
INTRODUCTION

Small Rho-like GTPases are involved in a variety of cellular
processes (Van Aelst and D’Souza-Schorey, 1997). Like other
small GTPases, they cycle between active (GTP-bound) and
inactive (GDP-bound) states that are regulated by various
guanine nucleotide exchange factors. Rho-like GTPases are
able to induce major rearrangements of the actin cytoskeleton
resulting in the formation of stress fibers and focal adhesions,
lamellipodia and filopodia (Hall, 1998). Rho-like GTPases also
regulate transcription via the JNK and p38 MAP kinase
pathways (Boutros et al., 1998; Coso et al., 1995; Minden
et al., 1995; Teramoto et al., 1996a). In addition, they can
regulate cell adhesion (Braga et al., 1997; Nobes et al., 1998).
This suggests that small Rho-like GTPases could play an
important role in mediating morphogenetic changes during
embryogenesis, where cell movements mediated through
changes in the actin cytoskeleton and adhesion properties must
be coordinated with patterning events via growth factor
signaling. 

Examples for the involvement of Rho GTPases in
morphogenesis have been found in Drosophila. Drosophila
DCdc42, DRhoA and DRac1 are involved in dorsal closure, a
process during which the lateral ectoderm stretches over the
dorsal amnioserosa (Harden et al., 1995, 1999; Strutt et al.,
1997). DRhoA and its putative exchange factor, DRhoGEF,
also play a role in gastrulation, presumably by mediating the
apical constriction of involuting cells in the ventral furrow
(Barrett et al., 1997). Genetic analysis of DrhoA has revealed
its involvement in the establishment of cell polarity in eye and
wing epithelia, acting in a cell polarity signaling cascade
downstream of frizzled and dishevelled (Eaton et al., 1995;
Strutt et al., 1997). Recent evidence suggests that Rho proteins
are important for morphogenesis in vertebrates as well, since
RhoB is involved in the delamination of neural crest cells from
the neural tube in chick embryos (Liu and Jessell, 1998). 

During Xenopus gastrulation, the modulation of adhesive
properties within and between the germ layers provides a
connection between cell identity and morphogenesis (Gurdon,
1992). Cell adhesion molecules, including cadherins (Kuhl et
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The Rho family of small GTPases regulates a variety of
cellular functions, including the dynamics of the actin
cytoskeleton, cell adhesion, transcription, cell growth and
membrane trafficking. We have isolated the first Xenopus
homologs of the Rho-like GTPases RhoA and Rnd1 and
examined their potential roles in early Xenopus
development. We found that Xenopus Rnd1 (XRnd1) is
expressed in tissues undergoing extensive morphogenetic
changes, such as marginal zone cells involuting through
the blastopore, somitogenic mesoderm during somite
formation and neural crest cells. XRnd1 also causes a
severe loss of cell adhesion in overexpression experiments.
These data and the expression pattern suggest that XRnd1
regulates morphogenetic movements by modulating cell
adhesion in early embryos. Xenopus RhoA (XRhoA) is a
potential XRnd1 antagonist, since overexpression of
XRhoA increases cell adhesion in the embryo and reverses

the disruption of cell adhesion caused by XRnd1. In
addition to the potential roles of XRnd1 and XRhoA in the
regulation of cell adhesion, we find a role for XRhoA in axis
formation. When coinjected with dominant-negative BMP
receptor (tBR) in the ventral side of the embryo, XRhoA
causes the formation of head structures resembling the
phenotype seen after coinjection of wnt inhibitors with
dominant-negative BMP receptor. Since dominant-negative
XRhoA is able to reduce the formation of head structures,
we propose that XRhoA activity is essential for head
formation. Thus, XRhoA may have a dual role in the
embryo by regulating cell adhesion properties and pattern
formation. 
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al., 1996; Lee and Gumbiner, 1995; Takeichi, 1991; Zhong et
al., 1999), protocadherins (Bradley et al., 1998; Kim et al.,
1998) and integrins (Ransom et al., 1993; Smith et al., 1990;
Whittaker and DeSimone, 1993) have been implicated in the
differential regulation of cell adhesion and cell movements.
Growth factors known to be involved in mesoderm patterning,
such as activin and Xnr-3, also influence mesodermal
morphogenesis and cell shape (Ramos et al., 1996; Smith et
al., 1995). We show in this study that Rho-like GTPases may
play an important role in early Xenopus morphogenesis
through their ability to modulate cell adhesive properties. 

Additionally, we provide evidence that Xenopus RhoA is
involved in axial patterning events. The Spemann organizer,
which is located at the dorsal marginal zone where gastrulation
movements are initiated, plays a critical role during
gastrulation as its transplantation into the ventral side of a host
embryo leads to the formation of a second body axis (Spemann
and Mangold, 1924). Since distinct regions of the organizer
have different inducing potential, it can be further divided into
head organizer and trunk organizer (Spemann, 1931). Several
secreted molecules are expressed in the trunk organizer,
including the dorsalizing factors noggin, chordin and
follistatin. Each of them can bind to and inhibit the ventralizing
Bone Morphogenetic Proteins (BMPs) (Iemura et al., 1998;
Piccolo et al., 1996; Zimmerman et al., 1996). Mimicking
trunk organizer activity on the future ventral side by inhibiting
BMP signaling results in embryos with a secondary body axis
lacking heads (Graff et al., 1994; Hawley et al., 1995; Suzuki
et al., 1994), implying that the formation of head structures
requires additional signals. 

The head organizer is located in yolky endomesodermal
cells in the deep layer of the organizer, including the leading
edge of the most anterior cells that underlie the future head
neuroectoderm after gastrulation. Cerberus is a secreted
multivalent antagonist that is expressed in the head organizer
and that has the ability to induce ectopic heads when
misexpressed in the ventral vegetal side of the embryo
(Bouwmeester et al., 1996; Piccolo et al., 1999). Cerberus
binds to and inhibits the ventralizing factors BMP4 and Xwnt-
8 and the dorsalizing nodal-related factor Xnr-1 (Jones et al.,
1995) through distinct domains (Hsu et al., 1998; Piccolo et
al., 1999). In addition to cerberus, the two secreted wnt-
antagonists frzb and dickkopf-1 (dkk-1) (Glinka et al., 1998;
Leyns et al., 1997; Wang et al., 1997) are expressed in the head
organizer. Frzb contains structural motifs also found in the wnt-
receptor frizzled but lacks a transmembrane domain, and binds
directly to Xwnt-8 (Leyns et al., 1997; Wang et al., 1997).
Xwnt-8 is a growth factor of the wingless family and plays a
role in ventrolateral mesoderm formation during Xenopus
gastrulation (Christian and Moon, 1993). In the current model
of axis formation, inhibition of ventralizing BMP and wnt
signals in the organizer is essential for both dorsal mesoderm
and head formation. In the head organizer, nodal-related
signals must be additionally blocked in order to prevent trunk
mesoderm formation in the head region (Piccolo et al., 1999). 

