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Ryk cooperates with Frizzled 7 to promote
Whntl 1-mediated endocytosis and is essential
for Xenopus laevis convergent extension movements

Gun-Hwa Kim, Jung-Hyun Her, and Jin-Kwan Han

Department of Life Science, Division of Molecular and Life Sciences, Pohang University of Science and Technology, Hyoja Dong, Pohang, Kyungbuk 790784,

Republic of Korea

he single-pass transmembrane protein Ryk (atypi-

cal receptor related tyrosine kinase) functions as a

Whnt receptor. However, Ryk’s correlation with Wnt/
Frizzled (Fz) signaling is poorly understood. Here, we
report that Ryk regulates Xenopus laevis convergent
extension (CE) movements via the B-arrestin 2 (Barr2)-
dependent endocytic process triggered by noncanonical
Wht signaling. During X. laevis gastrulation, Barr2-mediated
endocytosis of Fz7 and dishevelled (Dvl/Dsh) actually
occurs in the dorsal marginal zone tissues, which ac-
tively participate in noncanonical Whnt signaling. Non-

Introduction

Morphogenetic movements in gastrulation are essential for es-
tablishing basic germ layers and the body axis during early ver-
tebrate development. The major driving forces for this process
include convergent extension (CE) movements, by which cells
polarize and elongate along the mediolateral axis and interca-
late toward the midline (convergence), leading to extension of
the anterior/posterior axis (Wallingford et al., 2002; Veeman
et al., 2003). Although the precise molecular mechanisms of CE
movements are not clearly understood, the noncanonical Wnt
pathway is known to be important in the control of CE move-
ments (Myers et al., 2002; Wallingford and Habas, 2005).

The noncanonical Wnt pathway, which is mediated by inter-
action between Frizzled (Fz) and members of the Wnt family
of secreted glycoproteins, regulates cell shape, cell polarity, and
cell adhesion without the induction of a secondary axis. This
pathway is subdivided into the Wnt—Ca** pathway and the Wnt—
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canonical Wnt11/Fz7-mediated endocytosis of Dsh requires
the cell-membrane protein Ryk. Ryk interacts with both
Wnt11 and Barr2, cooperates with Fz7 to mediate Wnt11-
stimulated endocytosis of Dsh, and signals the nonca-
nonical Wnt pathway in CE movements. Conversely,
depletion of Ryk and Wnt11 prevents Dsh endocytosis
in dorsal marginal zone tissues. Our study suggests that
Ryk functions as an essential regulator for noncanonical
Wht/Fz-mediated endocytosis in the regulation of X. laevis
CE movements.

planar cell polarity (PCP) pathway (Veeman et al., 2003). The
former acts via a trimeric G protein to stimulate intracellular cal-
cium release and activate PKCa and Cdc42 (Kohn and Moon,
2005). The latter PCP pathway is transmitted via dishevelled
(Dsh), which has a dual role in the regulation of both the Wnt—
[3-catenin and PCP pathways (Wallingford and Habas, 2005), and
requires (3-arrestin 2 (Barr2), Daam1, RhoA, Racl, Rho-associated
kinase a, and Jun N-terminal kinase (JNK; Myers et al., 2002;
Kim and Han, 2005, 2007; Wallingford and Habas, 2005).

Recent studies in the field of Wnt signaling have shown
that receptor-mediated endocytosis is involved in the regulation
of Wnt signaling (Kikuchi and Yamamoto, 2007). However, the
molecular mechanism by which the endocytic process in non-
canonical Wnt signaling is regulated or the physiological and
functional importance of this process during embryonic devel-
opment remains unclear. In the present study, we provide new
insight that atypical receptor related tyrosine kinase (Ryk) acts
as an Fz coreceptor and regulates the noncanonical Wnt-mediated
endocytosis in Xenopus laevis CE movements.

© 2008 Kim et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. Endocytosis of Fz7 and Dsh occurs in X. laevis CE movements. Embryos were microinjected into the two dorsal blastomeres at the four-cell
stage with a combination of the indicated mRNAs (500 pg GFP Dsh, 500 pg myc Fz7, 500 pg YFP Wnt11, 500 pg myc Rab5, 500 pg GFP Rab5,
1 ng xBarr2-KRK/Q, 10 ng xBarr2 MO, and 10 ng Co MO). DMZ explants were dissected at stage 11-11.5 and then subjected to fluorescence analysis.

