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Wnt signaling is implicated in a variety of developmental and pathological processes. The molecular
mechanisms governing the secretion of Wnt ligands remain to be elucidated. Wntless, an evolutionarily
conserved multipass transmembrane protein, is a dedicated secretion factor of Wnt proteins that participates
in Drosophila melanogaster embryogenesis. In this study, we show that Xenopus laevis Wntless (XWntless)
regulates the secretion of a specific Wnt ligand, XWnt4, and that this regulation is specifically required for eye
development in Xenopus. Moreover, the Retromer complex is required for XWntless recycling to regulate the
XWnt4-mediated eye development. Inhibition of Retromer function by Vps35 morpholino (MO) resulted in
various Wnt deficiency phenotypes, affecting mesoderm induction, gastrulation cell movements, neural induc-
tion, neural tube closure, and eye development. Overexpression of XWntless led to the rescue of Vps35
MO-mediated eye defects but not other deficiencies. These results collectively suggest that XWntless and the
Retromer complex are required for the efficient secretion of XWnt4, facilitating its role in Xenopus eye
development.

The Wnt family of glycoproteins comprises one of the
largest families of paracrine factors essential for embryonic
development and adult tissue homeostasis (reviewed at the
Wnt Homepage, http://www.stanford.edu/�rnusse/wntwindow
.html). It regulates several aspects of biological processes,
including cell fate specification, proliferation, migration,
and polarity formation (29, 48). The Wnt signaling pathway
is initiated by Wnt ligands secreted from Wnt-producing cells.
The ligands bind to frizzled receptors and coreceptors ex-
pressed on the receiving cells. Wnt ligand perception (5, 24, 46,
49), signaling cascades into receiving cells (8, 27), and the
consequences of gene expression (17) or cytoskeletal changes
(36) are well documented in various contexts. However, rela-
tively limited information is available about the processes in
Wnt-producing cells and extracellular spaces. The establish-
ment of the concentration gradient of the Wnt ligand in the
extracellular space is mediated by lipoprotein particle forma-
tion (33). The Retromer complex is additionally required in
Wnt-producing cells and for long-range secretion of Wnt (12).
Porcupine is essential for posttranslational modifications,
which may be essential for the proper folding and secretion of
Wnt ligands (28).

Recent achievements in Drosophila melanogaster genetics and
genomic RNA interference screening have revealed the existence
of a new component of the Wnt secretory pathway, specifically, a
dedicated secretion factor of Wg designated Wntless (2), Evi (3),
or Sprinter (16). Wntless is an evolutionarily conserved multipass
transmembrane protein required solely for Wg secretion. Wntless
is not essential for the palmitoylation of Wg, indicating that it

does not act on functional Wg production, like Porcupine, an-
other evolutionarily conserved multipass transmembrane protein.
Wntless is a regulator of intracellular Wg trafficking in Wg-pro-
ducing cells. Its function is conserved in other species, including
Caenorhabditis elegans and humans (2, 3). However, the mecha-
nisms of Wntless action and the specificity for various Wnt iso-
types are not well understood at present.

The Retromer complex constitutes the basic machinery for
retrograde transport of vesicles from endosomes to the trans-
Golgi network (7). In addition to its role in general vesicle
transport, the Retromer complex is involved specifically in the
initiation of Wnt signaling. Mutation of Vps35, the major com-
ponent of the Retromer complex, impairs long-range Wnt sig-
naling in C. elegans (12). Recent studies show that the Retro-
mer complex is required for Wntless recycling and thereby
contributes to Wnt secretion (4, 15, 32, 35, 50). However, other
than its role in Wntless recycling, limited information is avail-
able on Retromer complex function in Wnt signaling.

In this study, we show that Xenopus laevis Wntless (XWntless)
is functionally equivalent to its Drosophila counterpart in reg-
ulating the secretion of Wnt but acts on a specific ligand,
XWnt4. The results of phenotypic analysis and secretion assays
demonstrate that the function of the Retromer complex in Wnt
signaling is not wholly dependent on its participation in Wnt-
less recycling. Our results collectively indicate that Wntless and
the Retromer complex are required for Xenopus eye develop-
ment, possibly via regulation of XWnt4 secretion. However,
other Wnt deficiency phenotypes elicited by loss of a Retromer
complex component, Vps35, are independent of Wntless recy-
cling.