In order to analyze the function of Rho-like GTPases during
Xenopus development, we have isolated RhoA and Rnd1 from
Xenopus laevis. We examined their potential roles in cell
adhesion and axis formation in Xenopus embryos. We show
that XRnd1 has a strong disruptive effect on cell adhesion in
overexpression assays and is expressed in tissues that are

undergoing extensive morphogenetic movements. Therefore, it
may be an important factor in mediating cell rearrangements
in these tissues. Overexpression of XRhoA antagonizes XRnd1
function by increasing cell adhesion, possibly by acting as a
XRnd1 antagonist. Furthermore, we provide evidence for a role
of XRhoA in head formation. Overexpression of XRhoA in the
ventral side with a BMP inhibitor leads to the formation of
head structures, much like the phenotype seen when cerberus
is overexpressed or when wnt inhibitors are coexpressed with
BMP inhibitors. Consistent with this finding, dominant-
negative XRhoA blocks head formation induced by cerberus
and by dominant-negative Xwnt-8 together with dominant-
negative BMP receptor (tBR). Thus, RhoA is the first
intracellular signaling molecule implicated in head formation. 

MATERIALS AND METHODS

Embryo manipulations and RNA injections
Eggs were fertilized in vitro, dejellied and resultant embryos
cultivated as described previously (Cho et al., 1991). Staging was
according to Nieuwkoop and Faber (1967). Dorsoventral polarity was
determined as described by Klein (1987) and indicated amounts of
synthetic mRNAs were injected into the desired blastomeres at 2 or
4 nl each unless indicated otherwise. For the synthesis of synthetic
mRNA, linearized plasmids were transcribed using the T3 or SP6
Message Machine Kit (Ambion). 

Construction of a cDNA library enriched for ventrally
expressed messages 
RNA was isolated from UV-hyperventralized embryos at stage 10.25
equivalent using the guanidine-acid-phenol method (Chomczynski
and Sacchi, 1987). Poly(A+) RNAs were purified by oligotex-dT30.
NotI-oligo(dT) primed cDNA was synthesized using Superscript
reverse transcriptase (GIBCO-BRL) according to the Gubler and
Hoffman method (Gubler and Hoffman, 1983). An EcoRI adapter
(New England Biolabs) was ligated to the resultant ds-cDNA followed
by a NotI restriction digest. A Sephacryl S-400 column was used to
remove DNA fragments less than 400 bp in length. The cDNA was
cloned directionally into NotI-EcoRI digested pBluescript II KS+
(Stratagene). The average size of the cDNA inserts was approximately
1.2 kb. 

Expression cloning of Xenopus Rnd1 and construction of
XRnd1 plasmids
Pooled plasmid DNAs from 150-200 independent colonies of the UV-
ventralized library were linearized with NotI and transcribed with T3
Megascript Kit (Ambion). 8 ng of these RNAs plus 2 ng of dominant-
negative BMP receptor (tBR) RNA were injected into the ventral
marginal zone of 4-cell stage embryos. Late neurula stages were
scored for secondary axis formation. RNA pools that reduced the
induced secondary axis phenotype were subdivided further until a
single species of cDNA was isolated. Overall, 20 pools of RNA
containing about 150 RNAs each were tested and of these, three
fractions showed diminished formation of secondary axes. 

pXβm-XRnd1
The coding and 3′ untranslated region of XRnd1 was subcloned into
the NcoI/BamHI sites of pSP64-Xβm, a pSP64-based vector
containing a β-globin 5′ leader sequence immediately upstream of the
initiator methionine (Krieg and Melton, 1984; Melton et al., 1984).
The PCR primers 5′-CATGCCATGGGAAAGGAACGAAGGAA-
CCCACA-3′, containing a NcoI site at the start codon and the T7
primer were used to generate the subcloned fragment. pXβm-XRnd1
was tagged at the N terminus with the hemagglutinin epitope (HA) in
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the NcoI site using annealed HA-oligos with NcoI-compatible
overhangs. 

XRnd1 N27
The single amino acid change from T to N at position 27 was achieved
by generating two PCR products containing the mutation from XRnd1
in pBS-KS+. For the first PCR reaction, T3 primer and the 5′-
ACTGTGGGAAGAACGCAATGCTGCAA-3′ primer were used.
The second PCR reaction used T7 primer and the 5′-TTGCAGCA-
TTGCGTTCTTCCCACAGT-3′ primer. These gel-purified PCR
products containing an overlapping region were used in a third PCR
reaction, with T3 and T7 outside primers. The HindIII fragment of
this PCR product was then used to replace the HindIII fragment in the
wild-type construct. 

XRnd1G22/N27
The G22/N17 double mutant was created from the pBS-KS XRnd1
N27 mutant plasmid using the same strategy. In this case, the primers
for the first PCR reaction were T3 and 5′-TCCCACAGTGACCAT-
CTCCCACC-3′ and for the second PCR reaction T7 and 5′-
GGTGGGAGATGGTCACTGTGGGA-3′. The PCR product from the
third PCR reaction was cloned between the EcoRI/NotI sites of pBS-
KS+. 

pXβm-XRnd1 HA/CAAX−
The entire coding region except the amino acids of the CAAX-box
was PCR-amplified with turbo-Pfu (Stratagene) from pXβm-XRnd1
HA using SP6 primer and the 5′-CCGCTCGAGGCTTTTGGCCT-
TCTCTTT-3′ primer, containing a XhoI site (underlined). The PCR
product was then cloned between the EcoRV/XhoI sites of pBS-KS+. 

Cloning of XRhoA and construction of XRhoA plasmids 
Low stringency hybridization was performed with a random-primed
full-length human RhoA cDNA (gift from A. Hall) on a Xenopus
oocyte library as described (Blitz and Cho, 1995). Five full-length
Xenopus RhoA clones were isolated. 

The point mutation to convert XRhoA into the constitutively active
form XRhoA V14 (Garrett et al., 1989) was generated with upstream
PCR primer 5′-ACATGCATGCAACATCTC-3′, containing an SphI
site, and T3 primer. The resulting PCR product was digested with
BamHI and SphI and used to replace the corresponding fragment in
the wild-type construct. XRhoA N19, a dominant-negative RhoA (Qiu
et al., 1995), was generated using the downstream primer 5′-
ACATGCATGCGGGAAAAACTGCCTTCTG-3′ and T7 primer. The
PCR product was digested with SphI and HindIII and used to replace
the same fragment in the wild-type clone. CSKA XRhoA N19, in
which XRhoA N19 is under the control of the cytoskeletal actin
promoter (CSKA), was cloned by inserting an EcoRI fragment of
XRhoA N19, containing the entire coding region, into the EcoRI site
of the pCSKA vector (Christian and Moon, 1993).

Preparation of RNA and northern blot analysis
Total embryonic RNA was isolated from staged Xenopus eggs and
embryos according to Chomczynski and Sacchi (1987). The stages
were egg, 4-cell, 64-cell, stage 8 (mid-blastula), stage 9 (late blastula),
stage 10.25 (early gastrula), stage 11 (mid-gastrula), stage 12.5 (late
gastrula), stage 15 (mid-neurula), stage 20 (late neurula), stage 25
(mid-tailbud), stage 28 (late tailbud) and stage 41 (tadpole). Northern
blot analysis was performed as described (Blitz and Cho, 1995). For
the XRnd1 probe, a random-primed HindIII/Not1 fragment and for
the XRhoA probe, a SacI/XhoI fragment, were used. Both fragments
contained mostly 3′ noncoding region in order to avoid potential
cross-hybridization with related Rho messages. C-src (Collett and
Steele, 1993) was used as an internal control for RNA loading. 