(A) Dsh localized to punctate structures that colocalize with 2 adaptin in DMZ tissues. (B and C) Fz7 and Wnt11 also overlapped with Rab5. (D and E)
Functional knockdown of Barr2 by xBarr2 MO and xBarr2-KRK/Q relocalized Dsh to the cell membrane and inhibited colocalization with 2 adaptin in

cytoplasm. Bars, 20 pm.

In Drosophila melanogaster and mammals, Fz and Dsh have
been detected in the cytoplasmic puncta, which overlap with ele-
ments of the endocytic machinery within Wnt/Wg-responsive
cells (Chen et al., 2003; Rives et al., 2006; Seto and Bellen, 2006).
Association of Dsh with the p-adaptin of AP2 has been needed
for Fz4 internalization in culture cells and normal gastrulation in

X. laevis (Yu et al., 2007). In a recent study, we demonstrated that
Barr2, which acts as an essential adaptor in clathrin-mediated
endocytosis (Claing et al., 2002), has a pivotal role in regulating
X. laevis CE movements and requires endocytic activity for its
function (Kim and Han, 2007). To further strengthen the claim that
endocytic control in noncanonical Wnt signaling occurs in dorsal
marginal zone (DMZ) tissues undergoing CE movements, we ex-
amined whether endocytosis of Dsh and the noncanonical Wnt/
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Fz, Wntl1, and Fz7, appears in X. laevis CE movements at the
cellular level. Indeed, Dsh localized to punctate structures that
colocalized with the cellular endocytic elements, Rab5 (an early
endosomal marker; Fig. S1 A, available at http://www.jcb.org/
cgi/content/full/jcb.200710188/DC1), and endogenous (32 adap-
tin (a subunit of the heterotetrameric AP2 adaptor complex that
indicates the formation of endocytic clathrin-coated vesicles;
Fig. 1 A), in DMZ tissues during gastrulation. Wnt11 and Fz7 also
colocalized with Rab5 (Fig. 1, B and C). Interestingly, we found
that knockdown of Barr2 (Kim and Han, 2007), which mediates
Fz internalization in Wnt-stimulated cells (Chen et al., 2003), by
the morpholino (xBarr2 morpholino oligonucleotide [MO]) and
the endocytic mutant (xarr2-KRK/Q) relocalizes Dsh to the cell
membrane and inhibits colocalization with 32 adaptin in the cyto-
plasm of DMZ cells (Fig. 1, D and E). Likewise, Barr2 MO
blocked the overlap between Fz7 and Rab5 (Fig. S1 B). A recent
study showed that members of caveolin (Cav) family, Cav-1 and -2,
which mediate clathrin-independent endocytosis, are expressed in
entire regions of gastrula stages, including the involuting me-
soderm during X. laevis early embryogenesis (Razani et al., 2002).
We observed that Dsh does not colocalize with Cav-1 and -2 in
DMZ cells (Fig. S1, C-E), which indicates that Dsh endocytosis
is not involved in the caveolar pathway. Together, these results
strongly support the idea that in X. laevis CE movements, inter-
nalization of Fz7 and Dsh is mediated by Barr2- and clathrin/
AP2-dependent processes.

Recent studies demonstrated that in cultured cells, Wnt5a
triggers the internalization of Fz4 and Fz5 (Chen et al., 2003;
Kurayoshi et al., 2007), and Wnt3a also induces Fz5 internaliza-
tion (Yamamoto et al., 2006). Considering these data, the finding
of the endocytosis of Fz7 and Dsh in CE movements prompted
us to determine whether Fz7 and Dsh are internalized and present
in endocytic vesicles as a result of noncanonical Wntl1 stimula-
tion. The normal punctate localization of Dsh did not co-
localize with these endocytic markers in X. laevis animal cap cells
where both the CE and noncanonical Wnt signaling do not occur
(Fig. S2, A and B, available at http://www.jcb.org/cgi/content/
full/jcb.200710188/DC1), as described previously (Schwarz-
Romond et al., 2005; Kim and Han, 2007). When GFP Dsh was
expressed with Fz7 in animal cap cells, Dsh showed continuous
staining at the cell membrane and did not colocalize with Rab5
(Fig. S2 C). Intriguingly, expression together with Wntl1, like
zebrafish cells (Witzel et al., 2006), led to the coalescence of
Dsh into puncta at the cell membrane that colocalized with Fz7
(Fig. S2 D) but not Rab5 and 32 adaptin (Fig. S2, E and F).
Moreover, although Barr2 was present, the Wntl 1-induced Fz7
aggregates (Fig. S2 G) were not internalized and were found
only in punctate structures overlapping with Barr2 at the cell
membrane (Fig. S2 H). We conclude that Dsh and Barr2 are re-
cruited to the Wntl1-Fz7 calescence formed by the activation of
noncanonical Wnt signaling and that the noncanonical Fz/Dsh
endocytosis in X. laevis cells requires some additional compo-
nent beyond Wnt stimulation.

