh, J. L.
Dorsal midline fate in Drosophila embryos requires twisted
gastrulation, a gene encoding a secreted protein related to
human connective tissue growth factor. Genes Dev. 8,
1489-1501 (1994).

Mason, E. D., Wiliams, S., Grotendorst, G. R. & Marsh, J. L.
Combinatorial signaling by Twisted Gastrulation and
Decapentaplegic. Mech. Dev. 64, 61-75 (1997).

. Oelgeschlager, M., Larrain, J., Geissert, D. & De Robertis,

E. M. The evolutionarily conserved BMP-binding protein
Twisted gastrulation promotes BMP signalling. Nature 405,
757-763 (2000).

XTsg is a BMP-binding protein that functions in a
biochemical pathway together with Chordin, Xolloid
and BMP.

. Niehrs, C. & Pollet, N. Synexpression groups in

eukaryotes. Nature 402, 483-487 (1999).

105. Yu, K. et al. Processing of the Drosophila Sog protein
creates a novel BMP inhibitory activity. Development 127,
2143-2154 (2000).

Proteolytic fragments of Short-gastrulation, called
Supersogs, have BMP inhibitory activities.

106. Zhu, Y., Oganesian, A., Keene, D. R. & Sandell, L. J. Type
IIA procollagen containing the cysteine-rich amino
propeptide is deposited in the extracellular matrix of
prechondrogenic tissue and binds to TGF-B1 and BMP-2.
J. Cell Biol. 144, 1069-1080 (1999).

The aminopropeptide of collagen Il is retained in
collagen fibres and binds BMP-4 and TGF-f31.

107. Matsuhashi, S. et al. New gene, nel, encoding a M, 93K
protein with EGF-like repeats is strongly expressed in
neural tissues of early stage chick embryos. Dev. Dyn. 203,
212-222 (1995).

108. Conley, C. A. et al. Crossveinless 2 contains cysteine-rich
domains and is required for high levels of BMP-like activity
during the formation of the cross veins in Drosophila.
Development 127, 3947-3959 (2000).

109. Kolle, G., Georgas, K., Holmes, G. P,, Little, M. H. &
Yamada, T. CRIM1, a novel gene encoding a cysteine-rich
repeat protein, is developmentally regulated and
implicated in vertebrate CNS development and
organogenesis. Mech. Dev. 90, 181-193 (2000).

110. Matsui, M., Mizuseki, K., Nakatani, J., Nakanishi, S. &

Sasai, Y. Xenopus kielin: A dorsalizing factor containing

multiple chordin-type repeats secreted from the embryonic

midline. Proc. Natl Acad. Sci. USA 97, 5291-5296 (2000).

Polakis, P. Wnt signaling and cancer. Genes Dev. 14,

1837-1851 (2000).

112. De Robertis, E. M. & Sasai, Y. A. A common plan for
dorso-ventral patterning in Bilateria. Nature 380, 37-40
(1996).

11

L

Acknowledgements

We apologize to the many colleagues whose work we were unable
to discuss owing to space limitations. We thank J. Abreu, J.I. Kim
and E. Pera for comments on the manuscript. J.L. is a PEW Latin
American Fellow, and M.O. and O.W. are Human Frontiers Science
Program Organization postdoctoral fellows. Our laboratory is sup-
ported by the NIH and the Howard Hughes Medical Institute.

NATURE REVIEWS | GENETICS

VOLUME 1 | DECEMBER 2000 | 181