Whole-mount in situ hybridization analysis
In situ hybridization was performed essentially as described

previously (Harland, 1991), except that BM purple (Boehringer
Mannheim) was used as the chromogenic substrate. For XRnd1 probe
synthesis, pBS XRnd1 was digested with HindIII and transcribed
using the T7 message machine Kit (Ambion) with digoxigenin-UTP
(Boehringer Mannheim), generating an antisense probe consisting
mainly of 3′-untranslated region. For the XRhoA in situ probe, pBS
XRhoA was digested with SacI and transcribed using the T7 message
machine kit (Ambion), also generating a probe consisting mainly of
3′-untranslated region. 

Histology and immunofluorescence
For lineage tracing, embryos were injected with 50-100 pg of β-
galactosidase RNA and stained with X-gal. For histological
sectioning, embryos were dehydrated in ethanol followed by
incubation in Histosol (National Diagnostics) and embedding in
paraplast (Oxford Labware). 12 µm sections stained with X-gal were
counterstained with EosinY (J. T. Baker Chemical Company). Other
sections were stained with Hematoxylin (Fisher), counterstained with
EosinY and mounted with Permount (Fisher Scientific). 

For immunofluorescence, embryos were fixed in MEMFA
(Harland, 1991) for 1.5 hours and stored in methanol. Embedding,
sectioning and immunofluorescence were carried out as previously
described (Fagotto and Gumbiner, 1994). The monoclonal anti-HA
antibody 12CA5 (Berkeley Antibody Company) was used at 2 µg/ml
overnight at 4°C and secondary antibody (Cy3-coupled donkey anti-
mouse, Jackson Immunoresearch) was diluted 1:500 and incubated for
2 hours at room temperature. Cy3 fluorescence was photographed on
a Zeiss Axiophot microscope under a Rhodamine filter. 

Subcellular fractionation and western blotting
Subcellular fractionation of injected and control embryos was carried
out as previously described (Fagotto and Gumbiner, 1994) with the
following modifications: 10 embryos per batch were homogenized in
100 µl homogenization buffer. For isolation of the membrane fraction,
the supernatant from the first 750 g centrifugation was spun at 100,000
g for 45 minutes. The resulting supernatant was collected as the
cytosolic fraction and the pellet, containing the membranes, was
directly resuspended in 1× SDS/PAGE sample buffer. 10% of each
resulting fraction, the equivalent of one embryo, was analyzed by 12%
SDS-PAGE. After transfer to nitrocellulose, HA-tagged proteins were
detected using monoclonal anti-HA antibody 12CA5 followed by
peroxidase-conjugated goat anti-mouse secondary antibody (Jackson
Immunoresearch). The secondary antibody was visualized with ECL
reagents (Amersham). 

RESULTS

Isolation of the Xenopus Rho-like GTPases XRnd1
and XRhoA
We performed an expression screen anticipating the
identification of molecules that affect BMP signaling or
morphogenesis by isolating inhibitors of dominant-negative
BMP receptor (tBR)-induced secondary axes from a
ventralized cDNA library (see Materials and Methods). The
first such isolated cDNA is XRnd1, a Xenopus homolog of the
recently described human Rnd1, a member of a novel group of
Rho-like GTPases (Nobes et al., 1998). Xenopus and human
Rnd1 are quite similar with 86% amino acid identity (Fig. 1A).
Human and Xenopus Rnd1 share unique characteristics that
distinguish them from other Rho-like GTPases. Their C termini
are considerably longer than in other small GTPases and they
contain substitutions in amino acids (highlighted in black) that
have been shown to confer oncogenicity to c-ras by impairing
GTP hydrolysis (Foster et al., 1996; Nobes et al., 1998). In fact,
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it has been shown that hRnd1 has very little intrinsic GTPase
activity and is likely to be permanently in a GTP-bound state,
making it constitutively active (Nobes et al., 1998). Also, the
C-terminal CAAX-box motif for prenylation is a consensus
site for farnesylation in Xenopus and human Rnd1, whereas
most other Rho-like GTPases are geranyl-geranylated
(Adamson et al., 1992). 

Another small Rho-like GTPase, Xenopus RhoA (XRhoA),
was isolated through low stringency hybridization screening of
a Xenopus oocyte library. It has 94% amino acid identity with
human RhoA (Fig. 1B). Both constitutively active (RhoA V14)
and dominant-negative (RhoA N19) versions have been
described (Garrett et al., 1989; Qiu et al., 1995). Analogous
mutations were generated in Xenopus RhoA in order to
study XRhoA’s role during Xenopus
development (Fig. 1B, arrowheads, see
Figs 4 and 7 for functional analysis). 

Spatio-temporal expression of
XRnd1 and XRhoA in the early
Xenopus embryo
In order to understand the potential
roles of XRnd1 and XRhoA during
early Xenopus development, their
spatiotemporal expression patterns
were examined. Developmental
northern blots of XRnd1 and XRhoA
reveal that RNAs encoding these
small GTPases are expressed both
maternally and zygotically at relatively
consistent levels (Fig. 2A,B,
respectively). Whole-mount in situ
hybridization was used to examine the
spatial expression patterns of XRnd1
and XRhoA. In early gastrula stage
embryos, XRnd1 is expressed in the
ectoderm (Fig. 3A, left). A high level
of expression is seen in the forming
dorsal blastopore lip as the tissue of
this region begins to migrate inward

(Fig. 3A, arrowhead, right). This high level of mesodermal
expression spreads around the entire blastopore during
gastrulation, coinciding with formation of the blastopore as it
spreads ventrally (Fig. 3B). XRnd1 expression then persists
around the circumference of the blastopore until it is
completely closed at late neurula stage (data not shown).
Punctate expression of XRnd1 in the endoderm is also apparent
at gastrula stages (Fig. 3B). XRnd1 expression persists in the
involuted mesoderm as seen in stage 10.5 embryos that were
cut along the midline before hybridization (Fig. 3C). In the
early neurula, high levels of XRnd1 expression are seen in
somitogenic mesoderm but expression is absent from the
notochord (Fig. 3D,E). At mid-neurula stage, XRnd1
expression is detected in forming somites (Fig. 3F-H) and
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CAAX -

A              G22   N27

                                    50                  70                  90
XRnd1   1 MKERRNPQPAVVRCKLVLVGDVHCGKTAMLQVLAKDCYPETYVPTVFENYTASLETEEQRVELSLWDTSGSPYYDNVRPLCYSDSDAVLLCFDIS
hRnd1   1 MKERRAPQPVVARCKLVLVGDVQCGKTAMLQVLAKDCYPETYVPTVFENYTACLETEEQRVELSLWDTSGSPYYDNVRPLCYSDSDAVLLCFDIS

                       110                 130                 150                 170
XRnd1  96 RPESLDSAMKKWKSEITDYCPNTRILLIGCKTDLRTDLSTIMELSNQKQAPVSYEQGCAVAKQLGAENYLECSAFTSEKSVHSIFRAASSLCVNK
hRnd1  96 RPETVDSALKKWRTEILDYCPSTRVLLIGCKTDLRTDLSTLMELSHQKQAPISYEQGCAIAKQLGAEIYLEGSAFTSEKSIHSIFRTASMLCLNK

                             210                CAAX
XRnd1 191 ASPASRKSPVRSLSKRLLNLPSRSEIISSTFKKEKAKSCCLM
hRnd1 191 PSPLPQKSPVRSLSKRLLHLPSRSELISSTFKKEKAKSCSIM

B
                     V14  N19
                                      30                  50                   70                  90
XRhoA  1 MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDGKQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENI
hRhoA  1 MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVPTVFENYVADIEVDGKQVELALWDTAGQEDYDRLRPLSYPDTDVILMCFSIDSPDSLENI