Recent advances in the signal transduction field have led to
the claim that cell-membrane proteins serving as coreceptors
have a role in promoting productive signal transduction via the
interaction with receptor-mediated endocytosis. Low-density lipo-

protein receptor-related protein 5/6 and Fz act as Wnt corecep-
tors and are essential for canonical Wnt signaling and Fz-mediated
endocytosis in flies and mammals (Kikuchi and Yamamoto,
2007). Likewise, ADAMI12, which acts through an association
with TGF-B type II receptor (TBRII), mediates TGFf3 signaling
by controlling the endocytic trafficking of the TGFf@ receptor
(Atfi et al., 2007). Recently, it was found that Ryk, known as a
homologue of Derailed in the fly and Lin-18 in the worm, is a
plasma membrane protein that has important functions in Wnt
signaling in several contexts (Keeble and Cooper, 2006). Ryk
contains a PDZ-binding domain and a protein tyrosine kinase
domain lacking kinase activity and has an extracellular Wnt in-
hibitory factor (WIF) domain that allows Ryk to interact with
Whnt and act as its receptor. In fact, Ryk’s WIF domain binds to
Wntl/3/3a/5a and forms a ternary complex with Fz8 and Wntl
(Keeble and Cooper, 2006). However, the precise molecular
mechanism by which Ryk correlates with Wnt/Fz signaling is
poorly understood. To study the possibility that Ryk acts as a Fz
coreceptor and cooperates with Fz7 to promote noncanonical
Whntl I-mediated endocytosis, we first isolated a full-length
cDNA of X. laevis Ryk (XRyk), which is highly similar to ortho-
logues from other species (human, 87% identity; mouse, 88%
identity), from DMZ tissues of gastrula using a PCR-based ap-
proach (GenBank accession no. AAH74417). Temporally, Ryk is
expressed both maternally and zygotically throughout the early
development of X. laevis (Fig. S3 A, available at http://www.jcb
.org/cgi/content/full/jcb.200710188/DC1). Spatially, Ryk is visi-
ble in the DMZ tissues of the embryo during the gastrula stages
(Fig. S3 B). At later stages, Ryk expression was localized in the
head region, including the eye, the otic vesicle, and the branchial
arch (Fig. S3 C). We then tested whether, in the presence of Ryk,
the Wntll-induced accumulation of Fz7 and Dsh colocalizes
with Rab5. To our surprise and contrary to the expression of
Wntl1 alone, the punctate aggregates of Dsh and Fz7 (Fig. 2 A)
overlapped with Rab5 in animal cap cells that coexpressed
Wntl1 and Ryk (Fig. 2, B and C). Fz7 also colocalized with Ryk
in cytoplasmic puncta (Fig. 2 D, yellow arrows) as well as in
membrane (Fig. 2 D, white arrows). However, when Fz7 or
Wntll was excluded, Ryk could not promote the cytoplasmic
vesicles of Dsh (unpublished data). In addition, Ryk, like Fz7,
interacted with the noncanonical Wntl1 and Wnt5a (Fig. 2 E).
Furthermore, Ryk also bound to Dsh via its own cytoplasmic
domain (Fig. 2 F), as described previously for mammalian Ryk
(Lu et al., 2004). These results strongly suggest that Ryk is re-
quired for noncanonical Wntl1/Fz7-simulated internalization of
Dsh and forms an endocytic complex with these components.
To assess the physiological importance of this novel find-
ing, we used an antisense MO to knock down XRyk function
in the embryo. The XRyk MO effectively blocked translation
of mRNA containing the 5’ untranslated region sequences com-
plementary to its MO, but translation of mRNA containing
only the open reading frame (ORF) of the protein was not
affected. Control (Co) MO had no effect on translation of the
Ryk protein, and neither XRyk MO nor Co MO inhibited
translation of the control, actin (Fig. S3 D). Interestingly, de-
pletion of Ryk in X. laevis resulted in CE movement-defective
phenotypes (Fig. 3 C), which included the delay of blastopore
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Figure 2. Ryk promotes internalization of the Wnt11-induced Fz7 and Dsh aggregates in animal cap cells. (A-D) Four-cell stage embryos were injected
