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The signaling mechanisms that specify, guide and
coordinate cell behavior during embryonic morpho-
genesis are poorly understood. We report that a
Xenopus homolog of the Drosophila planar cell polar-
ity gene strabismus (stbm) participates in the regula-
tion of convergent extension, a critical morphogenetic
process required for the elongation of dorsal struc-
tures in vertebrate embryos. Overexpression of
Xstbm, which is expressed broadly in early develop-
ment and subsequently in the nervous system, causes
severely shortened trunk structures; a similar pheno-
type results from inhibiting Xstbm translation using a
morpholino antisense oligo. Experiments with Keller
explants further demonstrate that Xstbm can regulate
convergent extension in both dorsal mesoderm and
neural tissue. The speci®cation of dorsal tissues is not
affected. The Xstbm phenotype resembles those
obtained with several other molecules with roles in
planar polarity signaling, including Dishevelled and
Frizzled-7 and -8. Unlike these proteins, however,
Stbm has little effect on conventional Wnt/b-catenin
signaling in either frog or ¯y assays. Thus our results
strongly support the emerging hypothesis that a verte-
brate analog of the planar polarity pathway governs
convergent extension movements.
Keywords: convergent extension/morphogenesis/planar
cell polarity/strabismus/Xenopus

Introduction

Embryonic development involves cell determination and
differentiation, but also morphogenesis; the construction
of the embryo by the coordinated mechanical activities of
cell populations. While the mechanisms of cell type
speci®cation are now quite well understood in many cases,
relatively little is known about the control of cell behavior
in development. The movements of gastrulation and
neurulation, which establish the vertebrate body plan,
constitute particularly dramatic episodes of morpho-
genesis, involving cell migration, intercalation and shape
change. Although these tissue movements have been
described in some detail, particularly in Xenopus, many

questions remain. Speci®cally, the signaling events that
regulate morphogenesis remain largely mysterious. How
are regional patterns of cell behavior established? What
are the cues that coordinate the timing and orientation of
cell motility? How do extracellular signals provoke
changes in cytoskeleton, adhesion and protrusive activity?

An important insight into the regulation of morphogen-
esis in the vertebrate embryo came with the discovery that
an interfering version of the signal transduction molecule
Dishevelled (Dsh) can profoundly disrupt dorsal tissue
movements in Xenopus, apparently without affecting cell-
type speci®cation or differentiation (Sokol, 1996). In
particular, blocking Dsh function impedes convergent
extension, the many-fold narrowing and elongation of the
dorsal mesoderm and posterior neural plate, resulting in a
drastically shortened trunk. Convergent extension, driven
by active cell intercalation, not only shapes the embryo by
elongating the dorsal axial structures, but also plays
important roles in gastrulation, at least in amphibians,
contributing to involution of the mesoderm and closure of
the blastopore (Keller et al., 2000). Although Dsh has a
central role in the conventional Wnt/b-catenin signaling
cascade, in Drosophila it also participates in a second,
largely separate genetic network known as the planar cell
polarity pathway (see below; Boutros and Mlodzik, 1999).
Subsequent work in Xenopus and in the zebra®sh, making
use of mutants speci®c to one pathway or the other
strongly suggests that Dsh regulates convergent extension
as part of a vertebrate planar polarity pathway (Heisenberg
et al., 2000; Tada and Smith, 2000; Wallingford et al.,
2000).

Planar cell polarity (PCP) in Drosophila, also known as
tissue polarity, describes the coordinated orientation of
cells or structures within the plane of an epithelium (this is
distinct from the better understood apical±basal polarity;
Adler, 1992; Shulman et al., 1998; Mlodzik, 1999). The
two most studied examples are the wing, in which the hairs
produced by individual epithelial cells point in unison
toward the distal tip, and the compound eye, whose
component ommatidia acquire a precisely coordinated
orientation. Genetic analyses have identi®ed a number of
genes that are required for these orderly patterns of
polarization. While mutations in some planar polarity
genes affect speci®cally wing or eye, a subset are required
in both tissues as well as in other polarized developmental
®elds, implying that a common system for coordinating
tissue polarity operates in very different contexts. In
addition to Dsh, this core group of genes includes the
transmembrane receptor Frizzled (Vinson and Adler,
1987), the atypical cadherin Flamingo (Usui et al.,
1999), also known as Starry night (Chae et al., 1999),
the small GTPase RhoA (Strutt et al., 1997), Prickle/Spiny
legs (Gubb et al., 1999), the ankyrin repeat protein Diego
(Feiguin et al., 2001) and the putative integral membrane
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protein Strabismus/Van Gogh (Taylor et al., 1998; Wolff
and Rubin, 1998). Although epistasis experiments have
established that Frizzled functions upstream of Dsh and
RhoA (Krasnow et al., 1995; Strutt et al., 1997), it has
been dif®cult to further de®ne a pathway.

