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Wnt/Frizzled (Fz) signaling controls cell polarity/movements during vertebrate gastrulation via incompletely
defined mechanisms. We demonstrated previously that Wnt/Fz activation of Rho, a GTPase and regulator of
cytoskeletal architecture, is essential for vertebrate gastrulation. Here we report that in mammalian cells and
Xenopus embryos, Wnt/Fz signaling coactivates Rho and Rac, another GTPase and distinct regulator of
cytoskeletal architecture. Wnt/Fz activation of Rac is independent of Rho and mediates Wnt/Fz activation of
Jun N-terminal kinase (JNK). Dishevelled (Dvl), a cytoplasmic protein downstream of Fz, forms a Wnt-induced
complex with Rac independent of the Wnt-induced Dvl-Rho complex. Depletion or inhibition of Rac function
perturbs Xenopus gastrulation without affecting Wnt/Fz activation of the Rho or B-catenin pathway. We
propose that parallel activation of Rac and Rho pathways by Wnt/Fz signaling is required for cell polarity and

movements during vertebrate gastrulation.
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Gastrulation, a complex developmental process that es-
tablishes the basic body plan, involves coordinated regu-
lation of cell polarity, movement, and adhesion. A major
driving force of this morphogenetic process in verte-
brates is the so-called convergent extension (CE) move-
ment, in which cells polarize and elongate along the
mediolateral axis and intercalate towards the midline
(convergence), leading to the extension of the anteriopos-
terior axis (extension; Shih and Keller 1992; Wallingford
et al. 2002). The molecular mechanism that underlies CE
movement remains to be fully understood, but recent
work has revealed a key role for Wnt signaling, as dis-
ruption of Wnt-11 function perturbs CE movements in
zebrafish and Xenopus (Heisenberg et al. 2000; Tada and
Smith 2000).

Wnt proteins constitute a large family of secreted sig-
naling molecules that play central roles in animal devel-
opment (Wodarz and Nusse 1998). Well-studied ex-
amples of Wnt regulation of embryogenesis involve the
canonical B-catenin signaling pathway, which in Xeno-
pus induces dorsal axis formation and plays a key role in
human carcinogenesis (Wodarz and Nusse 1998; Miller
at al. 1999). In the Wnt/B-catenin pathway, Wnt binding
to a receptor complex composed of the serpentine
Frizzled (Fz) receptor and the LRP5/6 coreceptor (Pinson
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et al. 2000; Tamai et al. 2000; Wehrli et al. 2000) acti-
vates the cytoplasmic signaling protein Dishevelled,
which in turn induces the stabilization of cytosolic
B-catenin, an obligatory coactivator for gene transcrip-
tion (Wodarz and Nusse 1998). However, Wnt-11 control
of gastrulation does not involve B-catenin but requires a
distinct mechanism that shares similarity with the so-
called planar cell polarity (PCP) pathway in Drosophila
(Heisenberg et al. 2000, Tada and Smith 2000; Walling-
ford et al. 2000; Adler 2002).

PCP is manifested in Drosophila wing, eye, and sen-
sory bristle development (Shulman et al. 1998; Adler
2002). For example, each wing cell exhibits proximal-
distal polarity within the epithelial plane (hence the
term PCP) by elaborating a single hair at the distal vertex
pointing distally. A set of “core” PCP genes control di-
verse forms of planar polarity, most notably frizzled (re-
ferred to as Dfz1) and dishevelled (dsh). It is believed that
DFz1/Dsh and other core PCP gene products constitute a
PCP “cassette” that senses polarity information in rela-
tion to major body axes (Shulman et al. 1998; Adler
2002), but whether a ligand is involved remains unre-
solved. Thus Fz activation is channeled via Dsh into dis-
tinct PCP and B-catenin pathways, presumably via dif-
ferent Dsh domains (Boutros and Mlodzik 1999). Indeed,
the dsh’ mutation is severely defective in PCP but wild-
type for Wnt/B-catenin signaling (Axelrod et al. 1998;
Boutros et al. 1998).

Whereas some PCP genes show complex genetic inter-
actions with Dfz1 and dsh including feedback regulation
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(Mlodzik et al. 1999; Usui et al. 1999; Axelrod 2001;
Strutt 2001; Adler 2002; Tree et al. 2002), rhoA and the
Rho-associated kinase (Drok) represent core PCP genes
that can be placed downstream of Dfz1 and dsh (Strutt
et al. 1997; Winter et al. 2001). RhoA, together with
Rac and Cdc42, is a member of the Rho family of GT-
Pases that cycle between the inactive GDP-bound form
and the active GTP-bound form and regulate diverse
cellular processes such as cytoskeletal dynamics, cell
adhesion, cell-cycle progression, and transcription (Hall
1998; Kaibuchi et al. 1999; Van Aelst and Symons 2002).
Other gene products implicated downstream of DFzl
and Dsh in PCP signaling include Rac and a MAP ki-
nase module, JUN, JNK (JUN N-terminal kinase), and
JNKK (JNK kinase; Eaton et al. 1996; Strutt et al. 1997;
Boutros et al. 1998; Fanto et al. 2000), and indeed, Dsh
can stimulate JNK activity in tissue culture cells
(Boutros et al. 1998; Li et al. 1999; Moriguchi et al. 1999).
However, the role of Rac and the JNK module in PCP
signaling remains ambiguous. A triple mutation remov-
ing the three known Drosophila rac genes has no dis-
cernible PCP phenotype (Hakeda-Suzuki et al. 2002), nor
do existing mutant alleles for JUN, JNK, and JNKK (Ad-
ler 2002).

In vertebrates, Wnt-11 regulation of CE movements
requires the function of Fz and Dishevelled (Dvl), but not
of B-catenin or other components involved in B-catenin
signaling; furthermore, the same Dvl domains are in-
volved in CE movements as in PCP signaling (Heisen-
berg et al. 2000; Tada and Smith 2000; Wallingford et al.
2000). These results imply molecular parallels between
these morphogenetic events. We previously demon-
strated that Wnt-11 and Wnt-1 activate RhoA via Fz/Dvl
signaling, and we identified Daam1, a Formin-homology
protein, as being required for Wnt/Fz/Dvl activation of
RhoA, Wnt-induced Dvl-RhoA complex formation, and
CE movements during Xenopus gastrulation (Habas et
al. 2001). Further supporting the notion of conservation
of the PCP pathway, the vertebrate homolog of strabis-
mus, a core PCP gene encoding a multispan transmem-
brane protein (Wolff and Rubin 1998), is required for gas-
trulation in Xenopus and zebrafish (Darken et al. 2002;
Goto and Keller 2002; Jessen et al. 2002; Park and Moon
2002). Interestingly, Xenopus Strabismus protein can ac-
tivate JNK (Park and Moon 2002), and depletion of Xeno-
pus JNK causes defective gastrulation (Yamanaka et al.
2002). These results suggest that JNK is a component of
PCP signaling in vertebrates, and raise questions about
the relationships among JNK, Rac, and the Wnt/Fz/Dvl/
Rho pathway.