                        110                 130                  150                 170               CAAX
XRhoA 96 PEKWTPEVKHFCPNVPIILVGNKKDLRNDEHTRRELTKMKQEPVKPEEGRDMANRISAYAYMECSAKTKDGVREVFELATRAALQARRGKKKPRCLLI
hRhoA 96 PEKWTPEVKHFCPNVPIILVGNKKDLRNDEHTRRELAKMKQEPVKPEEGRDMANRIGAFGYMECSAKTKDGVREVFEMATRAALQARRGKKKSGCLVL

Fig. 1. Alignment of Xenopus
Rnd1 and RhoA with their
human homologs. Boxed amino
acids indicate differences
between the Xenopus and human
proteins. (A) Alignment of
Xenopus and human Rnd1.
Amino acids that are likely to
cause constitutive activity of
Rnd1 are highlighted in black.
Arrowheads indicate mutations
that were generated in XRnd1
and that led to a loss of activity
in overexpression assays. The C-
terminal CAAX-box, site of lipid
modification, is indicated.
(B) Alignment of Xenopus and
human RhoA. Arrowheads
indicate the amino acids that
were mutated to generate the constitutively active (V14) and dominant-negative (N19) versions of the protein. The GenBank accession numbers
for the XRnd1 and XRhoA cDNAs are AF151015 and AF151014, respectively. 

Fig. 2. Developmental northern blot hybridization analysis of XRnd1 and XRhoA. C-src
expression is shown as a loading control in both panels. (A) XRnd1 is expressed in early
Xenopus embryos both maternally and zygotically. The size of the major band corresponds to
the size of the isolated XRnd1 cDNA (1.9 kb). (B) XRhoA RNA is present both maternally and
zygotically. The positions of marker RNAs (kb) are shown.
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cranial neural crest cells (Fig. 3G,H). Interestingly, the
expression of XRnd1 in the somitogenic mesoderm is
downregulated after somite formation (compare anterior and
posterior somitogenic mesoderm in Fig. 3F). The neural crest
staining appears to be restricted to the dorsal portion of the
neural crest, where it delaminates from the neural tube (Fig.
3G,H). In tailbud stages, XRnd1 expression is restricted to
newly formed somites and the remaining posterior
unsegmented somitogenic mesoderm (Fig. 3I). Overall, the
expression of XRnd1 appears to coincide with the movement
and rearrangement of cells during embryogenesis, particularly
in the involuting marginal zone, somitogenic mesoderm and
neural crest. 

XRhoA is expressed somewhat differently than XRnd1. At
gastrula stage, XRhoA is expressed in the ectoderm and
marginal zone, and appears to be absent from the endoderm
(Fig. 3J). However, RT-PCR analysis reveals that XRhoA is
also expressed in the endoderm (data not shown). Embryos that
were cut along the midline at midgastrula stage, followed by
wholemount in situ hybridization analysis show that RhoA is
present in the involuted mesoderm (Fig. 3K). This region
corresponds to organizer tissue and XRhoA expression
overlaps with the expression of the head-inducing molecule
cerberus at this stage (Fig. 3L). Note that both XRhoA and
cerberus are also expressed in the ventral involuting marginal
zone. In mid-neurula stages, XRhoA is expressed both in the
ectoderm and mesoderm (Fig. 3M,N). In tailbud stages,
expression is enriched in head and tail ectoderm and mesoderm
(Fig. 3O). These results demonstrate that RNA expression
of the small GTPases XRnd1 and XRhoA is differentially
regulated in the Xenopus embryo, especially XRnd1
expression, which coincides with sites of changing cell

adhesion. This raises the possibility that XRnd1 may
participate in morphogenesis during early embryogenesis. 

Overexpression of XRnd1 disrupts cell adhesion
Overexpression studies by RNA injections were performed to
determine the function of XRnd1 during early development.
Overexpression of XRnd1 mRNA in the animal pole induced
lesions resulting from detached cells around the injection site
within 1-2 hours after injection (Fig. 4A). These lesions healed
externally by the blastula stage so that, although the injected
embryos appeared normal externally, the animal cap tissue was
actually very thin. At mid-blastula stage, the animal cap tissue
is normally 4-5 cell layers thick (Fig. 4B). Histological sections
of XRnd1-injected embryos together with the lineage tracer β-
galactosidase RNA revealed that the injected cells (blue) have
lost adhesion to neighboring cells (Fig. 4C). Almost all injected
cells, except for those in the outermost layer, which are
interconnected by tight junctions, have fallen into the
blastocoel. When similar amounts of XRnd1 mRNA were

Fig. 3. Whole-mount in situ hybridization analysis of XRnd1 and
XRhoA transcripts. (A-I) XRnd1, (J-O) XRhoA. (A,C,K,L) Dorsal is
right. (D,F,H,I,M,N,O) Anterior is left. (A) Animal (left) and vegetal
(right) view of early gastrula (stage 10) embryos. XRnd1is expressed
in the ectoderm and dorsal blastopore lip. The arrowhead indicates
the location of the dorsal blastopore lip. (B) Vegetal view of a
midgastrula (stage 11) embryo. Note the high level of XRnd1
expression around the blastopore (arrow). (C) Mid-gastrula (stage
10.5) embryo that was cut along the midline. The arrowhead
indicates the location of the dorsal blastopore. XRnd1 expression
persists in the involuted mesoderm. (D) Dorsal view of an early
neurula (stage 13) embryo. XRnd1 expression is absent from the
midline. (E) Histological cross section of the same embryo as in D,
which reveals high level of XRnd1 expression in the somitogenic
mesoderm (SM), but not in the notochord (No). (F) Parasagittally cut
midneurula (stage 20) embryo showing the high level of XRnd1
expression in unsegmented somitogenic mesoderm and expression in
newly formed somites (arrowheads). (G) Anterior transverse section
of a mid-neurula stage embryo (stage 20) revealing XRnd1
expression in cranial neural crest cells (NC) and somites (So).
(H) Dorsal view of an early tailbud stage (stage 22) embryo. Note
XRnd1 expression in newly formed somites (arrows) and cranial
neural crest cells (arrowhead). (I) Dorsolateral view of a tailbud stage
(stage 27) embryo. XRnd1 expression now remains only in the
posterior region of the somitogenic mesoderm (So). (J) XRhoA
expression: vegetal (left) and animal (right) view of gastrula (stage
11) embryos. XRhoA expression is present in the ectoderm and
marginal zone. (K,L) two halves of a gastrula (stage 10.5) embryo
probed for XRhoA (K) and cerberus (L) to demonstrate the presence
of XRhoA expression in the organizer region. Note that embryos
were cut along the midline prior to in situ hybridization analysis. The
image of the embryo in K was horizontally flipped to allow for easier
comparison with L. Small white arrows indicate the boundary
between involuted mesoderm and overlying ectoderm. The black
arrowhead shows the position of the dorsal blastopore lip and the
small arrow indicates the ventral blastopore lip. Note that both
cerberus and RhoA are expressed in the ventral marginal region.
XRhoA is also expressed in the ectoderm, although the surface
staining appears weaker in K due to lighting conditions used for
photography. (M) Sagittally sectioned neurula embryo (stage 13)
showing the expression of XRhoA in the ectoderm and mesoderm.
(N) Enlargement of the boxed area in M; Me, mesoderm; Ec,
ectoderm. (O) Tailbud stage (stage 23) embryo. XRhoA expression is
enriched in the head and to some extent in the tail region. 
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injected into the future dorsal side of 4-cell embryos, various
degrees of head truncations and blastopore defects were
observed (data not shown). 