MATERIALS AND METHODS

DNA, MO oligonucleotides, mRNA, and antisense RNA probe. MGC132243,
the Xenopus homologue of Drosophila Wntless cDNA, was PCR amplified, and
the hemagglutinin (HA) epitope was tagged at the 3� end. These were named
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XWntless and XWntless-HA. Human Wntless cDNA was PCR amplified, and
the myc epitope was tagged at the 3� end. An antisense morpholino (MO)
oligonucleotide of XWntless was generated targeting part of the 5� untranslated
region (UTR) and open reading frame, designed as follows: 5�-AATGATAGC
CCCAGCCATACTGTAT-3�. An antisense MO oligonucleotide of Xenopus lae-
vis Vps35 was generated targeting the 5� UTR and open reading frame sequence
which is the region equivalent to the previously described Xenopus tropicalis
Vps35 MO target (12), designed as follows: 5�-GGACTGCTGGGTCGTGGG
CATCATC-3�. mRNAs were generated by using an mMessage mMachine kit
(Ambion), following the manufacturer’s protocol. Antisense digoxigenin (DIG)-
labeled RNA (Roche) probes were generated as described previously (21).

Xenopus embryo manipulation, in situ hybridization, and histological analysis.
Xenopus laevis eggs were obtained and fertilized as described previously (21).
Nieuwkoop and Faber stages were used for the developmental staging (31).
mRNAs were expressed by microinjection into the embryos.

In situ hybridization was performed as described previously (18). DIG-labeled
antisense RNA probes were hybridized, and the hybridizations were detected by
using alkaline phosphatase-conjugated anti-DIG antibody (Roche), stained with
BM purple as a substrate (Roche), and photographed.

For histological analysis, embryos were fixed with MEMFA (0.1 M morpho-
linepropanesulfonic acid [MOPS; pH 7.4], 2 mM EGTA, 1 mM MgSO4, and 4%
formaldehyde), dehydrated with methanol, and paraffin molded. Hematoxylin
and eosin staining was performed with sectioned samples.

BrdU staining. Bromodeoxyuridine (BrdU) staining (34) was performed as
previously described. For the BrdU in situ section staining, embryos were in-
jected in the belly with BrdU before 3 h of fixation, fixed in MEMFA for 1 h at
room temperature, and stored in 100% methanol at �20°C. Fixed embryos were
embedded in paraffin. The blocks were sectioned in thicknesses of 10 to 12 �m.
Paraffin-embedded sections were dewaxed, and mouse anti-BrdU antibody (BD
Biosciences, Pharmingen) was used at a concentration of 1:100. Fluorescein
isothiocyanate-conjugated anti-mouse immunoglobulin G (Sigma) was used for
fluorescence detection. In all immunohistochemistry, Hoechst stain (Sigma) was
used for nuclear staining at a concentration of 1:5,000.

Secretion assay. Secretion assays of myc-tagged XWnt1, XWnt3a, XWnt4,
XWnt5a, XWnt8, and XWnt11 were performed in an animal cap assay system
modified from a previous protocol (23). Four-cell-stage embryos were injected in
the animal pole region of all blastomeres with mRNAs or MO as indicated. At
the blastula to early gastrula stages, animal caps were dissected in calcium- and
magnesium-free MBS (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM
HEPES, pH 7.4) and incubated in the same solution for 3 h (secretion assays with
XWntless MO) or for 6 to 9 h (secretion assays with Vps35 MO) with slow
rotation. Supernatants and cells were collected and subjected to Western blotting
with mouse monoclonal anti-myc antibody (1:1,000; Santa Cruz) or mouse mono-
clonal antiactin antibody (Santa Cruz).

RESULTS

Cloning and expression pattern of XWntless in Xenopus
laevis. Wntless/Evi/Sprinter was initially identified as a ded-
icated Wnt secretion factor in the invertebrate Drosophila
melanogaster. During Drosophila embryogenesis, mutations
in wntless/evi/sprinter specifically impair Wg signaling, induc-
ing phenotypes such as a loss-of-wing margin and segment
polarity defects (2, 3, 16). To determine the roles of Wntless in
Wnt signaling during vertebrate embryogenesis, we isolated a
homologue in Xenopus. Xenopus laevis MGC132243, or XWnt-
less, is a putative Wntless homolog displaying 41.7% and
74.5% amino acid sequence identity with the Drosophila and
human proteins, respectively (Fig. 1A). To establish the roles
of XWntless during Xenopus embryogenesis, we initially ex-
amined its expression patterns. Temporal expression ana-
lyzed by using reverse transcription-PCR (RT-PCR) dis-
closed that XWntless was expressed maternally (egg), which
continued after the onset of zygotic gene expression (stage 9)
to the tadpole stage (stage 42) (Fig. 1B). Spatially, XWntless
was enriched in the animal hemisphere of the early cleavage
embryo, which persisted until the late gastrula stage (Fig. 1C,
D, and E). The dorsal and the ventral marginal zones were