In Xenopus, inhibition or misexpression of either
Frizzled-8 or Frizzled-7 gives a phenotype very similar
to that of dominant-negative Dsh (Deardorff et al., 1998;
Djiane et al., 2000; Medina et al., 2000; Sumanas et al.,
2000). (That negative or positive manipulation of gene
function often have indistinguishable effects seems to be a

general feature of this pathway; see Discussion.) A Wnt
ligand is apparently involved as well: the Xenopus Dsh
phenotype is mimicked by injection of dominant-negative
Wnt-11 and closely resembles the zebra®sh Wnt-11
mutant silberblick (Heisenberg et al., 2000; Tada and
Smith, 2000). Moreover, Wnt-5A can also disrupt dorsal
morphogenetic movements (Moon et al., 1993). Thus, the
signaling system suggested by these observations is often
considered an alternative or `non-canonical' Wnt pathway,
although its relationship to the Wnt/b-catenin pathway and
to a recently proposed Wnt signaling mechanism involv-
ing calcium (Kuhl et al., 2000) remains obscure.
Curiously, no strong evidence yet implicates a Wnt ligand
in Drosophila planar polarity.

Here we report that a Xenopus homolog of the
Drosophila planar polarity gene strabismus/Van Gogh
(stbm; Taylor et al., 1998; Wolff and Rubin, 1998) is
involved in the regulation of convergent extension. Xstbm
is expressed in the neural plate and dorsal mesoderm
where convergent extension occurs, and both dorsal
overexpression or reduction of expression with a morpho-
lino antisense oligo cause trunk defects similar to those
produced by Dsh and Frizzled. The effect is speci®c to
morphogenesis: the speci®cation and differentiation of
trunk tissues is essentially normal.

Results

The effects of pathway-speci®c mutant forms of Dsh in
Xenopus and zebra®sh suggest that a vertebrate analog of
the Drosophila PCP pathway participates in the regulation
of convergent extension. To explore this hypothesis and to
identify other molecules with roles in the same process, we
tested several Drosophila planar polarity genes in the same
assay: dorsal equatorial injection. We found that injection
of RNA encoding Drosophila Stbm, like Dsh and Frizzled
a member of the core group of genes required for proper
polarity in both the Drosophila wing and eye, causes a
dorsally shortened phenotype very like that seen with
dominant-negative Dsh, Frizzled-7 and Frizzled-8 (see
below). This observation led us to ask whether a Xenopus
homolog of Stbm might have a role in dorsal morpho-
genesis.

Fig. 1. Xstrabismus protein sequence and expression analysis.
(A) The predicted Xstbm protein sequence is compared with those of
Drosophila Stbm (dStbm; Wolff and Rubin, 1998) and the two reported
mouse homologs, Ltap (Kibar et al., 2001) and mStbm (Wolff and
Rubin, 1998). The Xenopus gene reported here appears to be the
homolog of Ltap (90% similarity) rather than mStbm (69%). Possible
transmembrane domains are indicated by black bars and the C-terminal
putative PDZ domain binding site by asterisks. The Xstbm sequence
has been submitted to DDBJ/EMBL/GenBank (accession number
AY069979). (B and C) RT±PCR on staged whole embryos and
dissected fragments of early gastrulae. Epidermal keratin (EK),
Sox17a, Xbra and chordin are ectodermal, endodermal, marginal zone
and dorsal markers, respectively, used to con®rm dissection. Ornithine
decarboxylase B (ODC) and EF1-a are ubiquitously expressed
messages used as loading controls. RT±: mock reverse-transcribed
sample. (D±H) In situ hybridization with Xstbm probe on early
gastrula (D), midgastrula (E), midneurula (F), post-neurula (G) and
tailbud stage (H) embryos. Control hybridizations with sense probes are
on the left in (D) and (E). (D) and (E) are vegetal views; (F)±(H) are
dorsal views, with anterior to the right.

Strabismus in convergent extension

977



Cloning of a Xenopus Stbm homolog
A search of public databases with the Drosophila stbm
sequence turned up two incomplete, nearly identical
Xenopus sequences with strong homology to the
Drosophila gene. A fragment of one of the Xenopus
expressed sequence tags (IMAGE clone #3301175) was
used to probe a stage 11 Xenopus cDNA library, and
several clones corresponding to the same gene, which we
will call Xstrabismus or Xstbm, were isolated. The longest
of these clones appears to contain the full open reading
frame. The predicted Xstbm protein is highly homologous
throughout to the product of the recently cloned mouse
Ltap gene (Kibar et al., 2001) and to the human protein
KAII1215 (Nagase et al., 1999), and shows extensive
homology to Drosophila Stbm, especially in the
C-terminal half (Figure 1A). The Xenopus cDNA reported

here more closely resembles Ltap than a second, closely
related mouse gene, mStbm, identi®ed by Wolff and Rubin
(1998). All ®ve proteins contain four potential transmem-
brane domains and end with the putative PDZ domain
binding site ETSV.