In an effort to generate a potential dominant-negative
version of XRnd1 with the purpose of generating loss-of-
function phenotypes, we introduced several mutations into
XRnd1 (see Fig. 1A). A threonine-to-asparagine substitution
at position 27 was introduced since the equivalent substitutions
in RhoA and Rac result in dominant-negative forms of these
proteins. In addition, we substituted valine at position 22 with
glycine, generating the XRnd1 G22/N27 double mutant. These
mutations should interfere with GTP binding (Nobes et al.,
1998). In a third mutant, we deleted the CAAX-box motif.
None of these mutants act as the dominant-negative form since
they were not able to reverse the disruption of cell adhesion
caused by wild-type XRnd1 overexpression (data not shown).
They also were unable to disrupt cell adhesion when

overexpressed. These results suggest that proper GTP binding
and the CAAX-box motif are necessary to disrupt cell
adhesion. 

XRhoA overexpression antagonizes loss of cell
adhesion by XRnd1
Since the small GTPases RhoA and Rac reportedly have a
positive influence on cell adhesion (Bobak et al., 1997; Braga
et al., 1997; Takaishi et al., 1997), we tested whether they could
rescue the loss of cell adhesion caused by XRnd1
overexpression. XRnd1 mRNA was coinjected with equal
amounts of constitutively active XRhoA (XRhoA V14) or
human Rac1 (hRac1 V12) mRNA. Overrexpression of XRhoA
mRNA (200 pg) shows a two- to threefold increase in XRhoA
protein level over the endogenous level of XRhoA (data not
shown). In embryos coinjected with XRnd1 and XRhoA V14,
adhesion between the animal pole cells was fully restored
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Table 1. XRhoA induces heads in the absence of BMP signaling and is necessary for head formation
RNAs injected n Secondary head (%)*

Experiment 1
A tBR (2 ng) 93 0
B tBR (2 ng) + XRhoA (200 pg) 19 73
C tBR (2 ng) + XRhoA (300 pg) 59 18
D tBR (2 ng) + XRhoA (400 pg) 18 50
E tBR (2 ng) + hRhoA V14 (100 pg) 56 57
F tBR (2 ng) + hRhoA V14 (200 pg) 57 40
G tBR (2 ng) + hRhoA V14 (300 pg) 30 30
H tBR (2 ng) + XRhoA V14 (100 pg) 29 34
I tBR (2 ng) + XRhoA V14 (200 pg) 63 38
J tBR (2 ng) + XRhoA V14 (300 pg) 25 24
K XRhoA (200-400 pg) 36 0
L tBR (2 ng) + XRhoA N19 (200 pg) 76 2
M tBR (2 ng) + hRac1 V12 (200 pg) 13 0

Experiment 2
A tBR (1 ng) 76 0
B tBR (1 ng) + dnXwnt-8 (50 pg) 108 57
C tBR (1 ng) + dnXwnt-8 (50 pg) + CSKA XRhoA N19 (200 pg) 69 7
D tBR (1 ng) + dnXwnt-8 (50 pg) + CSKA XRhoA N19 (300 pg) 72 6
E tBR (1 ng) + dnXwnt-8 (50 pg) + CSKA XRhoA N19 (400 pg) 29 14
F tBR (1 ng) + dnXwnt-8 (100 pg) 164 76
G tBR (1 ng) + dnXwnt-8 (100 pg) + CSKA XRhoA N19 (200 pg) 55 51
H tBR (1 ng) + dnXwnt-8 (100 pg) + CSKA XRhoA N19 (300 pg) 42 7

Experiment 3
A Cerberus (100 pg) 98 35
B Cerberus (100 pg) + XRhoA N19 (25 pg) 48 4
C Cerberus (100 pg) + XRhoA N19 (50 pg) 52 6
D Cerberus (100 pg) + CSKA XRhoA N19 (100 pg) 51 8

% reduced % open
Experiment 4 eyes/heads blastopores

A β-galactosidase (50 pg) 26 4 0
B CSKA XRhoA N19 (100-200 pg) 48 37 18
C XRhoA N19 (50 pg) 60 45 10
D XRhoA N19 (50 pg) + XRhoA (150 pg) 66 13 8

*Secondary heads were scored when either cement glands or eyes were present. 
n, total number of embryos analyzed. At least two independent experiments were typically carried out for every experiment. 
Experiment 1. Coinjection of tBR and XRhoA results in the formation of ectopic head structures. 4-cell stage embryos were injected in two ventral blastomeres

with the indicated amounts of mRNAs. The variability in the number of ectopic head structures in experiment 1B-D is due to the variation of head-inducing
potential with tBR and XRhoA overexpression, depending on the batch of embryos used. 

Experiment 2. dnXRhoA significantly reduces head formation induced by tBR together with dnXwnt-8. The indicated mRNAs and DNA (CSKA XRhoA N19)
were injected into two ventral blastomeres at the 4-cell stage. 

Experiment 3. dnXRhoA reduces ectopic heads induced by cerberus. One ventral-vegetal blastomere (D4) was injected at the 32-cell stage. 
Experiment 4. dnXRhoA reduces head size when injected dorsally. DnXRhoA RNA or DNA was injected into the two dorso-animal blastomeres at the 8-cell

stage. 
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(compare Fig. 4C,D), as indicated by well-adhered, blue-
stained cells. The animal cap tissue is as thick and sometimes
thicker than control animal cap tissue in these embryos,
suggesting that XRhoA V14 can antagonize XRnd1 by
restoring cell adhesion. Injecting equal amounts of dominant-
negative or wild-type XRhoA failed to restore cell adhesion
(data not shown), indicating that an active, GTP-bound XRhoA
is required for the rescue of cell adhesion. Interestingly,
XRnd1-induced loss of cell adhesion could not be rescued by
constitutively active hRac (Fig. 4E). These results suggest
either that XRnd1 specifically disrupts XRhoA-dependent cell
adhesion or that XRhoA is an antagonist of XRnd1. 

Subcellular localization of XRnd1
Since the loss of cell adhesion caused by XRnd1
overexpression is rapid and severe, we examined XRnd1’s
subcellular localization to determine whether it acts directly at
the cell membrane. Overexpressed HA-tagged XRnd1 is
localized predominantly at the cell membrane, as observed by
immunofluorescence on sections of injected embryos (Fig. 4F).
Subcellular fractionation of embryonic extracts of HA-XRnd1-
injected embryos also shows that most of the protein is in the
membrane fraction and only very little XRnd1 is located in
the cytoplasmic fraction (Fig. 4G, arrow). This finding is
consistent with the membrane localization of hRnd1 in
fibroblasts (Nobes et al., 1998), suggesting that Rnd-type
GTPases are predominantly membrane-localized. The CAAX-
box deficient mutant, which presumably can not be
farnesylated, and which has no influence on cell adhesion in
overexpression studies, is found only in the cytoplasmic
fraction and not in the membrane fraction (Fig. 4H). This
suggests that XRnd1 acts at the cell membrane and that this
membrane association is essential for the disruption of cell
adhesion in Xenopus embryos. 