Here we report that Wnt/Fz signaling induces Rac and
Rho activation during Xenopus gastrulation. Rac activa-
tion is independent of Wnt/Fz-triggered Rho activation,
and mediates Wnt/Fz/Dvl activation of JNK. Wnt signal-
ing induces the formation of a Dvl-Rac complex that is
independent of the Wnt-induced Dvl-Rho complex.
Depletion of or interference with Rac function in Xeno-
pus embryos inhibits CE movements and gastrulation.
We propose that parallel activation of both Rac and Rho
underlies Wnt regulation of vertebrate morphogenesis.

296 GENES & DEVELOPMENT

Results

Wnt/Fz signaling activates Rac

For detection of Wnt/Fz activation of Rho, Rac, and
Cdc42 we used an established biochemical assay (Habas
et al. 2001), which employs GST-RBD (Rho binding do-
main, fused with the glutathione S-transferase) fusion
protein that recognizes GTP-bound Rho (Ren et al. 1999),
and GST-PBD (p21 binding domain) that recognizes
GTP-bound Rac and Cdc42 (Akasaki et al. 1999; Benard
et al. 1999). We found previously that Wnt/Fz signaling
activates Rho but not Cdc42 in human 293T cells (Habas
et al. 2001), whereas data on Rac activation were less
clear due to high basal levels of activated Rac. We sub-
sequently found that low basal Rac activation could be
achieved by lowering the serum concentration in the
medium (see Materials and Methods). Under these con-
ditions, expression of certain Fz cDNAs resulted in sig-
nificant Rac activation that paralleled Rho activation in
a Fz-specific fashion (Fig. 1A). Thus Fz7, which has been
implicated in vertebrate gastrulation and B-catenin sig-
naling (Djiane et al. 2000; Medina et al. 2000; Sumanas et
al. 2000), activated both Rac (Fig. 1A) and Rho (Habas et
al. 2001). Similarly, Fz1 activated both Rac (Fig. 1A) and
Rho (Habas et al. 2001) in addition to B-catenin signaling
(Yang-Snyder et al. 1996). Fz2 and Fz5 exhibited weak or
no activation of Rac (Fig. 1A) or Rho (Habas et al. 2001),
although Fz5 can induce B-catenin signaling (He et al.
1997), and Fz2 engages a Ca>*/protein kinase C pathway
(Sheldahl et al. 1999). As a positive control, Ephexin, a
guanine nucleotide exchange factor (GEF) for Rac, Rho,
and Cdc42 (Shamah et al. 2001), activated all three
GTPases (Fig. 1A; Habas et al. 2001).

We further tested whether Wnt signaling regulates
Rac. Addition of Wnt-1 conditioned media (CM) to 293 T
cells resulted in rapid Rac activation that was observable
within 5 min and lasted for at least 3 h (Fig. 1B). Wnt-1
CM activation of Rac was not blocked (but slightly en-
hanced) by cycloheximide, a protein synthesis inhibitor
(Fig. 1B), suggesting that Rac lies directly downstream of
Wnt signaling. We previously observed that Wnt-1 acti-
vation of Rho is insensitive to cycloheximide treatment
but occurs with a slower time course, being observable
within 30 min of Wnt-1 treatment (Habas et al. 2001).

Wnt/Fz/Dvl signaling activates Rac and Rho in
parallel pathways

Dsh/Dvl proteins function downstream of Fz in the ac-
tivation of both B-catenin and Rho pathways (Boutros
and Mlodzik 1999; Habas et al. 2001). We tested whether
Dsh/Dvl proteins activate Rac. Mouse Dishevelled 1 and
2 (Dvll and Dvl2), but not mouse Dvl3, and Xenopus and
Drosophila Dishevelled (Xdsh and Dsh) activated Rac
(Fig. 1C). Rho activation by these Dvl/Dsh proteins ex-
hibited similar patterns (data not shown). Dsh/Dvl pro-
teins have three conserved domains (Boutros and
Mlodzik 1999): the N-terminal DIX domain is essential
for B-catenin signaling but not for PCP/Rho activation,
and the central PDZ and C-terminal DEP domains are
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Figure 1. Wnt/Fz/Dvl signaling activates Rac and Rho in parallel pathways. (A) Rac activation by specific Fz proteins. Fz1 (rat) and

Fz7 (Xenopus) activated Rac, but Fz2 (rat) or Fz5 (human) did not (the slight Rac activation seen in the Fz5 lane was not reproducible).
(B) Rac activation by Wnt-1 CM was rapid (5 min) and lasting (3 h), and resistant to cycloheximide treatment (which inhibited cyclin
D1 induction by Wnt-1 CM, data not shown). Cdc42 was not activated by Wnt-1 CM. (C) Rac activation by Dvll and Dvl2, but not
Dvl3; by Xdsh and Dsh; by Dvl2 and Xdsh mutants lacking the DIX domain (AN-Dvl2 and AN-Xdsh); and by the DEP domain but not
the PDZ domain alone. The Dsh! mutant had weaker activity than Dsh in Rac activation. (D) Rac-N17, but neither Rho-N19 nor
Cdc42-N17, inhibited Rac activation by Wnt-1 CM, Fzl, or DvI2. Rac-N17, Rho-N19, and Cdc42-N17 each inhibited Ephexin acti-

vation of Rac and Cdc42 (and Rho; Habas et al. 2001).

both required for the PCP function and Rho activation
(Axelrod et al. 1998; Boutros et al. 1998; Heisenberg et al.
2000; Tada and Smith 2000; Wallingford et al. 2000; Ha-
bas et al. 2001). Consistent with these conclusions, we
find that the DIX domain is not critical for Rac activa-
tion, because Dvl2 and Xdsh mutants lacking the DIX
domain (AN-DvI2 and AN-Xdsh) activated Rac (Fig. 1C).
Further, the DEP domain alone activated Rac to levels
similar to wild-type Dvl2, whereas the PDZ domain
alone did not (Fig. 1C). The significance of the DEP do-
main in Rac activation was also illustrated by Dsh' mu-
tant, which harbors a missense mutation in the DEP
domain and is defective in PCP but not B-catenin signal-
ing (Axelrod et al. 1998; Boutros et al. 1998). Compared
to wild-type Dsh, the Dsh! mutant exhibited reduced
Rac activation (Fig. 1C). Because the DEP domain alone
fully activates Rac but not Rho, Rac and Rho activation
by Dsh/Dvl likely occurs independently.

Like other GTPases, Rac, Rho, and Cdc42 require spe-
cific GEFs for their activation (Kaibuchi et al. 1999;
Schmidt and Hall 2002), and dominant interfering forms,
such as Rho-N19, Rac-N17, and Cdc42-N17 can bind and
titrate specific GEFs in certain instances, thereby block-
ing the activation of the wild-type factors (Hart et al.