Xstbm is expressed in the mesoderm during
gastrulation and in the nervous system later
Xstbm is expressed maternally and throughout early
development (Figure 1B). Analysis by dissection shows
that at the start of gastrulation Xstbm RNA is present in the
vegetal region, in both dorsal and ventral sectors of the
marginal zone, and in the animal cap (Figure 1C). In situ
hybridization con®rms that during gastrula stages Xstbm is
broadly expressed throughout the marginal zone and
animal cap region (Figure 1D and E; data not shown). At

Fig. 2. Phenotypes of Stbm- and anti-Xstbm morpholino-injected embryos. Injection of 0.5 ng of Xstbm RNA into the dorsal marginal zone at the four
to eight cell stage impairs axial elongation and causes dorsal ¯exure. (A±C) Lateral views of post-neurula Xstbm-injected embryos show that the
dorsal side is shortened (C) relative to uninjected controls (D), or buckled into a characteristic transverse fold (A and B). At tadpole stages (E±H),
mild (G), moderate (F), and severe (E) phenotypes can be loosely distinguished by the degree to which the posterior axis is de¯ected dorsally
or forward. (H) Uninjected control. Xstbm overexpression also causes neural tube closure defects [(I); compare with sibling control in (J)].
(A±H) Lateral views with dorsal up and anterior to the right; (I and J) dorsal views with anterior up. Blastopore closure is often delayed in
Stbm-injected animals: an example is shown in vegetal view at stage 13 (K), when this process is complete in uninjected sibling embryos (L).
(M±P) Injection of 20 ng of anti-Xstbm morpholino oligo results in embryos that are on average 30% shorter at tail-bud stages. (M) Xstbm oligo;
(N) mismatch control oligo; (O) unrelated oligo; (P) uninjected.
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neurula stages and afterwards, expression becomes con-
centrated in the neural plate and neural tube, at ®rst along
the entire anterior±posterior axis and then primarily in the
anterior nervous system (Figure 1F±H). Thus Xstbm is
expressed in both the mesoderm and ectoderm during
gastrulation, and strongly in the neural plate at neurula
stages, consistent with a role in convergent extension.

Overexpression of Xstbm blocks dorsal
elongation and delays both blastopore and
neural tube closure
The open reading frame of Xstbm was subcloned into the
expression vector pCS2 and RNA was synthesized in vitro.
Injection of this message (0.5±1.0 ng) into two dorsal
blastomeres at the four to eight cell stage caused severe
dorsal ¯exure and trunk and tail truncation (Figure 2).
These effects were indistinguishable from those of
Drosophila Stbm. (The characterization that follows will

draw on results obtained with both genes, which will be
referred to collectively as Stbm.) The Stbm phenotype
varies considerably, and injected embryos can be loosely
classi®ed at tadpole stages according to the severity of
dorsal ¯exure. Some typical individuals are shown in

Fig. 3. Histological and molecular analysis of Stbm-injected embryos. Histological sections reveal that Stbm-injected tadpoles (B and C) contain
dorsal axial tissues, including notochord (No), neural tube (Nt) and somitic muscle; however, these structures are wider than in control embryos (A).
Sections are transverse at the level of the trunk, with dorsal up. RT±PCR analyses at early gastrula (D) and late neurula (E) stages show that the
expression of dorsal markers is not affected by injection of Xstbm RNA (0.5 ng) into the dorsal marginal zone. Xnr3, siamois and chordin are
organizer markers; Xbra is a general mesodermal marker; Ncam, engrailed-2 and Hox B9 are general neural, midbrain±hindbrain boundary and spinal
cord markers, respectively. Collagen type II (Col II) is expressed in the notochord and muscle actin is a marker of somitic muscle at this stage.
UI: uninjected embryo. Chordin in situ hybridization shows that expression of this dorsal marker at the start of gastrulation is unaffected by Xstbm
injection [(F): uninjected; (G): Xstbm]. By the end of neurulation, however, the chordin expression domain, corresponding to the notochord, is highly
elongated in control embryos (H) but short and broad in injected embryos (I).

Table I. Distribution of Stbm phenotypes

RNA injected Normal Mild Moderate Severe n

dStbm, 1 ng 5 24 24 66 119
DPBS-Stbm, 0.5 ng 13 26 21 51 111
Xstbm, 0.5 ng 20 32 31 29 112
Xstbm, 1 ng 7 6 22 66 101
Uninjected 239 6 0 2 247

Numbers (n) for each treatment shown are totals from three to six
experiments. Classi®cation of embryos is as described in the text and
illustrated in Figure 2.
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Figure 2, while Table I records the range of results from
several experiments. In the mildest form, the trunk is
shortened and the head is de¯ected dorsally, but the tail is
straight and of normal length (Figure 2G). In embryos we
classify as moderately affected, the angle of the tail
relative to the head is increased to as much as 90°
(Figure 2F). In the severe form of the phenotype, the tail is
reduced and points forward over the head (Figure 2E). In
some cases the tail is split and forms poorly, probably as a
consequence of incomplete closure of the blastopore (see
below). We note that the degree of dorsal ¯exure may
depend on whether the neural plate or dorsal mesoderm is
most affected, as well as on the severity of the effect. It has
been reported that in the case of dominant-negative Dsh,

dorsal-animal injection results in greater dorsal ¯exure
than dorsal-vegetal injection, which primarily causes
shortening of the axis (Wallingford and Harland, 2001).
In our hands, the principal effect of more vegetal injection
of Xstbm is greater impairment of blastopore closure,
although we also observe somewhat less dorsal bending
(data not shown).