XRhoA is a head inducer
BMP signaling in the mesoderm is important for specifying its
ventral fate. Inhibition of BMP signaling on the ventral side of
the embryo leads to the formation of incomplete secondary axes
by dorsalizing the mesoderm (Graff et al., 1994; Hawley et al.,
1995; Suzuki et al., 1994) (Fig. 5B). The induced secondary
axes possess notochord and hindbrain structures, but lack

forebrain, eyes and cement glands. In an expression screen
designed to identify molecules that would inhibit the formation
of secondary axes induced by tBR, we identified the small
GTPase XRnd1 (Fig. 5C). We examined whether other small
GTPases could also affect the formation of secondary axes.
XRhoA and hRac1 were examined in this overexpression assay.
Coinjection of XRhoA with tBR mRNA resulted in the
induction of well-defined head structures, including cement
glands and eyes (Fig. 5D and Table 1, Exp. 1A-D). The
variability in the number of ectopic head structures in Table 1,
Exp. 1B-D is due to batch variation of head-inducing potential
with tBR and XRhoA overexpression. Histological sections of
these embryos reveal the presence of cement glands, neural
tubes and one or two eyes (Fig. 5E). Interestingly, the sectioned
embryos did not contain any histologically visible notochord,
indicating that head organizer function was mimicked in
embryos injected with tBR and XRhoA (Fig. 5F) (Piccolo et
al., 1999). Coexpression of constitutively active human RhoA
(hRhoA V14) or constitutively active Xenopus RhoA (XRhoA
V14) with tBR mRNA also resulted in the formation of head
structures (Table 1, Exp. 1E-J). The induction of head structures
appears to be specific for active RhoA, as coinjection of
constitutively active hRac1 (hRac1 V12) or dominant-negative
XRhoA (XRhoA N19) together with tBR failed to induce this
phenotype (Table 1, Exp. 1L,M). Importantly, expression of
XRhoA alone in the ventral side had no overt phenotypic effects
and was unable to induce head structures or secondary axes
(Table 1, Exp. 1K). These results suggests that RhoA is able to
mimick head-inducing signals in the absence of BMP signaling,
similar to the phenotypes resulting from overexpression of wnt
or nodal inhibitors together with tBR (Glinka et al., 1997;
Piccolo et al., 1999). 

XRhoA acts downstream of, or in parallel with, the
head inducer cerberus
The inhibition of BMP4, wnt-8 and Xnr-1 signals in the head
organizer region is essential for head formation. Cerberus is a
multifunctional antagonist expressed in the head organizer
region that physically binds all three growth factors and inhibits
their signaling (Piccolo et al., 1999). Thus, one possible
mechanism through which RhoA could induce heads in the
absence of BMP signaling is by inhibiting wnt-8 or Xnr-1

Table 2. XRhoA does not behave as an inhibitor of wnt- or Xnr-1-signaling in injection assays
RNA/ DNA injected* n

Experiment 1 % complete secondary axes
A Xwnt-8 (5 pg) 47 66
B Xwnt-8 (5 pg) + XRhoA (400 pg) 29 89

Experiment 2 % secondary axes
A Xnr-1 (30 pg) 31 58
B Xnr-1 (30 pg) + XRhoA (300 pg) 21 85

Experiment 3 % a- and microcephalic
A CSKA Xwnt-8 (80 pg) 27 55
B CSKA Xwnt-8 (80 pg) + XRhoA (200 pg) 21 38
C CSKA Xwnt-8 (80 pg) + XRhoA (400 pg) 23 39

*The indicated amounts of mRNA or DNA (CSKA Xwnt-8) were injected into one ventral vegetal blastomere at the 8-cell stage (Experiments 1 and 2) or into
two dorsoanimal blastomeres at the 8-cell stage (Experiment 3). 

n, total number of embryos analyzed. At least two independent experiments were performed for every indicated experiment. 
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signaling. We tested this possibility by
coinjecting threshold amounts of Xwnt-8
(that induce fully duplicated axes in most,
but not all injected embryos), together with
XRhoA RNA to test whether axis formation
could be blocked. We found that XRhoA
did not block wnt-signaling in this assay
(Table 2, Exp. 1A,B). Nor did XRhoA block
late (zygotic) wnt-signaling. Expression of
Xwnt-8 in the dorsal side at late blastula
stage by injecting Xwnt-8 DNA transcribed
from a cytoskeletal actin promoter
(CSKA Xwnt-8) results in acephalic or
microcephalic embryos (Christian and
Moon, 1993). Coinjecting CSKA-Xwnt8
together with XRhoA results only in a slight
reduction in the number of micro-and
acephalic embryos (Table 2, Exp. 3A-C),
suggesting that XRhoA does not act as a
zygotic wnt-signal inhibitor. XRhoA also
does not behave as an inhibitor of Xnr-1
signaling, since coinjection of XRhoA
together with threshold amounts of Xnr-1
mRNA into the ventral side of embryos
did not reduce secondary axes induced by
Xnr-1 (Table 2, Exp. 2A,B). These results
suggest that head induction by XRhoA is
not a result of an inhibition of Xnr-1 or wnt-
8 signals.

XRhoA is required for the formation
of ectopic head structures 
The above experiments suggest a role for
XRhoA in head formation. To test whether
XRhoA function is necessary for head
formation, we injected dominant-negative
XRhoA (XRhoA N19) mRNA or a DNA
expression construct in the two dorsal-
animal blastomeres, which later contribute
to ectodermal head tissue. We used the DNA
construct, in addition to the RNA injections,
to rule out the possibility that any observed
effect was due to the delay in cytokinesis
sometimes seen with injections of dominant-
negative RhoA in early cleavage stages (data
not shown; Drechsel et al., 1997; Kishi
et al., 1993). At low levels, dnXRhoA
overexpression resulted in the formation of
reduced eyes and smaller neural tubes (Fig.
6B,E and Table 1, Exp. 4B,C). Injection of
higher amounts of dnRhoA result in the
formation of open blastopores (data not
shown). The head-reducing effect was
specific for the inhibition of XRhoA, since
the microcephalic phenotype was rescued by
coinjection of wild-type XRhoA (Fig. 6C
and Table 1, Exp. 4D). 