1994). As shown in Figure 1D, only Rac-N17, but not
Rho-N19 or Cdc42-N17, inhibited Rac activation in
293T cells by Wnt-1 CM, Fzl, or Dvl2. We previously
showed that Rho-N19, but not Rac-N17 or Cdc42-N17,
inhibits Rho activation in these cells by Wnt-1, Fz1, or
Dvl2 (Habas et al. 2001). These results demonstrate the
specificity of Rac-N17 and Rho-N19 under our experi-
mental conditions, and further suggest that Wnt/Fz/Dvl
activation of Rac and Rho occurs independently and may
require a distinct Rac-GEF and Rho-GEF, respectively.
For comparison, Rac-N17, Rho-N19, and Cdc42-N17
each inhibited Ephexin activation of Rho (Habas et al.
2001), Rac, and Cdc42 (Fig. 1D), consistent with the no-
tion that Ephexin is a multifunctional GEF for all three
GTPases (Shamah et al. 2001).

Wnt/Fz/Dishevelled activation of [NK is mediated
by Rac

As the Dvl DEP domain is sufficient for JNK activation
(Boutros et al. 1998; Li et al. 1999; Moriguchi et al. 1999),
and can activate Rac but not Rho (Fig. 1C; Habas et al.
2001), JNK may be activated downstream of Rac but not
of Rho in Wnt/Fz signaling. We first examined whether
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Fz proteins can activate JNK. JNK activation was assayed
via monitoring c-Jun phosphorylation using a phospho-
Jun-specific antibody (Boutros et al. 1998; Sun et al.
2001; Park and Moon 2002). We observed that Fz1 and
Fz7, but not Fz2 or Fz5, activated JNK (Fig. 2A), in cor-
relation with the activation of Rac (Fig. 1A) and Rho
(Habas et al. 2001) by these factors. It was reported that
XWnt-5a and XFz8 can induce JNK activation (Lisovsky
et al. 2002; Yamanaka et al. 2002). Wnt-1 CM stimula-
tion of 293T cells also resulted in a rapid JNK activation,
which was insensitive to cycloheximide and detectable
within 5 min of Wnt-1 CM addition (Fig. 2B) and was
thus detectable together with Rac activation but prior to
Rho activation by Wnt-1.

Expression of Dvl1 and 2, Xdsh and Dsh, but not Dvl3,
activated JNK (Fig. 2C). Consistent with previous find-
ings (Boutros et al. 1998), the Dsh! mutant exhibited
weaker activity in JNK activation, whereas DvI2 and
Xdsh mutants lacking the DIX domain, AN-DvI2 and
AN-Xdsh, activated JNK effectively (Fig. 2C); the DEP
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domain alone, but not the PDZ domain, also activated
JNK (Fig. 2C). Thus, a full correlation between JNK and
Rac, but not Rho, activation was observed. Further, Rac-
N17, but not Rho-N19 or Cdc42-N17, inhibited JNK activa-
tion by Wnt-1, Fz1, and DvI2 (Fig. 2D-F). Taken together,
these observations demonstrate that activation of Rac,
but not of Rho, mediates Wnt/Fz/Dvl activation of JNK.

Wnt induction of a DvI-Rac complex

We previously observed a Wnt-induced Dvl-RhoA com-
plex, whose formation correlates with Wnt/Fz/Dvl acti-
vation of RhoA (Habas et al. 2001). We thus examined
whether Wnt activation of Rac is accompanied by the
formation of a Dvl-Rac complex. Immunoprecipitation
of endogenous Rac protein from 293T cells revealed DvI2
protein in Rac immunoprecipitates in Wnt-treated cells
(Fig. 3A). Likewise, immunoprecipitation of RhoA but
not Cdc42 also coprecipitated Dvl2 in Wnt-stimulated
cells (Fig. 3A). These results suggest that Wnt signaling
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Figure 2. Wnt/Fz/Dvl activation of JNK via Rac but not Rho. (A) JNK activation by specific Fz proteins. Fz1 and Fz7 activated JNK,
but Fz2 or Fz5 did not or did weakly. (B) Wnt-1 CM, but not control CM, activated JNK rapidly in the presence of cycloheximide. (C)
JNK activation by Dvll and Dvl2, but not Dvl3; by Xdsh and Dsh; by Dvl2 and Xdsh mutants lacking the DIX domain (AN-Dvl2 and
AN-Xdsh); and by the DEP domain but not the PDZ domain alone. The Dsh! mutant had weaker activity than Dsh in JNK activation.
(D-F) JNK activation by Wnt-1 CM (D), or by transfected Fz1 (E) or Dv12 (F) was blocked by Rac-N17 but not Rho-N19 or Cdc42-N17.

298 GENES & DEVELOPMENT



Wnt-1CM+ Wnt-1CM+
Myc-T-Daam1 Myc-N-Daam1
A _ 51 1T 1
£-2 2
SEnw 22,2 2
O 2T 0 "o & - o
IP: « Rho -— I
IP: « Rac S S e . o DVI2

IP: o Cdcd2 -1
—— S S S S SRS : Rho
® Qdhen oo 00 @ @ > Rac

- e G @S e -~ == @ o Cdcd2

Lysate
iy G it et S gy e S o D12

a Myc

HA-rFz1 +
|

Fg-Dvi2 +
B i |

Control
Fg-Ephexin
Fg-Dvi2
Myc-T-Daam
HA-rFz1

GST-PBD

a Myc

Wnt/Frizzled coactivation of Rac and Rho

=
- O
g
t t
3]
C o =
IP;: c Rac = —
& Dvi1
|— (43
Lysate —

L - R

=

5 D

£ %

S =
IP: « Rac 1
a DvI3
—

Lysate

-l

+ Wnt-1 CM
D Nn.INn.I
EC\U.IT)DUJ
£4 258 9
t O & E & o
Q > g > o=
O E E Q= =

196 > S apEnEe e
2 =

IP: o Rac¢

—

Lysate

L esasmmmwe— R

Figure 3. A Wnt-induced Dvl-Rac complex that is independent of the Wnt-induced Dvl-Rho complex. (A) Wnt-1 CM induced
formation of a complex between DvI2 and Rac or Rho, but not Cdc42. T-Daam1 or N-Daam1 disrupted the Dvl2-Rho complex but not
the Dvl2-Rac complex. Endogenous Rac, Rho, or Cdc42 was immunoprecipitated from cells treated with/without Wnt-1 CM for 3 h,
and coprecipitated endogenous DvI2 was detected by immunoblotting. (B) Rac activation by Fz1 or DvI2 was not inhibited by T-Daam1
or N-Daaml. (C) Wnt-1 CM induced a complex formation between endogenous Rac and Dvl1, but not Dvl3. (D) The DvI2 DEP domain,
but not the PDZ domain, formed a complex with Rac with or without Wnt-1 stimulation.

results in the formation of a Dvl-Rac complex in addi-
tion to the Dvl-Rho complex. Dvl-Rho complex forma-
tion requires the Formin-homology protein Daam]l, and
thus is disrupted by either N-Daam1, an N-terminal frag-
ment that binds Rho, or T-Daaml, a C-terminal frag-
ment that binds Dvl (Fig. 3A; Habas et al. 2001). How-
ever, Wnt-induced Dvl-Rac complex formation was not
affected by N-Daaml or T-Daaml, and thus does not
require Daaml function. Further, although N-Daaml
and T-Daam1 each inhibit Rho activation by Wnt, Fz, or
Dvl (Habas et al. 2001), they did not affect Rac activation

by Dvl2 or Fz1 (Fig. 3B), demonstrating again that Wnt/
Fz signaling activates Rac and Rho independently.