in the animal pole with various mRNAs in combination as indicated (500 pg GFP Dsh, 500 pg myc Rab5, 1 ng Fz7, 1 ng myc Fz7, 1 ng CFP Fz7, 1 ng
YFP Fz7, 500 pg GFP Rab5, 1 ng XRyk, 1 ng myc XRyk, and 1 ng Wnt11). Animal caps were dissected at stage 9-10 and then subjected to fluorescence
analysis. In the presence of Ryk, the Wnt1 1-induced punctate aggregates of Dsh and Fz7 (A) overlapped with Rab 5 (B and C). (D) Fz7 colocalized with
Ryk in both cytoplasmic (yellow arrows) and membrane (white arrows) puncta. Bars, 20 pm. (E and F) HEK293FT cells were transfected with various
constructs, either alone or in combination as indicated. Cell lysates were immunoprecipitated with anti-Flag (E) or anti-GFP (F) antibodies and the
immunocomplexes were blotted with specific antibodies. (E) Ryk bound to the noncanonical Wnt11 as well as Wnt5a. (F) Ryk and Ryk-AC, which lacks the
cytoplasmic domain, interacted with Dsh. Arrows indicate a size of epitope-tagged Ryk or Ryk-AC. Numbers to the right of the gel blots indicate molecular
mass standards in kD.
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Ryk is essential for CE movements. (A-H) Overexpression or depletion of XRyk caused the disruption of CE movements. Two blastomeres of four-
cell stage embryos were injected at the dorsal equatorial region with 500 pg XRyk mRNA, 40 ng XRyk MO, or 40 ng Co MO. (A-C) Compared with the
Co MO-injected embryos, embryos expressing XRyk mRNA or MO at stage 33 showed dorsal flexure and a failure to straighten the anteroposterior axis.
(E-G) Keller sandwich explants from Co MO-injected embryos elongated, but the explants expressing XRyk mRNA or MO were significantly inhibited.
(D and H) Rescue of XRyk knockdown by coinjection of ORF XRyk mRNA. (I-O) XRyk did not affect mesodermal cell fate specification. (-N) Whole mount
in situ hybridization with Chordin, Xbra, and MyoD as probes. (O) RT-PCR analysis using primers specific for Siamois, Xnr3, Chordin, Goosecoid, and
Xbra. ODC, ornithine decarboxylase, (a loading control); —RT, minus reverse transcription control sample. (P-R) XRyk or Wnt11 depletion inhibited the Dsh
puncta colocalization with Rab5 in DMZ cells. 60 ng Wnt11 MO, 40 ng XRyk MO, or 40 ng Co MO was coinjected with GFP Dsh and myc Rab5 into the
two dorsal blastomeres at the four-cell stage. DMZ explants were dissected at stage 11-11.5 and then subjected to fluorescence analysis. Bars, 20 pm.
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Figure 4. Ryk acts as an essential regulator of noncanonical Wnt signaling on CE movements. (A) Ryk, like Fz7, phosphorylated Dsh. Animal caps
expressing myc Dsh (1 ng) alone or with the combinations of XRyk (1 ng) and Fz7 (1 ng) as indicated were subjected to Western blotting using anti-myc
and anti-B-catenin antibodies. (B-E) The normal Dsh (B) and RhoA (D) distribution was translocated by Ryk to the cell membrane in animal cap cells
(C and E). XRyk (1 ng) were injected with GFP Dsh (500 pg) or GFP RhoA (500 pg) into the animal regions of embryos at the four-cell stage, either alone or
in combination as indicated. (F and G) Two blastomeres of four-cell stage embryos were injected at the dorsal marginal region with the indicated mRNAs
or MO (1 ng myc RhoA, 1 ng Dsh, 1 ng XRyk, and 40 ng XRyk MO). The DMZ explants were dissected at stage 10.25 and cultured until stage 12. (F) Ryk
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closure and the failure of neural tube closure and anterior/
posterior axis formation in whole embryos, as well as the sig-
nificant inhibition of the elongation of Keller (DMZ) sand-
wich explants (Fig. 3 G). Additionally, XRyk overexpression
induced defects of CE movements that were indistinguishable
from those of the XRyk knockdown (Fig. 3, B and F). To ver-
ify the specificity of the XRyk knockdown in CE movements,
we performed a rescue assay with the ORF XRyk construct.
Coinjection of XRyk MO with ORF XRyk mRNA rescued
the CE defects caused by XRyk MO (Fig. 3, D and H; and
Fig. S3, E and F).