Stbm-injected embryos are morphologically indistin-
guishable from uninjected siblings through blastula and
early gastrula stages: the dorsal blastopore lip appears and
spreads laterally on schedule, and the cleft of Brachet
forms internally between the leading edge of the migrating
mesoderm and the blastocoel roof (data not shown).
However, blastopore closure is often delayed in Stbm-
injected embryos: by stage 13, when the blastopore has
closed in controls, many Stbm-injected animals still have a
small, dorso-ventrally elongated yolk plug (Figure 2K and
L). By the end of neurulation the failure of dorsal
elongation is evident. The dorsal side is shortened and
¯at or, in more severe cases, buckled into a transverse fold
which brings the posterior end of the axis close to the back
of the head (Figure 2A±C, compare with D). This dorsal
¯exure leads eventually to the misorientation of tail
outgrowth and to the late phenotypes described above.
Trunk and tail truncation and bending are accompanied by
defects or delays in neural tube closure (Figure 2I), a
central feature of the mouse Loop-tail (Lp) mutant, now
identi®ed as a stbm homolog (Kibar et al., 2001). All these
features of the Stbm phenotype are also seen with Dsh
(Sokol, 1996), Frizzled-7 (Djiane et al., 2000; Medina
et al., 2000; Sumanas et al., 2000), and Frizzled-8
(Deardorff et al., 1998).

Reduction of Xstbm function using a morpholino
antisense oligo also causes trunk shortening
Antisense `morpholino' oligos have in some cases proven
an effective means of speci®cally reducing or eliminating
gene function (Heasman et al., 2000). These highly stable
modi®ed oligos act by blocking translation of targeted
mRNAs. To gain further insight into Xstbm function in
early development, we injected cleavage-stage embryos
with a morpholino complementary to 25 bases of Xstbm,
just upstream of the putative initiating ATG. Animal
hemisphere injection of 20 ng of this oligo (synthesized by
Gene Tools) at the two cell stage resulted in tadpoles that
were 20±40% shorter at tailbud stages than embryos
injected with either a mismatch oligo containing four base
changes or an unrelated oligo (Figure 2M±P); this
difference was signi®cant at the P <0.001 level. Dorsal
injection at the four cell stage had a similar but somewhat
milder effect (data not shown). Some morpholino-injected
embryos are bent dorsally, but this ¯exure is rarely severe
and the predominant phenotype is shortening of the trunk.
Thus reduction of Xstbm function, like overexpression,
impairs axial elongation, supporting a role for this gene in
convergent extension movements.

Stbm does not affect dorsal tissue speci®cation
Although Stbm overexpression disturbs morphogenesis
and subsequent morphology, it leaves dorsal cell type
speci®cation and differentiation relatively unperturbed.
Histological analysis of Stbm-injected embryos reveals
that the characteristic structures of the trunk are present,

Fig. 4. Stbm blocks elongation of activin-induced animal caps and
Keller sandwich explants. (A) Animal cap explants cultured in activin-
containing medium extend during gastrula and neurula stages; this
elongation is blocked by animal hemisphere injection of 0.5 ng of
Xstbm. Explants are shown at stage 18. (B) RT±PCR from the same
experiment demonstrates that markers of the cell populations that
normally participate in convergent extensionÐnotochord (collagen II),
somitic mesoderm (muscle actin, MA) and neuroectoderm (Ncam)Ðare
expressed at wild-type levels in Xstbm-injected caps. UI: uninjected
caps. (C) Keller sandwiches were made from embryos injected with
Xstbm RNA (0.5 ng) and from control embryos at early gastrula stages
(see Materials and methods). After culture until sibling embryos reach
the end of neurulation, control explants are highly elongated, and
mesodermal (M) and neural (N) domains can be distinguished by
pigmentation and morphology. Explants from Xstbm-injected embryos
extend poorly and do not become clearly divided into mesodermal and
neural domains. (D) Both mesodermal and neural markers are well
expressed in Stbm-injected explants. Engrailed and HoxB9 are anterior
and posterior neural markers, respectively.
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including notochord, neural tube, somites, pronephros and
gut tube (Figure 3A±C). In transverse sections, however,
these structures, particularly the notochord and neural
tube, are wider than normal, as might be expected from the
failure of convergent extension during gastrulation and
neurulation. To analyze further the effect of Stbm injection
on dorsal patterning, we examined the expression of dorsal
markers by RT±PCR. Figure 3D shows that levels of
gastrula-stage dorsal marginal zone markers, as well as the
general mesodermal marker Xbra, are not altered in Stbm-
injected embryos. Similarly, at later stages markers of
dorsal mesoderm and neural tissue are expressed at wild-
type levels (Figure 3E). Finally, in situ hybridization for
chordin, a gene expressed in the gastrula organizer and in
the notochord at later stages (Sasai et al., 1994), shows that
while this gene is strongly expressed in Stbm-injected
embryos, the expressing region fails to narrow and
elongate properly during gastrulation and neurulation
(Figure 3F±I).

Stbm overexpression prevents elongation of
activin-induced animal caps
Convergent extension of the dorsal axial tissues can be
studied in a simpler assay in which these movements can
be separated from the complex mechanical context of the
gastrulating embryo. When blastula animal cap explants
are exposed to activin protein, dorsal mesoderm is induced
and the explants elongate dramatically. The close correl-
ation of cap elongation with the induction of notochord
and muscle suggests that it results from convergent
extension movements comparable to those performed by
these cell populations in vivo (Smith and Howard, 1992).
As in the intact embryo, Stbm overexpression blocks
animal cap elongation in response to activin without
preventing mesoderm induction: markers of notochord,
somitic muscle and neural plate are well expressed in
Stbm-injected, activin-induced caps (Figure 4A and B).