Endogenous Dvll, but not Dvl3, was also detected in
Rac immunoprecipitates of Wnt-1-stimulated cells (Fig.
3C), mirroring their roles in Rac activation (Fig. 1C). Fur-
ther, the Dvl2 DEP domain, but not the PDZ domain,
associated with Rac with or without Wnt stimulation
(Fig. 3D), consistent with the finding that the DEP do-
main alone activated Rac (Fig. 1C). Thus, Dvl-Rac com-
plex formation correlates fully with Rac activation in
Wnt/Fz signaling.
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Dorsal Rac activation by Wnt/Fz signaling in
Xenopus gastrulation

Our biochemical studies demonstrated a Wnt/Fz/Dvl/
Rac/JNK signaling pathway in mammalian cells. Given
that Wnt-11/Fz signaling and JNK function are involved
in CE movements during vertebrate gastrulation (Djiane
et al. 2000; Heisenberg et al. 2000; Tada and Smith 2000;
Yamanaka et al. 2002), we sought to determine whether
Wnt-11/Fz regulation of Xenopus gastrulation involves
Rac activation. We searched sequence data bases and
found a Xenopus Rac gene, which shares 92% amino
acid sequence identity with human, rat, mouse, and Dro-
sophila Racl, and was thus named Xenopus Racl
(XRac1). XRacl is expressed maternally and throughout
embryogenesis as determined by RT-PCR (Fig. 4A). The
identical XRacl sequence was recently reported (Lucas
et al. 2002).

CE movements are a major driving force of Xenopus
gastrulation and occur predominantly on the dorsal side
of the embryo (Shih and Keller 1992), where Wnt-11/Fz
signaling is active (Wallingford et al. 2002). Endogenous
Rac protein was detected in equal amounts in dorsal and
ventral marginal zone explants (DMZ vs. VMZ), but ac-
tivated Rac was detected mainly in the DMZ (Fig. 4B).
Cdc42 activation was not observed in either DMZ or
VMZ under these conditions (Fig. 4B). Dorsal Rac acti-
vation depends on Wnt-11/Fz signaling, because it was
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blocked by the dominant negative XWnt-11 and xFz7
mutants, Dn-Xwnt-11 and extra-Fz7 (Fig. 4C), which pre-
vent CE movements in Xenopus embryos (Djiane et al.
2000; Tada and Smith 2000). Conversely, Rac was acti-
vated upon ectopic Wnt-11, Fz7, or Xdsh signaling in the
VMZ (Fig. 4D). Thus, Wnt-11/Fz signaling is necessary
and sufficient for Rac activation. Although Rho activa-
tion also occurs on the dorsal side due to Wnt-11/Fz sig-
naling in Xenopus embryos (Habas et al. 2001), impor-
tant distinctions were observed between Rac and Rho
activation. Xdd1, which is a Xdsh mutant lacking part of
the PDZ domain, blocks dorsal Rho activation (Habas et
al. 2001) but enhanced dorsal Rac activation (Fig. 4C) and
induced ventral Rac activation (Fig. 4D). This is consis-
tent with the observation that the DEP domain alone is
sufficient for Rac activation, whereas both PDZ and DEP
domains are required for Rho activation (Fig. 1C; Habas
et al. 2001). We previously showed that Daaml is re-
quired for Wnt-11/Fz/Dvl activation of Rho in Xenopus
(Habas et al. 2001). N-Daam1, which blocks Rho activa-
tion by Wnt-11/Fz in the DMZ (Habas et al. 2001), did
not block dorsal Rac activation (Fig. 4C). C-Daaml, a
constitutively activated mutant that induces Rho acti-
vation in the VMZ (Habas et al. 2001), failed to activate
Rac (Fig. 4D). These results demonstrate that, as in
mammalian cells, Wnt-11/Fz/Dvl signaling during Xeno-
pus gastrulation induces coactivation of Rac and Rho via
independent pathways.
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Figure 4. Dorsal Rac activation by Wnt-11/Fz signaling during Xenopus gastrulation. (A) XRacl RNA is expressed maternally and
throughout embryogenesis as monitored by RT-PCR. EF-1a was used as a loading control. -RT, without reverse transcriptase. (B)
Endogenous Rac activation was detected in DMZ but not in VMZ isolated from stage 10.5 embryos. Cdc42 activation was not detected
in DMZ or VMZ. (C) Endogenous Rac activation was inhibited in DMZ by injected RNA for Dn-Xwnt-11 (1 ng) or extra-xFz7 (1 ng).
RNA for Xdd1 (1 ng) or N-Daam1 (2 ng) did not inhibit dorsal Rac activation. B-galactosidase RNA (B-gal, 2 ng) injection was used as
control. (D) Rac was ectopically activated in VMZ by RNA for Xwnt-11 (200 pg), xFz7 (200 pg), Xdsh (1 ng), or Xdd1 (1 ng), but not by
C-Daaml DNA (200 pg) or by B-gal RNA (2 ng). C-Daam1 DNA was injected instead of RNA, which interfered with early embryo

cleavage (Habas et al. 2001).
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Rac function is required for Xenopus gastrulation

To investigate the role of Rac during Xenopus embryo-
genesis, we attempted to deplete XRacl via a morpho-
lino antisense oligonucleotide (MO), which was designed
to block the translation of the endogenous XRacl pro-
tein. Injection of the XRacl MO reduced the endogenous
Rac, but not Rho or Cdc42, protein level, whereas an
unrelated control MO had no effect (Fig. 5A).

Embryos injected dorsally with the XRacl MO devel-
oped normally during cleavage (data not shown), but a
significant portion exhibited gastrulation abnormalities

Wnt/Frizzled coactivation of Rac and Rho

axis, and microcephaly (Fig. 5B; Table 1). These pheno-
types are characteristic of defects in morphogenetic
movements (Djiane et al. 2000; Tada and Smith 2000;
Wallingford et al. 2000). Importantly, the gastrulation
abnormalities resulting from the XRacl MO could be
rescued by coinjection of human Racl RNA (whose
translation was resistant to XRacl MO inhibition), but
not by human RhoA or Cdc42 RNA (Fig. 5B; Table 1).
Control MO injected dorsally, or XRacl MO injected
ventrally, had no effect on Xenopus development (Table
1; data not shown).