Dorsoventral patterning of the mesoderm affects CE move-
ments indirectly by impacting cell fates in the DMZ (Keller and
Danilchik, 1988). To examine whether the phenotypes resulting
from XRyk MO were caused by a defect in mesodermal differ-
entiation, we performed whole-mount in situ hybridization using
several mesodermal genes. Before the onset of CE movements,
XRyk MO-injected embryos (Fig. 3, I' and K') exhibited nor-
mal expression of the dorsal mesodermal marker Chordin
and the panmesodermal marker Xbra (Fig. 3, I and K). How-
ever, convergent and extended localization of Chordin in the
prechordal plate and notochord (Fig. 3 J) was blocked in mid-
gastrula embryos expressing XRyk MO (Fig. 3 J'). The circum-
blastoporal localization of Xbra (Fig. 3 L) was wider in embryos
injected with XRyk MO (Fig. 3 L"). However, Chordin and
Xbra expression levels remained the same. Localization of MyoD
in XRyk MO or Co MO-injected embryos at later stages also
showed that muscle differentiation was not affected by XRyk
depletion (Fig. 3, M and N). In addition, RT-PCR analysis dem-
onstrated that XRyk does not affect the endogenous expression
of dorsal mesoderm genes nor induce expression of these genes
regulated by FGF, activin, and Wnt—3-catenin signaling (Fig. 3 O).
Next, we determined the effect of XRyk MO on the normal in-
ternalization of Dsh in CE movements. Fluorescence analysis
showed that the XRyk MO relocalized Dsh to the cell mem-
brane and inhibited colocalization with Rab5 in the cytoplasm
of DMZ cells (Fig. 3 Q). Moreover, depletion of Wnt11 (Pandur
et al., 2002) blocked the colocalization between Dsh and Rab5
(Fig. 3 R), which indicates that Dsh endocytosis is dependent on
endogenous Wntl1 signal in CE movements. Together, these
results support the idea that Ryk is required for proper CE move-
ments and normal endocytic regulation of noncanonical Wnt
signaling without affecting cell fate during X. laevis gastrulation.

Next, we wanted to know whether Ryk signals the nonca-
nonical Wnt pathway during CE movements. In the PCP pathway,
phosphorylation of Dsh is important for its translocation to the
cell membrane, and this translocation is a prerequisite for func-
tional signaling activation (Park et al., 2005; Kim and Han, 2007).