Thus the failure of morphogenesis, both in caps and in
whole embryos, is not merely a consequence of altered
speci®cation of the cell populations normally involved in
this process.

Both neural and mesodermal convergent
extension are blocked by Stbm
During gastrulation and neurulation, both the dorsal
mesoderm (prospective notochord and somites) and the
prospective posterior neuroectoderm converge and extend.
In normal development, the extending neural plate and the
underlying dorsal mesoderm are closely apposed and, after
involution has stopped, mechanically linked; thus failure
of these movements in either tissue could block their
realization in the other. Convergent extension in the two
tissues can be analyzed separately using Keller sand-
wiches, which consist of explants of the early gastrula
dorsal marginal zone joined together in pairs, inner face to
inner face (Keller and Danilchik, 1988). In this format
involution does not occur, dorsal mesoderm and prospect-
ive neural plate remain attached only at their edges, and
the extension of each region can be followed independ-
ently. Explants made from control embryos converge and
extend vigorously over gastrula and neurula stages,
resulting in a characteristic doubly elongated shape
(Figure 4C, top). Histological and molecular analysis has
con®rmed that one long, tapered domain consists of neural
tissue, while the other contains notochord and paraxial
mesoderm, as expected from the fate map (Keller and
Danilchik, 1988; Doniach, 1992). In contrast, in explants
made from embryos injected with stbm RNA, neither
mesodermal nor ectodermal domains extend (Figure 4C,
bottom). Markers of both dorsal mesoderm and neural
tissue are well expressed in Stbm-injected explants,
including HoxB9, a marker of spinal cord, the most
vigorously extending region of the neural plate
(Figure 4D). Thus, as was recently shown for dominant-

Fig. 5. Stbm overexpression has little effect on canonical Wnt/b-catenin signaling in Xenopus or Drosophila. (A) The dorsal genes siamois and Xnr3
are direct targets of Wnt/b-catenin pathway activation in vivo and can be induced in animal cap explants by ectopically expressed Wnts. In the
experiment shown here, induction of these genes by Xwnt8 RNA (1 pg) is not signi®cantly reduced by co-injection of Xstbm. Neither these markers
nor the mesodermal marker Xbra are induced by Xstbm alone. Animal caps were harvested at stage 10.25 for RT±PCR. (B±E) The effects of Stbm
overexpression in Drosophila wings. The ptcGal4, UAS-Stbm genotype is shown in (C) and (E); compare with wild-type (D) and left panel in (C). In
the overview (B), the ptcGal4 expression domain is shaded in gray and areas corresponding to the enlarged views in (C)±(E) are boxed. Note that in
wild type (D) all wing cell hairs point distally (left to right), whereas in ptcGal4, UAS-Stbm (E) the hairs form swirls and wavy patterns, re¯ecting
defects in PCP. In contrast, no effects diagnostic of changes in canonical Wg-signaling are seen within the ptcGal4 expression domain. For
comparison see two right-most panels in (C), showing typical gain (>Fz2; ectopic bristles indicated by arrows) and loss of function (>Fz2DN; notches
in wing margin and loss of marginal bristles; arrowhead) wing margin phenotypes. Anterior is up and distal right.
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negative Dsh (Wallingford and Harland, 2001), Stbm can
block convergent extension in both posterior neural tissue
and dorsal axial mesoderm.

Stbm has little effect on conventional
Wnt signaling
Although the stbm phenotype in Drosophila is consistent
with a role in tissue polarity rather than in wingless/
armadillo signaling (Taylor et al., 1998; Wolff and Rubin,
1998), the complex and poorly understood relationship
between the two pathways and the possible interaction of
Stbm with Dsh through the Dsh PDZ domain (see below)
prompted us to examine the effect of Stbm overexpression
on conventional Wnt signaling in both Xenopus and
Drosophila assays. In early Xenopus development, the
organizer genes siamois and Xnr3 are direct targets of the
canonical Wnt pathway, acting through b-catenin and Lef/
TCF transcription factors; both genes can be induced in
animal cap explants by Xwnt8 and other Wnt family
members (Smith et al., 1995; Brannon and Kimelman,
1996; Carnac et al., 1996; McKendry et al., 1997; Fan
et al., 1998). Co-injection of stbm RNA does not prevent
siamois and Xnr3 induction by Xwnt8, although in some
experiments a mild reduction was observed (Figure 5A).
Note also that Stbm does not activate these genes on its
own and that their expression in the whole embryo is not
affected by Stbm injection (Figure 3). Looking at the
induction of ectopic dorsal axes by ventral injection of
Xwnt8 gave similar results. In some experiments co-
injection of Stbm led to a reduction in the number of
second axes induced by Xwnt8; in others, no effect was
seen (data not shown).