Many embryos injected dorsally with the XRacl MO

including a large and open blastopore, shortened body nonetheless developed normally (Table 1), presumably
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Figure 5. Rac function is required for Xenopus gastrulation. (A) XRacl MO specifically reduced the protein level of endogenous Rac,
but not Rho or Cde42. A control MO had no effect on the level of any of these proteins. Fifty nanograms of the XRacl MO or control
MO was injected into 2-cell embryos, and whole embryo extracts were harvested at stage 10.5. (B) XRacl MO, but not the control MO,
and Rac-N17, Rho-N19, and Cdc42-N17 each inhibited gastrulation. The figure shows affected embryos in each case where a pheno-
type was seen; for frequency of effects, see Table 1. Fifty nanograms of either XRacl MO or the control MO; 1 ng of RNA for Rac-N17,
Rho-N19, or Cdc42-N17; or 2 ng of RNA for the wild-type Rac, Rho, or Cdc42 were each injected in the dorsal marginal region of the
4-cell-stage embryo, and resulting phenotypes were examined at stage 35. Injection of RNA (2 ng) for human Racl, but not Rho or
Cdc42, rescued the effect of the XRacl MO, and had a weak ameliorating influence on the effect of Rac-N17. (C,D) Rho-N19 and
Rac-N17 inhibited Rho and Rac activation, respectively. RNA (2 ng) or MO (50 ng) was injected at the 4-cell stage. (C) Dorsal injection,
DMZ explants. Endogenous Rac activation was inhibited by RNA for Rac-N17 or Cdc42-N17 but not Rho-N19 or XDaam1l MO,
whereas endogenous Rho activation was inhibited by Rho-N19 but not Rac-N17 or Cdc42-N17, and by XDaaml MO but not the
control MO. (D) Ventral injection, VMZ explants. Rac induction by Dvl2 RNA was inhibited by coinjected RNA for Rac-N17 or

Cdc42-N17 but not by Rho-N19 or XDaam1l MO, whereas Rho activation by Dvl2 was suppressed by Rho-N19 but not Rac-N17 or
Cdc42-N17, and by XDaam1 MO but not the control MO.
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Table 1. Rac is required for Xenopus gastrulation
Phenotype at stage 35
Gastrulation defects
Severe Intermediate/mild

Injection Total Wild type (%) (%) (%)
Control (no injection) 211 100 0 0
Control MO (50 ng) 183 99 0 1
Rac MO (50 ng] 174 68 12 20
Rac MO + Rac WT (50 + 2 ng) 67 90 4 6
Rac MO + Rho WT (50 + 2 ng) 81 58 18 24
Rac MO + Cdc42 WT (50 + 2 ng) 77 57 18 25
Rac N17 (1 ng) 151 23 49 28
Rac N17 + Rac WT (1 + 2 ng) 139 36 33 31
Rac N17 + Rho WT (1 + 2 ng) 125 14 59 26
Rac N17 + Cdc42 WT (1 + 2 ng) 122 11 63 26
Rac WT (2 ng) 158 87 3 10
Rho WT (2 ng) 158 84 3 13
Cdc42 WT (2 ng) 154 85 3 12
Rho N19 (1 ng) 141 29 54 21
Cdc42 N17 (1 ng) 165 38 41 21
Cdc42 N17 + Cdc42 WT (1 + 2 ng) 111 47 23 30
Cdc42 N17 + Rac WT (1 + 2 ng) 99 29 47 24
Cdc42 N17 + Rho WT (1 + 2 ng) 105 22 45 33

Embryos were injected dorsally at the 4-cell stage. Embryos with an open blastopore, exposed endodermal tissues and drastically
reduced anterio-posterior (AP) axis were scored as severe gastrulation defects. Embryos with a small open blastopore or delayed
blastopore closure, and a shortened AP axis or a bent body axis were scored as intermediate to mild gastrulation defects.

due to the residual XRacl protein or other Rac family
members that were not affected by the MO. Indeed, the
three known Rac genes in Drosophila have redundant
functions during development (Hakeda-Suzuki et al.
2002). We thus examined the role of Rac (and other small
GTPases) in Xenopus gastrulation via dominant interfer-
ing Rac-N17, Rho-N19, and Cdc42-N17 constructs,
which in 293T cells exhibit specific inhibitory activities
towards their cognate GTPases (Fig. 1D; Habas et al.
2001). In DMZ explants, where endogenous Rho and Rac
are both activated, Rho-N19 inhibited Rho but not Rac
activation, whereas Rac-N17 inhibited Rac but not Rho
activation (Fig. 5C). Similarly in VMZ explants, where
both Rho and Rac were activated by ectopic Dvl2, Rho-
N19 inhibited ectopic Rho but not Rac activation,
whereas Rac-N17 inhibited ectopic Rac but not Rho ac-
tivation (Fig. 5D). In Xenopus embryos, therefore, Rho-
N19 and Rac-N17 appear specific for Rho and Rac, most
likely via titrating a Rho-GEF and a Rac-GEF, respec-
tively. Different from results obtained in 293T cells,
however, Cdc42-N17 interfered with the endogenous
Rac (but not Rho) activation in the DMZ (Fig. 5C), and
with ectopic Rac (but not Rho) activation induced by
Dvl2 in the VMZ (Fig. 5D). One possibility is that Cdc42-
N17 cross-inhibits Rac by titrating the Rac-GEF in the
embryo, as some GEFs can bind and activate both Cdc42
and Rac (for review, see Schmidt and Hall 2002). Alter-
natively, Cdc42 activation is upstream of Rac activation
in the embryo (but not in 293T cells). We favor the
former possibility, as we were unable to detect signifi-
cant Cdc42 activation in Xenopus embryos, either en-
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dogenously or by ectopic Fz/Dvl signaling (Fig. 4B; data
not shown).

Dorsal expression of Rac-N17 strongly inhibited Xeno-
pus gastrulation (Fig. 5B; Table 1), again supporting a role
for Rac in gastrulation. Coinjection of wild-type Rac
RNA appeared to weakly rescue the effect of Rac-N17 in
the embryo, but this rescue was not statistically signifi-
cant (Fig. 5B; Table 1). This was not unexpected because
Rac-N17, which has a higher affinity for GEFs than wild-
type Rac, inhibits the nucleotide exchange step and thus
Rac activation (Hart et al. 1994). Dorsal expression of
Rho-N19 also inhibited Xenopus gastrulation (Fig. 5B;
Table 1), consistent with previous observations (Wun-
nenberg-Stapleton et al. 1999; Habas et al. 2001). We fur-
ther confirmed previous reports that Cdc42-N17 inhibits
gastrulation (Fig. 5B; Table 1; Djiane et al. 2000; Choi
and Han 2002).