Therefore, it is possible that Ryk regulates the phosphorylation
and subcellular localization of Dsh. In considering this possi-
bility, we observed that Ryk induces the hyperphosphorylation
(Fig. 4 A) and membrane accumulation of Dsh in animal cap
cells (Fig. 4, B and C). In addition, we measured the activity of
RhoA by using a GST-RBD fusion protein that recognizes the
GTP-bound active RhoA and the phosphorylation level of JINK
in CE movements. With theses assays, we found that XRyk is
required for RhoA activation (Fig. 4 F) in concert with its trans-
location to the cell membrane of animal cap tissues (Fig. 4, D
and E) and increases JNK phosphorylation in DMZ cells (Fig.
4 G). We then proceeded to determine the relationship between
Ryk and Barr2. Coimmunoprecipitation and fluorescence anal-
yses showed that Ryk is capable of binding to Barr2 (Fig. 4 H)
and can redistribute Parr2 from the cytoplasm to the plasma
membrane in animal cap cells (Fig. 4, I and J). Importantly, in
the presence of Xdsh MA, a construct fused with the mitochon-
drial membrane—anchoring sequence (Park et al., 2005), the
Ryk-dependent membrane accumulation of Barr2 is relocalized
to intracellular clusters (Fig. 4 K), which implies that Ryk, like
Fz, indirectly interacts with Barr2 via Dsh. Furthermore, we
found that Barr2 knockdown inhibits the noncanonical Wnt11/
Fz7-mediated Dsh endocytosis in the presence of Ryk (Fig. 4,
L and M). Therefore, our observations strongly suggest that
Ryk acts as a novel regulator that is essential for noncanoni-
cal Wnt/Fz-mediated endocytosis in the regulation of X. laevis
CE movements. This idea was supported by investigating the
biological epistasis between Ryk and noncanonical Wnt signal-
ing components in more detail. For this purpose, rescue experi-
ments using a DMZ elongation assay were performed. Wntl1
overexpression inhibited the elongation of DMZ explants, and,
intriguingly, this inhibition was rescued by the coexpression
of XRyk MO. Moreover, the CE movements that were signifi-
cantly inhibited by Ryk overexpression were restored by the
functional inhibition of cytoplasmic downstream molecules of
noncanonical Wnt signaling using Parr2 MO and dominant-
negative forms of Dsh (Xdd1) and RhoA (RhoA-N19) (Fig. 5,
A-G; and Table S1, available at http://www.jcb.org/cgi/content/
full/jcb.200710188/DC1). Consistently, the CE-defective phe-
notypes caused by Ryk depletion were also rescued by the
overexpression of Dsh, Barr2, and the constitutively active
form of RhoA (RhoA-V14; Fig. S3 F), which indicates that
Ryk functions upstream of the cytoplasmic molecules activated
by Wntl1 in CE movements. The biochemical experiments be-
tween Dsh and Ryk showed that the cytoplasmic domain of
Ryk is important to interact with Dsh (Fig. 2 F). We further
tested whether this domain is required for Ryk function in CE
movements. Interestingly, the XRyk AC rescued the CE defects

activated RhoA in DMZ tissues during gastrulation, but Ryk MO inactivated them. GTP-bound RhoA in DMZ lysates was precipitated using GST-RBD and
visualized by immunoblotting with an anti-myc antibody. (G) Ryk, like Dsh, induced JNK phosphorylation in CE movements. The explant lysates were blot-
ted with anti-phospho JNK and anti-JNK antibodies. (H) Ryk physically interacted with Barr2 in vivo. HEK293FT cells were transfected with myc XRyk, GFP
xBarr2, or GFP Dsh, either alone or in combination as indicated. Cell lysates were immunoprecipitated with anti-myc antibody, and the immunocomplexes
were blotted with specific antibodies. Numbers to the sides of the gel blots indicate molecular mass standards in kD. (I-M) Fourcell stage embryos were
injected in the animal pole with various mRNA in combination as indicated (500 pg GFP xBarr2, 1 ng Xdsh MA, 1 ng, myc XRyk, 1 ng Wnt11, 1 ng Fz7,
500 pg GFP Dsh, 10 ng xparr2 MO, 10 ng Co MO, and 500 pg myc Rab5). Animal caps were dissected at stage 9-10 and then subjected to fluorescence
analysis. (I) Normal distribution of Barr2 in animal cap cells. (J and K) Ryk-induced membrane distribution of Barr2 was relocalized by Xdsh-MA to the
intracellular cluster. (L and M) Barr2 knockdown inhibited the noncanonical Wnt11/Fz7-mediated Dsh endocytosis in the presence of Ryk. Bars, 20 pm.
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Figure 5. Ryk is required for Dsh to regulate the activation of noncanonical Wnt signaling. (A-G) Rescue assays between Ryk and noncanonical Wnt
components. Two blastomeres of fourcell stage embryos were injected at the dorsal marginal region with the indicated reagents. Quantitative results of
DMZ elongation assay are explained in Table S1 (available at http://www.icb.org/cgi/content/full/jcb.200710188/DC1). (H) Quantitative assays of
rescue between Ryk and Ryk AC in DMZ elongation assay. n, total number of explants. Error bars indicate the mean = SD. (I) Ryk AC, unlike Ryk, did not
phosphorylate Dsh. Animal caps expressing myc Dsh (1 ng) alone or with the combinations of XRyk (1 ng) and XRyk AC (1 ng), as indicated, were subjected
to Western blotting using anti-myc. Numbers to the left of the gel blot indicate molecular mass standards in kD. (J-M) The normal RhoA distribution was not
translocated by Ryk AC and Ryk MO to the cell membrane in animal cap cells. XRyk (1 ng), XRyk MO (80 ng), or XRyk AC (1 ng) were injected with GFP
RhoA (500 pg) into the animal regions of embryos at the four<ell stage, either alone or in combination as indicated. Bar, 20 pm. (N) Ryk and Fz7 have a
cooperative effect in CE movements. Others indicate a truncated and mild kinked axis. n, total number of embryos.
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caused by XRyk (Fig. 5 H) and Wntl1 (Table S1). Moreover,
XRyk AC did not induce the hyperphosphorylation of Dsh
(Fig. 5 1) or the membrane accumulation of RhoA in animal cap
cells (Fig. 5, J-M). Collectively, these observations suggest that
Ryk mediates the noncanonical Wnt pathway by controlling Dsh
in CE movements.