To corroborate the ®nding that Stbm does not signi®-
cantly affect canonical Wnt signaling, we analyzed the
effect of Stbm overexpression in Drosophila development
using the Gal4/UAS system (Brand and Perrimon, 1993).
Wing patterning is the ideal context for this analysis as the
phenotypes for canonical Wg/Wnt signaling as well as
planar cell polarity are well described. In the wing, tissue

close to the wing margin (the source of Wg in larval
stages) is most sensitive to canonical Wg signaling levels:
reduction leads to notches in the wing margin while over-
activation results in ectopic marginal bristles (see
Figure 5C). On the other hand, either reduction (loss of
function) or overexpression of proteins involved in the
generation of planar cell polarity causes characteristic
defects in the orientation of wing cell hairs, exempli®ed by
wavy and swirly patches. Whereas overexpression of Stbm
in either the wing or the eye imaginal disc disrupted planar
polarity, leading to misoriented wing hairs (Figure 5E) or
ommatidia (data not shown), we never observed defects
suggestive of either loss or gain of function of canonical
Wg signaling (Figure 5C). In particular, although driving
Stbm expression in a stripe of cells at the anterio-posterior
compartment boundary (between wing veins 3 and 4 in the
adult wing, shaded in grey in Figure 5B) with ptcGal4 led
to clear planar polarity phenotypes (Figure 5E) in each of
over 50 wings analyzed; in no case were appreciable
effects seen at the wing margin (Figure 5C). Similar
observations were made with dppGal4 (expressed in the
same domain as ptcGal4) and with apGal4 (expressed on
the dorsal thorax and wing surface), and no Wg-signaling
effects were observed in the embryo when Stbm was
overexpressed there (not shown). We thus conclude that
overexpression of Stbm disrupts planar polarity, but has at
best a weak effect on canonical Wnt signaling.

The PDZ-domain binding site of Stbm is not
required for its activity in Xenopus embryos
It has been proposed that the Stbm C-terminal sequence
ETSV constitutes a PDZ domain binding site (Wolff and
Rubin, 1998). This is particularly intriguing since Dsh
contains a PDZ domain. To explore the role of this highly
conserved motif in Xenopus convergent extension, we
constructed a mutant version of the Drosophila cDNA,
DPBS-Stbm, which lacks these residues. Injection of RNA
encoding this mutant produces a phenotype indistinguish-
able from that of the wild-type message (Figure 6). This
result suggests that the activity of overexpressed Stbm in
Xenopus embryos cannot be attributed simply to the C-
terminal PDZ-binding domain, although it does not prove
that this domain is not required (see Discussion).

Discussion

The results presented here show that a Xenopus homolog
of the Drosophila planar polarity gene strabismus/Van
Gogh blocks convergent extension when overexpressed in
the dorsal mesoderm and prospective neural tissue,
resulting in severely shortened dorsal trunk structures.
Injection of a Xstbm morpholino antisense oligo results in
a similar but not identical impairment of axial elongation
(see below). This dramatic effect on morphogenesis is
achieved without disturbing tissue speci®cation or differ-
entiation: notochord, muscle and neural tissue form and
the expression of dorsal markers is unchanged. Xstbm is
broadly expressed during gastrula stages, becoming con-
centrated later in the neural plate, and thus is present at the
appropriate time and place to regulate convergent exten-
sion. Experiments with animal cap explants and Keller
sandwiches con®rm the effect on convergent extension
and support the independence of dorsal morphogenesis

Fig. 6. A C-terminal Stbm mutant retains the ability to block dorsal
extension. Dorsal injection of 0.5 ng DPBS-Stbm RNA gives a range of
dorsally shortened phenotypes indistinguishable from that seen with
wild-type stbm RNA. More severely affected individuals are shown at
top; a milder example is at bottom.
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and cell type speci®cation. In addition, the observation that
Xstbm blocks extension in Keller sandwiches argues that
this gene, like Dsh (Wallingford and Harland, 2001), can
regulate morphogenesis in both dorsal mesoderm and
prospective neural tissue, suggesting that a common
molecular pathway governs cell behavior in these dispar-
ate cell types.

The resemblance between gain and loss of function
Xstbm phenotypes is consistent with results obtained with
other genes involved in convergent extension in Xenopus
and with PCP components in Drosophila (see Intro-
duction). A probable explanation for this unusual feature
of planar polarity genes is that proper functioning of the
pathway requires a gradient of activation (Adler et al.,
1997), which could be destroyed by either under- or over-
stimulation. The Xstbm morpholino phenotype differs
from that of overexpression, however, in that it is less
severe and involves less dorsal ¯exure. We believe that the
morpholino effect probably represents an incomplete loss
of function, perhaps because Xstbm, like many Xenopus
genes, exists in two closely related forms, only one of
which is effectively blocked by the morpholino. In fact,
the two incomplete ESTs corresponding to Xstbm in the
database are essentially identical at the amino acid level
but differ at approximately one in every 10±15 nucleo-
tides. The relative lack of dorsal bending could simply
re¯ect reduced severity. Alternatively, it might suggest
that the morpholino affects Xstbm function more strongly
in the mesoderm than in the neural plate, perhaps because
of expression differences between the two variant forms.