almost devoid of XWntless expression during the gastrula
stage (Fig. 1C and E). At the neurula stage, strong expression
was evident at the border of the neural plate and dorsal mid-
line (Fig. 1F). After the neurula stage, XWntless was detected
in various organs, including the eye, liver, heart, pronephros,
otic vesicle, and dorsal neural tube (Fig. 1G to I). Dynamic
expression occurred in the developing eye. In particular, XWnt-
less was expressed in the eye field, from stages 23 to 27. From
stage 30, XWntless expression was confined to distinct regions,
i.e., the central part and border of the eye (Fig. 1L to N).

Functions of XWntless during Xenopus eye development. To
establish the possible roles of XWntless during Xenopus embryo-
genesis, loss-of-function experiments were performed using an
antisense MO against XWntless. XWntless MO specifically blocked
the translation of ectopic XWntless, which contains an entire
MO target site (5� UTR-WLS-HA) (Fig. 2A). Following injec-
tion of XWntless MO into the dorso-animal region of eight-
cell-stage embryos, eye defects developed. However, the injec-
tion of up to 120 ng XWntless MO into the ventro-animal
region of eight-cell-stage embryos did not affect normal develop-
ment (Fig. 2B). The eye phenotype was effectively rescued in a
dose-dependent manner by coexpression of XWntless mRNA
(XWntless-HA) at stage 42 (Fig. 2C and D). These phenotypic
results suggest that XWntless regulates normal eye develop-
ment. Human Wntless mRNA can also rescue the eye defects
induced by XWntless MO in Xenopus (Fig. 2C and E), sug-
gesting that vertebrate Wntless functions are conserved among
species.

Interestingly, knockdown of XWntless did not affect the ex-
pression of the mesodermal marker Xbra (Fig. 3A); the neural
plate marker Sox2; anteroposterior neural patterning markers
XAG, Otx2, Krox20, En2, and Pax6; the neural plate border
marker Msx1; or the neural crest marker Slug (Fig. 3B). Gastru-
lation defects, including the blockade of convergent extension
movements, truncation of the dorsal axis, and inhibition of blas-
topore closure, were not observed, even at the highest doses
examined (120 ng of XWntless MO) (Fig. 3A and B; data not
shown). Several Wnt ligands are implicated in cell fate speci-
fication and motility during gastrulation and neurulation, in-
cluding XWnt8 in mesoderm induction (10), neural induction
(1), and neural crest induction (44) and XWnt5a and XWnt11
in organizer formation (42, 47), mesoderm induction (42, 45),
gastrulation cell movements, and blastopore closure (41, 45).
The failure of XWntless depletion to cause defects in these
processes implies that the protein is not required for the ac-
tivities of several Wnt proteins, including XWnt5a, XWnt8,
and XWnt11.

Eye defects elicited by the loss of XWntless were further
analyzed by using molecular markers of the eye. XWntless MO
was injected unilaterally at the two-cell stage, and in situ hy-
bridization was performed. The expression of the retinal mark-
ers Rx (26) and Pax6 and the lens marker MafB (20) was
suppressed on the XWntless MO-injected side (Fig. 3C and
D). Interestingly, pronephric tubule expressions of MafB (11)
and Pax2 (38) were also inhibited upon XWntless depletion
(Fig. 3C). The results collectively indicate that XWntless is
required for a subset of Wnt-mediated developmental pro-
cesses, in particular, eye and pronephros development.