The roles for Ryk-regulating CE movements in noncanoni-
cal Wnt signaling resemble those for Fz7 (Djiane et al., 2000;
Kim and Han, 2007). To further investigate the relationship be-
tween Ryk and Fz7, we examined the interaction between XRyk
MO and Ex-Xfz7, the dominant-negative form of Xfz7 (Djiane
et al., 2000). Suboptimal amounts of XRyk MO or Ex-Xfz7
caused no CE defects in whole embryos when injected separately.
Importantly, when both XRyk MO and Ex-Xfz7 were expressed,
a cooperative effect was found (Fig. 5 N), which is consistent with
collaboration in the noncanonical Wntl 1-mediated endocytosis.

In conclusion, our data demonstrate a novel function for
Ryk in the positive control of noncanonical Wnt signaling by
modulating Barr2-dependent endocytic trafficking. At present,
there are no satisfactory descriptions explaining the molecular
mechanism by which the endocytic process in noncanonical Wnt
signaling is regulated or the relationship between noncanonical
Wnt signaling-mediated endocytosis and development or disease.
Thus, the demonstration that Ryk and Fz7 are Wnt coreceptors
in regulation of X. laevis CE movements provides new insight
into noncanonical Wnt-mediated endocytosis, which is neces-
sary to trigger productive signal transduction in noncanonical
Wnt signaling.

Materials and methods

X. laevis embryos and microinjection

X. laevis was obtained from Xenopus |, Inc., and Nasco. Eggs were ob-
tained from X. laevis primed with 800 units of human chorionic gonadotro-
pin (Sigma-Aldrich). In vitro fertilization was performed, and developmental
stages of the embryos were determined according to Nieuwkoop and
Faber (1967). Microinjection was performed in 0.33x Modified Ringer’s
(MR) containing 4% Ficoll-400 (GE Healthcare) using a Nanoliter Injector
(Watson Pharmaceuticals, Inc.). Injected embryos were cultured in 0.33x
MR until stage 8 and then transferred to 0.1x MR until they had reached
the appropriate stage.