Rac function is required for convergent
extension movements

To further investigate the role of Rac in regulating CE
movements, we examined the effect of XRacl MO and
Rac-N17 in animal explants, which upon activin treat-
ment undergo morphogenetic elongation characteristic
of CE movements in vivo (Symes and Smith 1987). Ani-
mal explants from embryos injected with the control
MO showed normal elongation, but a significant portion
of explants from embryos injected with the XRacl MO
did not (Fig. 6A; Table 2). The inhibitory effect of the
XRacl MO could be rescued by coinjection of RNA for
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human Racl but not for Rho or Cdc42. Expression of
Rac-N17 also inhibited elongation, which was rescued
partially by wild-type Rac but not by Rho or Cdc42
(Table 2). Thus both depletion and functional interfer-
ence experiments suggest that Rac function is required
for CE movements. In addition, Rho-N19, likely by in-
terfering with Rho function downstream of Wnt-11/Fz
signaling (Habas et al. 2001), inhibited elongation of ani-
mal pole explants; so did Cdc42-N17, as previously re-
ported (Fig. 6A; Table 2; Djiane et al. 2000; Choi and Han

PCR at stage 10.5. EF-1a was used as an
internal control. WE, whole embryo; -RT,
no reverse transcriptase.

2002). Neither XRacl MO nor any of the dominant mu-
tant GTPases inhibited mesoderm gene expression in
activin-treated explants, as assayed using a pan-meso-
dermal marker brachyury (Xbra), dorsal mesodermal
markers goosecoid (gsc) and chordin, and ventrolateral
mesodermal marker Xwnt8 (Fig. 6B). Thus depletion or
inhibition of Rac and other GTPases perturbed morpho-
genetic movements without preventing mesoderm
specification.

Finally, our observation that both Rac and Rho activa-
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Table 2. Rac is required for convergent
extension movements

Phenotype of
caps at stage 17

No
No. of Elongation elongation
Injection caps (%) (%)
Control (no injection) 64 95 5
Control MO (50 ng) 60 93 7
Rac MO (50 ng) 70 57 43
Rac MO + Rac WT
(50 + 2 ng] 66 91 9
Rac MO + Rho WT
(50 + 2 ng] 82 54 46
Rac MO + Cdc42 WT
(50 + 2 ng) 116 56 44
Rac N17 (1 ng) 66 11 89
Rac N17 + Rac WT
(1 +2ng) 73 45 55
Rac N17 + Rho WT
(1 +2ng 59 14 86
Rac N17 + Cdc42 WT
(1 +2ng) 67 7 93
Rho WT (2 ng) 67 95 5
Rac WT (2 ng) 64 94 6
Cdc42 WT (2 ng) 64 92 8
Rho N19 (1 ng) 61 10 90
Cdc42 N17 (1 ng) 56 14 86

Animal explants from injected embryos were cultured and
treated with Activin, and their morphogenetic elongation was
scored.

tion are downstream of Wnt/Fz signaling promoted us to
evaluate the relationship between Rac and Rho and the
well characterized Wnt/Fz/B-catenin pathway, which in
Xenopus embryos induces the expression of Xnr3 and
Siamois and dorsal axis formation (Miller et al. 1999).
Neither XRacl MO nor any of the dominant interfering
GTPases had any effect on Xwnt-8 induction of Xnr3 and
Siamois in animal explants (Fig. 6C). In addition, these
GTPase mutants did not block Xwnt-8 induction of axis
duplication, although the induced secondary axis was
shortened and compressed, due presumably to defective
morphogenetic movements (data not shown). These re-
sults support the notion that Wnt/Fz activation of Rac
and Rho is independent of Wnt/Fz/B-catenin signaling.

Discussion

In this paper we provide evidence that in mammalian
cells and Xenopus gastrulae, Wnt/Fz signaling activates
both Rac and Rho GTPases in independent pathways
downstream of Dvl, likely via inducing the formation of
discrete Dvl-Rac and Dvl-Rho complexes. Interfering
with either Rac or Rho activation perturbs Wnt/Fz regu-
lation of Xenopus gastrulation. We propose that coacti-
vation of Rac and Rho is a common feature of Wnt/Fz
regulation of cell behavior.
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Wnt/Fz activation of Rac and Rho via independent
pathways downstream of Dvl

We previously demonstrated that Wnt/Fz signaling acti-
vates Rho (Habas et al. 2001). Our current study illus-
trates that Wnt/Fz signaling also activates Rac, and im-
portantly, coactivates Rac and Rho in all cases exam-
ined. Two distinct Wnt molecules, Wnt-1 and XWnt-11,
activate Rac and Rho in mammalian cells and Xenopus
embryos. Wnt-1 activation of Rac and Rho is insensitive
to inhibition of protein synthesis (Fig. 1B; Habas et al.
2001), indicating that Rac and Rho both lie directly
downstream of Wnt signaling. During Xenopus gastrula-
tion, Rac and Rho activation occurs in dorsal tissues
where Wnt-11/Fz signaling is active, and is suppressed
when Wnt-11/Fz signaling is inhibited (Fig. 4B-D). Al-
though the faster kinetics of Rac activation in cultured
cells (Fig. 1B; Habas et al. 2001) might imply that Wnt/Fz
activates Rho though Rac, several lines of evidence argue
for the existence of two independent pathways. Thus,
Wnt/Fz activation of Rac and Rho is inhibited by Rac-
N17 and Rho-N19, respectively (Figs. 1D, 5C,D; Habas et
al. 2001), and requires different Dvl domains (Figs. 1C,
4C,D; Habas et al. 2001), and Rho but not Rac activation
requires the Formin-homology protein Daaml (Fig.
4C,D; Habas et al. 2001).

How does Wnt/Fz signaling via Dvl lead to Rac acti-
vation? One potential clue is that Wnt signaling induces
complex formation between Dvl and Rac (Fig. 3A). The
Dvl-Rac complex is observed with Dvll or Dvl2, either
of which activates Rac, but not with Dvl3, which does
not (Figs. 1C, 3A,C). In addition, the Dvl2 DEP domain is
sufficient for Rac association and activation (Fig. 1C,D).
Thus Dvl-Rac complex formation correlates with Rac
activation by Wnt/Fz/Dvl. Consistent with independent
Rac and Rho activation, Dvl-Rac and Dvl-Rho com-
plexes are induced by Wnt independently, because the
Dvl-Rho complex requires Daam1, whereas the Dvl-Rac
complex does not (Fig. 3A; Habas et al. 2001).