We further explored eye defects, focusing on aspects of
retinal neurogenesis. A specific Wnt signaling receptor, Fz5, is
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required for retinal neurogenesis (40, 43), raising the possibil-
ity that the eye defects of XWntless morphants are caused by
alterations in Wnt signaling during retinal neurogenesis. The
proliferation of retinal progenitors on the XWntless MO-in-
jected side was decreased in comparison to their proliferation
on the uninjected side, as is evident from BrdU incorporation
at stage 23 in the eye primordium (Fig. 3E). We assessed the
proportion of BrdU-positive cells relative to the total number
of cells in the developing eye primordium. XWntless depletion
led to a significant reduction in the proportion of BrdU-posi-
tive cells, with 82% (standard deviation, 0.8%; n � 4) of cells
proliferating on the uninjected side and only 64% (standard
deviation, 7%; n � 4) on the XWntless MO-injected side (Fig.
3F). We additionally observed structural anomalies in the eye
on the XWntless-depleted side. The optic cup was disorga-
nized and the lens size reduced in eye sections at stage 35 (Fig.
3G). At a later stage, when almost all the neuron types had
emerged (stage 46) (25), outer ganglion cells were abnormally

expanded and disorganized in the eye on the XWntless MO-
injected side (Fig. 3G). Finally, the retinal proneural markers
Xdelta-1 and Sox2 (43) were reduced only on the XWntless
MO-injected side (Fig. 3H). Based on these results, we con-
clude that the eye defects induced by loss of XWntless can be
attributed to interference with retinal neurogenesis, at least in
part.

Requirement of XWntless for XWnt4 secretion and func-
tion. In view of the above finding that XWntless knockdown
phenotypes are not associated with all Xenopus Wnt activi-
ties, we attempted to identify the specific requirements of
XWntless for specific Xenopus Wnts. To establish the spec-
ificity of XWntless, we measured Wnt protein levels by Western
blot analysis of the culture medium of animal caps expressing
various Wnt isoforms ectopically. The injection of XWntless MO
caused inhibition of ectopic secretion of XWnt4 but not the
other Wnts examined (XWnt1, XWnt3a, XWnt5a, XWnt8,
and XWnt11) (Fig. 4A and B). The specific requirement of

FIG. 1. Dynamic expression pattern of XWntless during Xenopus embryogenesis. (A) Sequence similarity among Drosophila Wntless
(DWntless), Xenopus Wntless (XWntless), and human Wntless (hWntless). (B) Temporal expression pattern of XWntless was analyzed by RT-PCR.
Numbers indicate developmental stages. E, egg stage; �, without reverse transcription. (C) Spatial expression pattern of XWntless was analyzed
by RT-PCR of dissected tissues of gastrula embryo. �, without reverse transcription; WE, whole embryo; AC, animal cap explant; D, dorsal
marginal explant; V, ventral marginal explant. Xbra was used for marginal expression control, Chordin for dorsal marginal expression control, Msx1
for animal cap and ventral marginal expression control, and ODC for loading control. (D to I) Expression pattern of XWntless was analyzed by
in situ hybridization. (D and E) XWntless is expressed at the animal hemisphere at blastula and gastrula stage. XWntless is not detected at the
dorsal and ventral marginal zone of gastrula embryo (arrow and arrowhead, respectively). (F) At neurula stage, XWntless is expressed broadly
throughout the dorsal side of the embryo and strongly at the borders of lateral and anterior neural plate. (G) At stage 22, XWntless is expressed
at the eye primordium and neural tube. (H and I) At stage 32, XWntless is expressed at the liver (black arrowhead), heart (white arrowhead),
pronephros (arrow in panel I), and dorsal neural tube, including brain and spinal cord (arrow in panel H). Panel I is an enlarged image of the
portion of panel H enclosed by the white dashed line. (J and K) XWntless sense probe was hybridized as a control. (L to N) Eye expression of
XWntless is dynamically changing. At stages 23 and 27, XWntless is expressed broadly at the eye field, and at stage 32, XWntless is restricted to
distinct regions, the center and the border of the eye. WLS, XWntless; st., stage.
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XWntless for XWnt4 cannot be attributed to specific bind-
ing, since similar colocalization patterns of XWntless-HA with
myc-tagged XWnt4 and other XWnts (XWnt5a, XWnt8, and
XWnt11) were observed in animal cap tissues (Fig. 4C). These
results suggest that XWntless is not required for the secretion
of a group of Wnts consisting of XWnt1, XWnt3a, XWnt5a,
XWnt8, and XWnt11 but is specifically required for XWnt4.