Plasmids, RNA synthesis, and MO

For expression in X. laevis embryos, the entire coding region of XRyk was
cloned info the EcoRl site of the pCS2+ vector and linearized with Notl.
XRyk-AC was cloned into the Clal site of the myc-pCS2+ vector. GFP- and
myc-Dsh, Xdd1, and Wnt11 were obtained from R. Moon (University of
Washington, Seattle, WA). Xdsh-MA and Myc-Fz7 were received from
J. Wallingford (University of Texas, Austin, TX) and H. Steinbeisser (Univer-
sity Heidelberg, Heidelberg, Germany), respectively. hCav-1 and mCav-2
were obtained from S.H. Cha (Inha University, Incheon, South Korea). YFP-
Wnt11 and YFP/CFP-Fz7 were provided by C.P. Heisenberg (Max Planck
Institute of Molecular Cell Biology and Genetics, Dresden, Germany).
Antisense MO were obtained from Gene Tools, LLC. The MO sequences
were: 5-CCGGGCAGCATGTCTCTCACAGGC-3’ for XRyk MO and
5"-CCTCTTACCTCAGTTACAATTTATA-3' for Co MO. For the specificity assay
of XRyk MO, XRyk was cloned into the Clal site of the myc-pCS2+ vector.
myc XRyk was linearized with Notl. Capped mRNAs were synthesized
from linearized plasmids using the mMessage mMachine kit (Ambion).

In situ hybridization and RT-PCR

Whole-mount in situ hybridization and RT-PCR analyses were performed as
described previously (Kim and Han, 2005). The forward and reverse prim-
ers for XRyk were 5’-ATGCTGCCCGGGCGGCCGGA-3’ and 5-GGCA-
ACATTGACCGGATCGA-3', respectively. Primers for Chordin, Goosecoid,

ODC, Siamois, Xbra, and Xnr3 were used as described online by
D. Robertis (www.hhmi.ucla.edu/derobertis/index.html).

RhoA activity assay

Isolation of activated RhoA from DMZ tissues was performed by affinity for
the protein-binding domain of rhotekin (GST-C21). The GST-RBD binding
assay was performed as described previously (Park et al., 2006). The
quantity of protein in each sample was determined using a bicinchoninic
acid protein assay reagent (Thermo Fisher Scientific).

Immunoprecipitation and immunoblotting

HEK293FT cells (Invitrogen) were transfected with the indicated constructs
for 48 h using Lipofectamine Plus reagent (Invitrogen) and then resuspended
in immunoprecipitation buffer (50 mM Hepes/NaOH, pH 7.5), 3 mM EDTA,
3 mM CaCl,, 80 mM NaCl, 1% Triton X-100, and 5 mM DTT). Immunopre-
cipitation and immunoblot analysis were performed as described previously
(Kim et al., 2006). Mouse anti-myc monoclonal, rabbit anti-myc polyclonal,
mouse anti-GFP monoclonal (Santa Cruz Biotechnology, Inc.), and mouse
antiflag monoclonal antibodies (Sigma-Aldrich) were used.

Immunofluorescence microscopy and immunostaining

Dissected animal caps and DMZ cells were fixed in 4% paraformaldehyde in
PBS for 2 h, rinsed in PBS, and directly mounted for GFP-, YFP-, and CFP-
tagged proteins. Alternatively, they were incubated in PBSTB (PBS, 0.1% Tri-
ton X-100, and 2% BSA) to block nonspecific binding, followed by a standard
immunostaining procedure. Image analysis was performed using a confocal
laserscanning microscope (FluoView 1000; Olympus), a 60x/1.35 NA oil
immersion objective lens (Olympus), and an immersion oil objective lens (ND =
1.516, 23°C; Olympus). Images were processed with Photoshop (Adobe).
The antibodies for immunofluorescence were mouse anti-myc (Santa Cruz
Biotechnology, Inc.), rabbit anti~-Cav-1 (BD Biosciences), and mouse anti-32
adaptin (BD Biosciences) primary antibodies; and TRITC anti-rabbit (Sigma-
Aldrich) and Alexa Fluor 594 anti-mouse (Invitrogen) secondary antibodies.

DMZ elongation assay

Embryos were injected with mRNA into either DMZ at the fourcell stage
embryos. DMZ explants were excised at stage 10.5 and were cultured in
1x MR containing 10 pg/ml of bovine serum albumin, 50 pg/ml of gen-
tamycin, and 5 pg/ml of streptomycin, until stage 18.

Online supplemental material

Fig. S1 shows that Dsh is not mediated by Cav-dependent processes. Fig. S2
shows the fluorescence analyses in X. laevis animal cap cells. Fig. S3
shows the developmental expression of XRyk and the specificity of XRyk
MO. Table S1 shows the rescue assays between Ryk and noncanonical
Whnt components. Online supplemental material is available at http://
www.jcb.org/cgi/content/full /jcb.200710188/DC1.
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