The planar polarity pathway and
convergent extension
The phenotype resulting from dorsal injection of stbm
RNA strongly resembles those produced by interfering or
wild-type forms of Dsh (Sokol, 1996), Frizzled-7 (Djiane
et al., 2000; Medina et al., 2000; Sumanas et al., 2000),
Frizzled-8 (Deardorff et al., 1998), casein kinase I (McKay
et al., 2001) and Wnt-11 (Tada and Smith, 2000),
suggesting that these genes, and perhaps also small
GTPases of the Rho subfamily (Djiane et al., 2000), may
act in a common pathway. Experiments with more speci®c
Dsh mutants in Xenopus and zebra®sh have been used to
argue that this `dominant-negative Dsh' phenotype results
from disruption of a vertebrate PCP pathway (Heisenberg
et al., 2000; Tada and Smith, 2000; Wallingford et al.,
2000). Our results with strabismus, another gene belong-
ing to the PCP group in Drosophila, strongly support this
idea. Unlike Dsh, Frizzled and casein kinase I, which also
participate in Wnt/b-catenin signaling, Stbm has so far
been implicated only in the establishment of planar
polarity. In our hands, overexpression of Stbm has at
most a weak effect on canonical Wnt signaling in either
Xenopus or Drosophila assays. Thus it appears that more
than a Frizzled±Dsh interaction is conserved between the
pathway controlling planar polarity in Drosophila and that
regulating convergent extension in Xenopus.

Although the evidence is now compelling that PCP or
non-canonical Wnt signaling is required for convergent
extension, it is not at all clear what this pathway actually
regulates and how convergent extension is, in turn,
affected. Even basic questions are unanswered: for
example, it is not known when and where PCP signaling

is required. Although it is generally assumed that the
pathway operates in the intercalating cell population itself,
this has not been rigorously demonstrated. Perhaps the
most interesting question is whether PCP signals act
during vertebrate morphogenesis to polarize cells, as they
do in Drosophila. Since convergent extension depends on
directional cell rearrangement (mediolateral intercalation
must predominate over intercalation in other orientations
for net change in tissue shape to occur; Keller et al., 2000),
it is tempting to suppose that PCP signals might provide
this directionality by imposing or maintaining polarized
cell motility. In support of this hypothesis, Wallingford
et al. (2000) found that protrusive activity, which is
normally largely restricted to the mediolateral ends of
intercalating mesodermal cells, was randomly oriented in
explants expressing dominant-negative Dsh.

The molecular function of Strabismus
The number of genes known to take part in the regulation
of planar polarity in Drosophila continues to grow, and
some intriguing interactions among them have emerged, in
particular governing subcellular location. Yet many
elements of this genetically de®ned network continue to
defy arrangement into a simple pathway, and little is
known about how most components function at the
molecular level. strabismus/Van Gogh in particular has
been reported to interact genetically with frizzled and
prickle (Taylor et al., 1998), but no biochemical inter-
actions with other proteins have yet been demonstrated.
The primary sequence of the protein gives little hint of
molecular function beyond suggesting that Stbm is an
integral membrane protein. The last four amino acids,
conserved in Drosophila and vertebrate homologs, meet
the consensus for a PDZ domain binding site. We ®nd that
a form in which these residues are deleted is still capable
of inhibiting convergent extension. This result should be
interpreted with caution, however, since the over- and
underexpression phenotypes may be dif®cult to distin-
guish. Thus it is formally possible that the C-terminal
mutant acts as a dominant-negative, although we have not
observed rescue of the DPBS-Stbm mutant on co-injection
with wild type (data not shown). For the same reason, it
cannot be determined from our results whether Xstbm
plays a positive or negative role in a pathway regulating
convergent extension. It may prove dif®cult to sort out this
confusion in the absence of a downstream readout of
planar polarity signaling other than the disruption of
morphogenesis.

Expression of Xstbm
We report here the identi®cation of a Xenopus Stbm
homolog which we have named Xstbm. This protein
shows considerable homology throughout its length to
Drosophila Stbm, and is nearly identical to the product of
the recently cloned mouse gene Ltap (Kibar et al., 2001)
and to the human protein KIAA1215. The expression
patterns of the Xenopus and mouse genes are also quite
similar, although there are differences in detail. Both genes
are expressed throughout the forming neural plate and
early neural tube. The extent of mesodermal expression is
less clear: Kibar et al. (2001) report that Ltap is not
expressed in the notochord at embryonic day (E) 7.5±8.5,
but is present in what appears to be paraxial mesoderm
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below the posterior neural plate. In contrast, Xstbm is
expressed maternally and is broadly distributed at early
gastrula stages, including in the marginal zone. It is worth
noting that there are apparently at least two mouse Stbm
homologs, since Ltap is not identical to the previously
reported mouse Stbm homolog mStbm, whose pattern of
expression has not been described (Wolff and Rubin,
1998). Thus, an as yet undiscovered Xenopus homolog
with similar properties may be expressed elsewhere.

Stbm phenotype in the mouse
The importance of Strabismus to early vertebrate devel-
opment is strongly bolstered by the recent report that a
Stbm homolog (Ltap) is mutated in Lp mice (Kibar et al.,
2001). The best-known feature of the Lp mutant phenotype
is failure of neural tube closure, which we also observe in
Stbm-injected Xenopus embryos. Moreover, there are
additional intriguing similarities. Earlier analyses of Lp
embryos showed that axial elongation was impaired and
that the notochord was abnormally thick, and suggested
that the failure of elongation may be the underlying cause
of the neural tube defects (Smith and Stein, 1962). Thus
the mouse phenotype and our Xenopus results are mutually
supportive, and together argue that this gene functions in a
pathway regulating early dorsal morphogenesis in all
vertebrates.