The specificity of XWntless to XWnt4 was further analyzed
with reporter, phenotypic rescue, and ectopic trunk-inducing
assays. First, endogenous siamois and Xnr3 genes and exoge-
nous siamois promoter (S01234) and TOPFLASH reporter
activation were measured by using RT-PCR and a luciferase
assay. Although ectopic XWnt4 could not enhance the
endogenous siamois and Xnr3 genes’ activation, ectopic
XWnt4 displayed canonical Wnt-like activity, as is evident
from exogenous S01234 promoter and TOPFLASH activa-
tion. XWntless MO specifically inhibited XWnt4-mediated
S01234 and TOPFLASH activation but not activation by XWnt1
or XWnt8 and XWnt3a-mediated TOPFLASH activation (Fig.
4D). XWntless MO did not affect the activation of Xnr3 and
siamois by XWnt8 overexpression, either (Fig. 4E). We addition-
ally performed phenotypic analysis of the in vivo function of

XWntless on specific Wnts. Gastrulation defects were induced by
XWnt4 and XWnt11 following injection into the dorso-animal
region. XWntless MO specifically rescued several of the XWnt4-
mediated (34%; n � 29) but not XWnt11-mediated gastrulation
defects (Fig. 4F). The ectopic induction of secondary axis assay is
a typical method to monitor canonical Wnt activity. XWnt4 could
not induce complete secondary axis upon ventral expression.
However, secondary trunk or partial axis was induced by a high-
dosage XWnt4 injection (500 pg) with relatively low frequency
(Fig. 4G) (9%; n � 33). The ability of XWnt4 to induce partial
secondary axis was enforced by coexpression of XWntless (Fig.
4G) (60%; n � 63). Overall, these results support the hypothesis
that XWntless is specific to XWnt4 but not to XWnt1, XWnt3a,
XWnt5a, XWnt8, or XWnt11.

Relationship between XWntless and the Retromer complex
in the regulation of Wnt signaling. The Retromer complex is
required for Wntless recycling and contributes to Wnt secre-
tion (4, 14, 15, 32, 35, 50). In Xenopus tropicalis, the loss of a
Retromer complex component, Vps35, induces several Wnt
deficiency phenotypes (12). Interestingly, these Vps35 knock-
down phenotypes were not consistent with those of the Wntless
morphants used in this study (Fig. 2 and 3). In view of these

FIG. 2. XWntless (WLS) MO specifically inhibits eye development. (A) WLS MO specifically inhibited translation of ectopic WLS, which
contained an entire MO target site (5� UTR-WLS-HA). Actin was used as a loading control. Standard control MO (Co MO) was used as a control.
(B) A 60-ng amount of WLS MO injected at dorso-animal (D/A) region resulted in the complete-loss-of-eye phenotype on the MO-injected side.
Ventro-animal (V/A) injection of MO did not produce marked changes in morphology. Inj., WLS MO-injected side; Uninj., uninjected side.
(C) WLS morphants showed various eye defects at stages 39 and 42. Phenotypic index of eye defects: mild, small-sized eye; severe, reduced eye
and loss of normal structure of the eye. (D) XWntless-HA mRNA (XWLS) that lacks the first seven nucleotides of MO target sites (XWLS)
rescued WLS morphant phenotypes dose dependently when coinjected with WLS MO (MO). Phenotypes were counted at stage 42. Numbers above
bars are numbers of embryos used for analysis. (E) Human WLS mRNA (hWLS; 100 pg) can rescue Xenopus WLS MO (MO)-mediated eye
defects. Phenotypes were counted at stage 39. �, present; �, absent.
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discrepancies, we investigated the roles of the Retromer com-
plex in Wnt signaling during Xenopus laevis embryogenesis.
Loss of Vps35 in Xenopus laevis led to results similar to pre-
vious findings in terms of XWntless stability (4, 15, 32, 35, 50)
and developmental defects (12). The ectopic XWntless-HA
level was decreased upon coinjection with Vps35 MO, support-
ing the model that the Retromer complex recycles XWntless in
Xenopus embryos as well (Fig. 5A and B). Injection of Vps35
MO into the dorsal marginal region of a four-cell-stage embryo

produced multiple defects in gastrula and neurula embryos,
including failure of blastopore and neural tube closure (Fig.
5C). These defects are reminiscent of those caused by altered
noncanonical XWnt5a or XWnt11 signaling. Eye defects were
additionally observed in Vps35 morphants (Fig. 5C, E, and F),
similar to those in XWntless morphants (Fig. 2 and 3). Inter-
estingly, overexpression of XWntless did not rescue Vps35
MO-induced defects in blastopore or neural tube closure but
reversed eye defects (Fig. 5C, E, and F). These results suggest