Coexpression of tBR and dnXwnt-8 in the
ventral side leads to the formation of ectopic
head structures, often containing two eyes
(Glinka et al., 1997) (Fig. 6F). To determine
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Fig. 4. XRnd1 overexpression disrupts cell adhesion and is antagonized by XRhoA.
Overexpression of XRnd1 in the animal pole causes lesions (arrow) within 1-2 hours of
injection. (B) Histological section through the animal pole of a blastula (stage 9) control
embryo. (C) Section through the animal pole of a stage 9 embryo injected at the 4-cell stage
with 250 pg of XRnd1 mRNA and β-gal mRNA as a lineage tracer. The injected blue cells
have lost contact with their neighbors and fallen into the blastocoel cavity. LacZ staining
appears to be throughout the cells, but in other samples nuclear staining of the XRnd1
expressing cells is detected. (D) Rescue of the XRnd1 cell adhesion defect by coinjection of
250 pg constitutively active XRhoA mRNA (XRhoA V14) with 250 pg of XRnd1 mRNA.
Injected (blue) cells adhere well to their neighbors. (E) Cross section through an embryo
injected with 250 pg of XRnd1 RNA and 1 ng of constitutively active human Rac1 (Rac1
V12) mRNA. Overexpression of hRac1 V12 is not able to rescue the loss of cell adhesion
caused by XRnd1. (F) Immunofluorescence analysis for HA-tagged XRnd1 in the animal pole
region of an injected blastula (stage 9) embryo. Immunostaining is mainly localized at the cell
membranes (arrowhead). (G) Subcellular fractionation and western blot analysis of HA-
XRnd1-injected (Inj) and uninjected control (C) embryos. The protein (lower 30 kD band) is
predominantly found in the membrane (Memb.) and not in the cytoplasm (Cyto.). Its presence
in the yolk fraction could be due to contamination with unlysed cells. The higher 44 kD band
is due to background staining in the membrane fraction. (H) Subcellular fractionation and
western blot analysis of HA-XRnd1-CAAX-injected embryos. The CAAX-form of XRnd1
(arrowhead) is found in the cytoplasmic fraction (Cyto.), but not in the membrane fraction
(Memb.). C, uninjected control. The positions of molecular mass (kDa) markers are shown.
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if dnXRhoA could affect the formation of head structures
induced by tBR together with dnXwnt-8, we coinjected dnRhoA
DNA together with tBR and dnXwnt-8. In these coinjected
embryos, the formation of head structures was significantly
reduced (Fig. 6G, Table 1, Exp. 2A-H). This effect is not the
result of a general inhibition of cell movements or cell death
since, at the injected concentrations of dnXRhoA, the formation
of other ectopically induced structures such as secondary axes
is not reduced (Fig. 6G). The head inducer cerberus causes
formation of ectopic heads when injected in the ventral-vegetal
side (Bouwmeester et al., 1996). DnXRhoA overexpression also
reduces the number of ectopic heads induced by cerberus in
coinjection experiments (Fig. 6H,I, Table 1, Exp. 3A-D). We
conclude that RhoA plays a key role in head formation in
Xenopus, since blocking its activity leads to a significant
reduction in the number of ectopically induced heads and also
can reduce the size of head structures in the primary axis. 

DISCUSSION

XRnd1 modulates cell adhesion during Xenopus
gastrulation
We initially isolated XRnd1 during an expression screen

designed to identify molecules that could inhibit secondary
axis formation induced by tBR. With this approach, we
expected to isolate molecules that are either involved in the
regulation of BMP signaling or that could affect the formation
of the secondary axis by their influence on morphogenesis.
XRnd1 is apparently not involved in BMP signaling since it
does not ventralize embryos when injected into the dorsal side

Fig. 5. XRhoA is involved in the formation of head structures.
(A) Uninjected control embryo at stage 42. (B) Incomplete
secondary axis of an embryo injected with 1 ng of dominant-negative
BMP receptor (tBR) mRNA in the ventral side at 4-cell stage.
(C) Formation of tBR-induced secondary axes is inhibited in
embryos coinjected with tBR and 250 pg of XRnd1 mRNA.
(D) Head structures (eyes and cement gland) are induced when 300
pg XRhoA mRNA are coinjected with 1ng tBR in the ventral side.
(E) Histological section of the head region of the embryo shown in
(D). The head of the secondary axis contains eyes, neural tube (NT)
and cement gland (CG). (F) More posterior histological section of
the same embryo as in (D) and (E) showing that the secondary axis
does not contain notochord (No), indicating that head organizer
activity is mimicked. 1°, primary axis; 2°, secondary axis.

Fig. 6. Dominant-negative RhoA reduces eye size when injected
dorsally and inhibits the formation of ectopic heads by cerberus and
dnXwnt-8 in combination with tBR. (A) Control embryo. (B) Embryo
injected with 50 pg of dnRhoA RNA in the dorsal-animal region (the
future head region) at the 8-cell stage, which causes a reduction in
anterior tissue as seen here by a reduction of eye size. (C) Embryo
coinjected with dnRhoA (50 pg) and XRhoA (100 pg) in the dorsal-
animal side at 8-cell stage. The eyes have normal size.
(D) Histological section of control embryo injected with β-
galactosidase mRNA in two dorsal-animal blastomeres at 8-cell stage
at the eye level. (E) Histological section of the embryo shown in B
injected with 50 pg of dnXRhoA and β-gal lineage tracer mRNA.
Note the small size of eyes and neural tube (arrows). (F) Head
structures (two eyes and a cement gland) are induced in embryos
coinjected with 1 ng tBR and 50 pg dnXwnt-8 RNA in the ventral
side at 4-cell stage. (G) The formation of these head structures is
blocked in embryos coinjected with 1 ng tBR, 50 pg of dnXwnt-8
RNA and 200 pg of CSKA-dnXRhoA DNA, expressing dnXRhoA
from a cytoskeletal actin promoter at midblastula transition. Note that
the formation of secondary axis is not inhibited. (H) A rudimentary
ectopic head is induced in embryos injected with 100 pg of cerberus
RNA in the D4 blastomere at 32-cell stage. (I) The formation of
ectopic heads by cerberus is inhibited when 50 pg dnRhoA mRNA
are coinjected with 100 pg cerberus RNA into the D4 blastomere. 
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and also does not stimulate the BMP-responsive Xvent2
promoter (Candia et al., 1997; our unpublished observations).
Several points of evidence suggest that XRnd1 may be
involved in regulating morphogenesis in early Xenopus
embryos. First, XRnd1 is expressed predominantly in tissues
undergoing extensive morphogenetic movements, such as the
involuting mesoderm during gastrulation and cranial neural
crest cells. In the somitogenic mesoderm, XRnd1 expression is
high in unsegmented areas and regions in which somites have
just formed, after which its expression ceases. Several
molecules for which roles in morphogenesis have been
suggested in Xenopus are expressed in similar locations, such
as paraxial protocadherin (PAPC) (Kim et al., 1998), the
cell surface disintegrin metalloprotease ADAM 13 (Alfandari
et al., 1997) and the receptor tyrosine kinase pagliaccio
(Pag) (Winning and Sargent, 1994). Secondly, XRnd1
overexpression in animal cap tissue causes a dramatic loss of
cell adhesion. This is also consistent with a potential role in
modulation of cellular morphogenesis, since the involution of
the marginal zone cells in the blastopore, rotation of the
somites during somite formation and delamination and
migration of neural crest cells require the loosening and
rearrangements of cell-cell contacts (Duband et al., 1995;
Wilson and Keller, 1991; Youn and Malacinski, 1981). In fact,
most molecules identified so far that are implicated in
embryonic morphogenesis are either cell adhesion molecules
themselves, including cadherins (Costa et al., 1998; Kuhl et al.,
1996; Lee and Gumbiner, 1995), integrins (Ramos et al., 1996)
and protocadherins (Bradley et al., 1998; Kim et al., 1998), or

modulate cell adhesion in some way via PDGF (Ataliotis et al.,
1995), HGF (Ruiz i Altaba and Thery, 1996), or Xwnt5A
(Moon et al., 1993). Interestingly, like XRnd1, Xwnt5A is able
to block secondary axis formation induced by a variety of
factors (Torres et al., 1996), suggesting that XRnd1 and
Xwnt5A might function in a similar fashion, perhaps through
a decrease in cell adhesion. 