Materials and methods

Embryological and histological methods
Eggs were fertilized in vitro and injected at cleavage stages by standard
methods. Activin-containing conditioned medium from oocytes (a gift
from Chenbei Chang and Ali Hemmati-Brivanlou) was used at
1:300±1:1000 dilution in animal cap experiments. Keller sandwiches
were prepared as described in Keller et al. (1999). Brie¯y, dorsal
marginal zone explants extending about 45° to each side of the midline
and from the bottle cells halfway to the animal pole were cut from early
gastrulae (stage 10+ to 10.25). Involuted material was stripped from the
inner surface, leaving just the pre-involution dorsal mesoderm and
prospective neuroectoderm. Explants were then pressed together inner
surface to inner surface, allowed to heal and cultured in 0.53 modi®ed
mammalian Ringers' (MMR). Embryo lengths, de®ned as longest
dimension, were measured at stage 27±28 using a SPOT Insight digital
camera and accompanying software. Results were analyzed using the
Student's t-test.

For histological analysis, de-membranated embryos were ®xed in 4%
formaldehyde in 13 phosphate-buffered saline (PBS) for 2±12 h,
embedded in Paraplast, sectioned at 10 mm, and stained in hematoxylin
and eosin. Whole-mount in situ hybridization (Harland, 1991) was
performed according to established protocols. The chordin in situ probe
was a gift from Alin Vonica and Barry Gumbiner. The Xstbm probe was
transcribed with the T7 polymerase (Promega) from NotI-linearized
Xstbm in pBS.

RNA extraction, RT±PCR and RNA synthesis
RNA was extracted from caps and embryos by proteinase K digestion in
lysis buffer followed by DNase treatment as described previously (Wilson
et al., 1997). Reverse transcription and PCR were carried out as in Darken
and Wilson (2001). Capped RNA for injection was produced in vitro from
linearized plasmid using the Message Machine kit from Ambion. Xstbm
primers were CCAATTGCCTTCATGCTGCT (up) and GGATTCCAG-
TATCCGTACTC (down); other primer sequences are available on
request.

Cloning of Xstbm
Two nearly identical putative Xenopus Stbm homologs were identi®ed by
BLAST search of the NCBI EST database with the Drosophila Stbm
cDNA sequence (Wolff and Rubin, 1998), and the corresponding clones
were obtained from Research Genetics (Huntsville, AL). One clone
(IMAGE #3301175) was used to prepared a radiolabeled random-primed

DNA probe, which was then used to screen a stage 11 lambdaZAP cDNA
library (a gift from Peter Klein) at low stringency. Positive clones were
plaque-puri®ed, excised from the phage vector and sequenced at the ends.
Several phage inserts were found to represent a single gene, apparently
corresponding to the EST clone used to probe the library, which we have
named Xstrabismus or Xstbm. One clone appears to contain the complete
open reading frame coding for a 512 amino acid protein: an initiating
methionine at a position analogous to those identi®ed in the two mouse
homologs (mStbm and Ltap) is preceded by an in-frame stop codon, and
the reading frame extends to a stop codon at the same position as the
mouse and Drosophila homologs.

Plasmids and morpholinos
Drosophila Stbm cDNA was a gift from Tanya Wolff. To create dStbm-
CS2, which was used to synthesize message, Stbm-pMT14 was cut with
EcoRI (blunted) and NotI, and ligated into pCS2 (105) at the StuI±NotI
sites. DPBS-Stbm was made by PCR ampli®cation of the Stbm coding
region excluding the last four residues; this fragment was then subcloned
into pCS2(105) at the XbaI and XhoI sites. Xstbm in pCS2 was made by
digesting Xstbm-pBS with BglII, which cuts in the 3¢ untranslated region,
®lling in, then digesting with EcoRI and dropping into the StuI±EcoRI
sites in the pCS2 (105) polylinker. Dominant-negative Xdsh (Xdd1) in
pCS2 was a gift from Sergei Sokol (Sokol, 1996); construction of Xwnt8-
CS2 was as described previously (Darken and Wilson, 2001). Xstbm
morpholino sequence is CGTTGGCGGATTTGGGTCCCCCCGA and
the 4-base mismatch is CGTTaGCGGtTTTGGcTCCCaCCGA. All
morpholinos are from Gene Tools, LLC.

Fly strains and genetics
The Gal4/UAS system was used to overexpress Stbm or Fz2 in speci®c
regions (Brand and Perrimon, 1993). The following drivers were used:
dppGal4, ptcGal4, apGal4, pnrGal4, enGal4 and sevGal4, as described in
FlyBase. The UAS-Stbm ¯ies were a kind gift from Tanya Wolff. All
crosses were performed at 25 or 29°C. The wings were mounted in
Hoyers medium.
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Note added in proof

In an article which appeared after submission of this manuscript, another
group reported the identi®cation and functional analysis of Xenopus and
zebra®sh strabismus homologs [Park,M. and Moon,R.T. (2002) Nature
Cell Biol., 4, 20±25].
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