Wnt/Fz activation of [NK is mediated by Rac but not
Rho activation

Although JNK has been implicated downstream of Wnt/
Fz/Dvl signaling via genetic and biochemical analyses
(Boutros et al. 1998; Sun et al. 2001; Park and Moon
2002; Yamanaka et al. 2002), the relationship between
JNK activation versus Rac and Rho activation was un-
known. Consistent with reports regarding other signal-
ing pathways showing that activated Rac (or Cdc42) but
not Rho induces JNK activation (Coso et al. 1995; Min-
den et al. 1995), we find full correlation between activa-
tion of JNK and Rac but not Rho in the Wnt/Fz/Dvl
signaling pathway. Thus, Rac and JNK activation is in-
duced by Fzl or Fz7 but weakly or not by Fz2 or Fz5,
requires the Dvl DEP but not PDZ domain, is compro-
mised in the Dsh! mutant, and is blocked by Rac-N17
but not Rho-N19. Therefore, Wnt/Fz signaling diverges
at the level of Dvl into a Rho and a Rac/JNK pathway.

Wnt-1 and Fzl, which are known for their roles in



B-catenin signaling, also activate Rac/JNK and Rho (Figs.
1A,B, 2A,B; Habas et al. 2001). It is therefore worth con-
sidering whether some functions of Wnt-1, and possibly
of other Wnts known to activate the canonical pathway,
might be mediated by Rho and Rac in addition to
B-catenin. For example, Wnt-1 transformation of mouse
mammary epithelial cells is accompanied by morpho-
logical changes (Brown et al. 1986; Rijsewijk et al. 1987),
which could be due to regulation of Rac and Rho activi-
ties. Genetic studies have implicated Wingless (Wnt-1),
Rac, Rho, and JNK in Drosophila dorsal closure, a com-
plex series of morphogenetic movements (Noselli 1998),
and it has been suggested that Wingless may signal via
both B-catenin and JNK to regulate this process (Mc-
Ewen et al. 2000).

Rac and Rho are both required for
Xenopus gastrulation

Wnt-11 is a key signaling molecule in Xenopus and ze-
brafish gastrulation, and is expressed in dorsal tissues
where CE movements take place (Heisenberg et al. 2000;
Tada and Smith 2000). A lack or inhibition of Wnt-11
function (Heisenberg et al. 2000; Tada and Smith 2000)
or interference with Fz or Xdsh function causes defective
CE movements (Deardorff et al. 1998; Djiane et al. 2000;
Wallingford et al. 2000), and interference with Xdsh
function disrupts cell polarization along the mediolat-
eral axis, a pivotal step in CE movements (Wallingford et
al. 2000). In support of these views, we find that Wnt-
11/Fz signaling and CE movements are accompanied by
Rac and Rho activation on the dorsal but not ventral side
of the Xenopus embryo (Fig. 4B-D).

Reduction of XRacl protein via a morpholino anti-
sense oligonucleotide (MO) interferes with CE move-
ments and gastrulation, which can be corrected by hu-
man Racl (Figs. 5B, 6A), suggesting that Rac activity is
important for Xenopus gastrulation. Rac-N17 and Rho-
N19—which specifically inhibit Rac and Rho activation
by Wnt-11 in Xenopus embryos, respectively (Figs.
5C,D)—each result in severe defects in CE movements
and gastrulation (Figs. 5B, 6A). While caution must be
used when interpreting results obtained via dominant
interfering GTPase mutants, these findings are consis-
tent with those obtained from MO depletion experi-
ments and support the model that Wnt-11/Fz/Dvl regu-
lation of morphogenesis is achieved by parallel activa-
tion of both Rac and Rho. It is of interest to note that
Xdd1 blocks Rho activation (Habas et al. 2001) but in-
duces Rac activation (Fig. 4C,DJ, and is nonetheless a
potent inhibitor of CE movements (Sokol 1996). We
speculate that an imbalance of Rac and Rho activation is
as detriment to cell polarity/movements as a lack of ac-
tivation of either molecule. Detailed imaging analyses of
Xenopus dorsal tissue during gastrulation suggest that
Rho and Rac are required for elongated cell shape and
filopodia formation, respectively (K. Symes, pers.
comm.). Thus Wnt-11, by regulating Rho and Rac, may
coordinate cell shape and filopodia formation during CE
movements. We note that mouse embryos lacking rac1

Wnt/Frizzled coactivation of Rac and Rho

gene die during gastrulation, and racI-/- epiblast cells in
culture exhibit defects in lamellipodia formation, cell
adhesion, and movements (Sugihara et al. 1998).

Previous reports have suggested a role for Cdc42 in
Xenopus morphogenesis, based in large part on the ob-
servation that Cdc42-N17 inhibits gastrulation (Djiane
et al. 2000; Choi and Han 2002). We found that Cdc42-
N17 blocks Rac activation by Wnt-11/Dvl signaling in
Xenopus embryos (Fig. 5C,D). As we do not detect Cdc42
activation by Wnt/Fz signaling in mammalian cells or
Xenopus embryos (Figs. 1B, 4B; Habas et al. 2001), and
Cdc42 does not exhibit genetic interactions with DFz1/
Dsh in Drosophila (see below), we think that it is less
likely but not entirely excluded that Cdc42 functions
upstream of Rac in the Wnt-11 signaling pathway. Cdc42
may have a role in gastrulation by regulation of Ca**-
mediated cell adhesion as suggested (Winklbauer et al.
2001; Choi and Han 2002). However, we cannot rule out
the possibility that Cdc42-N17 perturbs gastrulation, in
part, by cross-inhibition of Rac activation.

Rac and JNK: Similarities and distinctions between
DFz1/Dsh Drosophila PCP function and Wnt-11/Fz
signaling in Xenopus gastrulation

Significant molecular similarities between DFzl/Dsh
signaling in the establishment of Drosophila PCP and
Wnt-11/Fz signaling in vertebrate gastrulation have been
observed (Adler 2002; Wallingford et al. 2002). In addi-
tion to Fz and Dsh/Dvl, other gene products genetically
defined as being critical for PCP, such as Rho, ROCK,
and Strabismus, are also essential for vertebrate gastru-
lation (Wunnenberg-Stapleton et al. 1999; Habas et al.
2001; Darken et al. 2002; Goto and Keller 2002; Jessen et
al. 2002; Park and Moon 2002; Marlow et al. 2002; the
present work). Some genetic analyses have also impli-
cated Rac and JNK in PCP function: (1) Rho-N19 and
Rac-N17, and activated mutants of Rho and Rac, but not
Cdc42-N17, each cause PCP abnormalities; (2) gene dos-
age reduction for rhoA, rac1 plus rac2, or for genes in the
JNK signaling cassette (i.e., INKK, JNK, JUN), but not for
cdc42, suppresses PCP defects caused by overexpression
of DFzl or Dsh; (3) the PCP phenotype of Dfz1 or dsh?
mutant can be rescued by overexpression of rhoA, racl,
or JNK cassette genes, but not by cdc42 (Eaton et al.
1996; Strutt et al. 1997; Boutros et al. 1998; Fanto et al.
2000; for review, see Van Aelst and Symons 2002). These
results suggest that Rac and JNK, like RhoA, may func-
tion downstream of Dsh, and in fact, Rac was suggested
to act in parallel to, or upstream of, RhoA in Fz PCP
signaling (Fanto et al. 2000). Observations that Wnt-11/
Fz signaling induces coactivation of Rac and Rho in par-
allel pathways downstream of Dvl, that Rac activation
mediates Wnt/Fz activation of JNK, and that Rac and
JNK are required for Xenopus gastrulation (Yamanaka et
al. 2002; the present study), mirror the genetic analyses
in Drosophila discussed above.