Our findings that XRnd1 causes a loss of cell adhesion are
consistent with overexpression studies of human Rnd1 in tissue
culture cells. HRnd1 causes loss of cell adhesion in Swiss 3T3
cells, and interferes with Rho- and Rac-mediated actin filament
assembly (Nobes et al., 1998). Based on several unique amino
acids in their effector domains, Xenopus and human Rnd1 are
apparently constitutively active, raising the question of how
their activity is regulated. One possibility is that inhibitory
exchange factors similar to Rho-GAPs negatively regulate
Rnd1. Alternatively, their activity might simply be regulated
by differential expression. This form of regulation may play a
role in the early Xenopus embryo as Rnd1 is dynamically
expressed in the embryo at the RNA level. Rnd1 is also
differentially expressed in humans, where it is found almost
exclusively in liver and brain in adult tissues (Nobes et al.,
1998). Chick RhoB is another example where a small GTPase
is regulated at least partly by differential expression, in this
case in response to BMP signaling in the neural tube (Liu and
Jessell, 1998). It is interesting to note that both Rnd1 and RhoB
share a farnesylation consensus site at their C terminus,
whereas most other small GTPases are geranyl-geranylated.
This raises the possibility that farnesylated Rhos form a
subgroup of Rho-like GTPases that is regulated on the level of
transcription. In contrast, RhoA is more widely expressed, both
in chick and Xenopus, suggesting that exchange factors play a
more important role in its regulation than RNA expression
levels. The expression pattern of XRnd1 in the early Xenopus
embryo, together with XRnd1’s effect on cell adhesion,
suggests that XRnd1’s function in the embryo is to reduce cell
adhesion in cells that are undergoing morphogenetic
movements. XRnd1 possibly promotes cell intercalations
through loosening of cell contacts in the involuting mesoderm.
Convergence-extension movements in the involuting
mesoderm are a result of such intercalation movements
(Wilson and Keller, 1991). Further studies to identify which
factors regulate the function and expression of XRnd1 could
give more insights into the regulation of cell adhesion during
early development. 

XRhoA and XRnd1 play antagonistic roles in the
regulation of cell adhesion
Activated XRhoA can antagonize the loss of cell adhesion
caused by XRnd1 in the animal cap overexpression assay. This
function seems to be specific for active RhoA, since wild-type
XRhoA and activated hRac1 fail to do so. A positive role for
RhoA in regulating cell adhesion has also been found in
various cell culture systems. For example, inhibition of RhoA
by Clostridium botulinum exoenzyme C3 transferase in cell
culture, which specifically inactivates RhoA, interrupts cell
adhesion (Bobak et al., 1997). In keratinocytes, blocking RhoA
by microinjection of C3 transferase causes the depletion of E-
cadherin from intercellular junctions (Braga et al., 1997),
suggesting that the loss of cell adhesion could be due to RhoA’s
effect on cadherin-mediated cell adhesion. 
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Inhibition of Xnr1 or Xwnt8
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Fig. 7. Model of XRhoA’s possible function in head induction.
Cerberus binds and inhibits BMP4, Xwnt-8 and Xnr-1. The
inhibition of either Xnr-1 (A) or Xwnt-8 (B) signaling may lead to
activation of RhoA (indicated by GDP to GTP exchange).
Alternatively, RhoA may be activated upon signaling of unknown
factors involved in head induction (C). RhoA activation could then
result in a variety of events involved in head formation, including
transcriptional regulation of head-specific genes and morphogenesis
via influences on the actin cytoskeleton. Head induction by XRhoA
overexpression only occurs in synergy with BMP signal inhibition. 
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RhoA also promotes the formation of stress fibers in
response to certain growth factors such as PDGF (Ridley and
Hall, 1992) and HGF (Takaishi et al., 1995). In Xenopus,
PDGF plays a role in gastrulation where it apparently is
involved in promoting adherence of the involuting mesoderm
to the overlying ectoderm (Ataliotis et al., 1995). Since RhoA
is a known downstream component of PDGF signaling
(Zubiaur et al., 1995) it might be involved in promoting this
adhesiveness. The formation of stress fibers by RhoA is
disrupted by XRnd1 (Nobes et al., 1998). This suggests that
XRhoA and XRnd1 have opposite effects on actin filament
assembly as well as on cell adhesion, and possibly antagonize
each other. In the early Xenopus embryo, the relative activities
of XRhoA and XRnd1 could play an important role in
regulating adhesiveness in developing tissues and be subject to
regulation by various growth factors involved in regulating
morphogenetic behavior. 

XRhoA functions as a head inducer
For the proper formation of head structures, the head organizer
releases several secreted inhibitors to prevent formation of
trunk structures. These include cerberus, an antagonist of
BMP4, wnt-8 and Xnr-1 signaling (Piccolo et al., 1999) and
the wnt-signaling inhibitors frzb and dkk-1 (Glinka et al., 1998;
Leyns et al., 1997; Wang et al., 1997). So far, all known head-
inducing factors are extracellular inhibitory molecules and very
little is known about intracellular factors that are positively
involved in the head induction process. XRhoA is likely to be
one of these factors. First, coinjection of XRhoA together with
tBR in the ventral side leads to the formation of head
structures. Secondly, overexpression of a dominant-negative
form of XRhoA in the future head ectoderm region leads to a
reduction in head size. Also, overexpression of dominant-
negative RhoA with the head inducer cerberus or dnRhoA with
tBR and dnXwnt-8 leads to a significant reduction in the
number of induced heads. Lastly, XRhoA is expressed at the
right time and place to act in the head induction pathway. These
pieces of evidence support an essential role for XRhoA in head
formation.

How can XRhoA function to induce head structures together
with tBR? If XRhoA was an inhibitor of Xnr-1 or wnt-
signaling, the head induction phenotype could be easily
explained, since wnt- and Xnr-1 signaling inhibitors induce
heads when overexpressd with BMP inhibitors (Glinka et al.,
1997; Piccolo et al., 1999). However, in injection assays (Table
2), XRhoA does not behave as an inhibitor of wnt or Xnr-1
signaling, which suggests that is an unlikely possibility.
Alternatively, XRhoA could be ‘activated’ in response to the
inhibition of wnt-8 or Xnr-1 signals, i.e. via cerberus, or upon
signaling in a parallel, yet unidentified pathway involved in
head induction (see Fig. 7). 

Some evidence supports the notion that XRhoA is linked to
wnt-signaling. In Drosophila, rhoA has been shown to play a
role in the establishment of cell polarity downstream of frizzled
(fz) and dishevelled (dsh), components of the wnt-signaling
cascade (Strutt et al., 1997). Hypomorphic alleles of
Drosophila rhoA show a cell polarity phenotype similar to dsh1

and fz and overexpression phenotypes of frizzled and
dishevelled can be rescued with the rhoA mutant, indicating
that they act in the same pathway (Strutt et al., 1997). 

Interestingly, the Drosophila JUN N-terminal kinase (JNK)

basket is involved in cell polarity signaling (Strutt et al., 1997)
and is activated by Dishevelled (Boutros et al., 1998). JNK can
also be activated by RhoA in cell culture (Teramoto et al.,
1996b). This raises the possibility for the involvement of JNK
in head formation. This notion is especially intriguing since a
similar signaling cascade, the ras-regulated MAPK pathway, is
also involved during embryogenesis in mesoderm patterning
(LaBonne et al., 1995). Alternatively, RhoA may influence
gene regulation via NF-κb (Perona et al., 1997) or serum
response factor (SRF) (Hill et al., 1995), factors known to be
regulated by RhoA in other systems. Further identification of
the factors involved in the regulation of RhoA activity and
downstream RhoA targets will be necessary to elucidate
RhoA’s role during head formation. 
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