However, questions regarding a role for Rac and J]NK
signaling in PCP have been raised, because loss-of-func-
tion alleles for genes encoding JNKK, JNK, and JUN, and
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a triple deletion of the three known rac genes in Dro-
sophila, racl, rac2 and mtl, fail to cause PCP defects
(Adler 2002; Hakeda-Suzuki et al. 2002). We speculate
that additional functional redundancy, or some differ-
ence between Fz signaling in Drosophila PCP and verte-
brate gastrulation, may account for this discrepancy.

Wnt/Fz/Dvl/Rac and Wnt/Fz/Dvl/Rho pathways

Our studies together with genetic analyses in Drosophila
have revealed two parallel pathways initiated by Wnt/Fz
signaling in regulating cell polarity and movements: a
Wnt/Fz/Dvl/Daam1/Rho/ROCK pathway and a Wnt/Fz/
Dvl/Rac/JNK pathway. A common Wnt/Fz/Dvl signal-
ing cassette branches into these two pathways down-
stream of Dvl, most likely via distinct Dvl-Rac and Dvl-
Rho complexes (Fig. 7). The Rho/ROCK pathway
regulates the phosphorylation of non-muscle myosin
regulatory light chain and thus the assembly of actin
filaments (Winter et al. 2001), whereas the Rac/JNK
pathway may regulate cytoskeletal or nuclear events
(Fanto et al. 2000; Das et al. 2002; but see Strutt et al.
2002). How coactivation of Rac and Rho pathways is
translated into morphogenetic movements remains a fu-
ture challenge.

Materials and methods

Antibodies

Monoclonal antibodies (mAbs) against HA (F-7), RhoA (26C4),
Dvll (3f12), Dv12 (10B5), Dvl3 (4D3), Myc (9E10), and P-c-Jun
(KM-1) and polyclonal Abs (pAbs) against RhoA (119), c-Jun (H-
79), and Myc (N-262) were from Santa Cruz Biotechnology.
mAbs against Rac and Cdc42 were from Transduction Labora-
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Figure 7. Parallel Rac and Rho pathways downstream of Wnt/
Fz/Dvl signaling (see Discussion).

306 GENES & DEVELOPMENT

tories, and against Flag (M2) was from Sigma. pAbs against Dsh
were kindly provided by Drs. R. Nusse and K. Willert.

Plasmids and morpholino oligonucleotides

The Frizzled, mouse Dvl2, Xdsh, and mutants were previously
described (Habas et al. 2001). cDNAs for Mouse Dvll and Dvl3
were kindly provided by Dr. D. Sussman, and for Dsh and Dsh'
by Dr. M. Mlodzik. The Rho, Rac, Cdc42 and derived constructs
were previously described (Sokol et al. 2001). The XRacl MO
designed to be complementary to the translational initiation
site, 5'-GCCTGCATGGCAGCGAATGTCCCG-3’, was syn-
thesized by Gene Tools. An MO with a random sequence was
used as the negative control.

Cell transfection

All cell transfections were done with HEK293T cells. Cells in a
6-well plate were transfected using the calcium phosphate
method with 2ug of each indicated plasmid with the exception
of Rho-N19, Rac-N17, and Cdc42-N17 (3 pg each). Transfected
DNA amounts were equalized via vectors without inserts.

Rho, Rac, and Cdc42 activation assays

For Rac/Cdc42 assays, cells were incubated in 0.5% serum 6 h
prior to transfection, maintained in this serum concentration
after transfection, and lysed 36 h posttransfection in the lysis
buffer for Rac/Cdc42 (Benard et al. 1999). For Rho assays, the
cells were maintained in 10% serum pre- and posttransfection
and lysed 36 h posttransfection in Rho lysis buffer (Ren et al.
1999). Xenopus DMZ or VMZ was dissected at stage 10.5 and
lysed in the Rho or Rac lysis buffer. GST-RBD and GST-PBD
binding assays were performed as described (Benard et al. 1999;
Ren et al. 1999), and samples were resolved by 12% SDS-PAGE
and immunoblotted with the anti-Rho, anti-Rac, or anti-Cdc42
mADb for cell lysates and anti-Rho pAB or anti-Rac and anti-
Cdc42 mAbs for Xenopus explants. Protein expression levels
from transfected cDNA plasmids were monitored by anti-HA,
anti-Flag (Fg), anti-Myc, anti-Dvl1, anti-Dvl2, anti-Dvl3, or Dsh
Abs. Cycloheximide was added at a final concentration of 10
pg/mL, starting 1 h prior to Wnt-1 CM treatment.

JNK assays

For JNK assays, cells were incubated in 0.5% serum 6 h prior to
transfection, maintained in this serum concentration after
transfection, and lysed 36 h posttransfection in 0.5% NP40 lysis
buffer. Samples were resolved on 12% SDS-PAGE and immu-
noblotted with anti-P-c-JNK (for phosphoserine 63), anti-Myc,
anti-Flag, anti-HA, anti-Dvl-1, anti-Dvl-2, or anti-Dvl-3 mAbs
or anti-c-Jun pAb.

Immunoprecipitation and immunoblotting

Cells were lysed 36 h posttransfection in the Rho lysis buffer for
Dvl/Rho/Rac complex detection. The protein level of endog-
enous RhoA, Rac, and Cdc42, of transfected Fz, Dvl2, Xdsh,
Dsh, Daam1, and their mutants was examined via blotting the
cell lysate with indicated Abs. For Dvl-Rac or Dvl-Rho com-
plex detection, lysates were precipitated with anti-Rho, anti-
Rac, anti-Cdc42 (mAbs), resolved by 12% SDS-PAGE, and blot-
ted with anti-Dvll, anti-Dvl2, anti-Dvl3, anti-Rho, anti-Rac, or
anti-Cdc42 mAb. Detection was performed with SuperSignal
WestPico (Pierce).



Embryo manipulations, RT-PCR, and explant assays

These were performed as described (Kato et al. 1999; Habas et al.
2001). Embryo injections were done with in vitro transcribed
RNAs. Convergent extension assays in explants were performed
as described (Sokol 1996) using 5 ng/mL activin (final).
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