FIG. 3. XWntless is required for a subset of Wnt-related developmental processes. XWntless morphants were analyzed at various stages in
views of Wnts-related developmental processes. Uninj., uninjected side; Inj., XWntless MO-injected side; st, stage. Brackets indicate eye region.
(A) XWntless morphants of gastrula stage were analyzed by Xbra expression to see Wnt-mediated mesoderm induction. WLS, XWntless.
(B) XWntless MO was injected unilaterally and analyzed with various neural markers at neurula stage. Dashed lines indicate midline of the
embryos. (C) Unilaterally injected XWntless morphants were analyzed for eye and pronephros markers. Arrows indicate pronephros expression
of MafB and Pax2. (D) Unilaterally injected XWntless morphants were analyzed for Pax6 expression. Dashed line indicates midline of the embryo.
(E) BrdU incorporation was stained in stage 23 embryo. The number of proliferating cells at the eye primordium was reduced on the XWntless
MO-injected side (white arrowhead). Dashed line indicates midline of the embryo. (F) Ratio of proliferating cells to total cells at the eye
primordium as shown in panel E. Three independent samples were counted in XWntless MO-injected side and in uninjected side. Standard
deviations are indicated by error bars. BrdU�, BrdU positive. (G) Unilaterally injected XWntless morphant eyes were sectioned at stage 35 and
at stage 46. Hematoxylin and eosin staining (H/E) was performed. Regions enclosed with white dashed lines are enlarged below. Arrow indicates
ganglion cell layer of XWntless morphant eye. Lower panels are enlarged images of portions of panels above enclosed by white dashed lines.
(H) Retinal proneural markers sox2 and Xdelta-1 were analyzed in unilaterally injected XWntless morphants at stage 23, stage 27, or stage 28.
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that the Retromer complex and XWntless cooperate to reg-
ulate eye development, whereas early patterning processes
during gastrulation and neurulation are dependent on the
Retromer complex but not XWntless.

We further analyzed Vps35 morphants in detail to deter-
mine Wnt signaling activities in vivo by monitoring changes in
the expression of various marker genes. Vps35 MO inhibited
organizer formation and mesoderm induction at early gastrula,
as evident from the reduced expression of Gsc and Xbra.
XWntless overexpression did not stimulate the recovery of
diminished levels of Gsc and Xbra caused by Vps35 MO (Fig.
5D). Eye defects were analyzed by examining Pax6 expression.
Loss of Vps35 resulted in reduced or absent Pax6 expression.
These defects were significantly rescued by coexpression of
XWntless (Fig. 5E and F). We further examined changes in
various neural markers, since Wnt signaling plays multiple
roles during neurulation, such as neural induction, neural crest

induction, and anteroposterior neural patterning. Inhibition of
neural crest induction and the concomitant expansion of neu-
ral plate are diagnostic of impaired canonical Wnt8 activity
(19). Unilateral injection of Vps35 MO into two-cell-stage
embryos resulted in reduction of neural crest and expansion of
neural plate, as observed from altered expression of the neural
crest marker Twist, neural plate marker Sox2, and neural plate
border marker Msx1 (Fig. 6A). Additionally, anteroposterior
neural patterning markers XAG, En2, Krox20, HoxB9, and
Wnt4 were reduced on the Vps35 MO-injected side. The ex-
pression domain of the forebrain marker Otx2 was expanded,
but the level of expression diminished. Pax6 expression at the
hindbrain region was reduced, but its expression at the ante-
rior-most neural plate was expanded because of neural plate
expansion by Vps35 MO injection. Intriguingly, overexpression
of XWntless did not rescue all the changes in marker expres-
sion of Vps35 morphants at the neurula stage (Fig. 6A), sug-

FIG. 4. Specific requirement of XWntless in the secretion and function of XWnt4. (A) Secretions of ectopically overexpressed, epitope-tagged
XWnt1, XWnt3a, XWnt4, XWnt5a, XWnt8, and XWnt11 were measured by Western blotting. XWntless MO and control MO (Co MO) were
injected as indicated. (B) Secreted Wnts were quantified by using ImageJ software (available at http://rsb.info.nih.gov/ij; developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD). Ratios of proteins in media and cells were used for comparison. All control lanes were
normalized to 1. At least three independent assays were performed and used for analysis. Error bars indicate standard deviations. (C) Animal cap
explants were subjected to immunostaining with anti-myc and anti-HA antibodies. All the Wnts tested were colocalized with XWntless in animal
cap explants. Scale bars indicate 20 �m. (D) Siamois promoter (S01234) and TOPFLASH reporter activities were assayed by using a dual luciferase
assay system. pRLTK Renilla vector was used as an internal control. Error bars indicate standard deviations. (E) RT-PCR analysis of animal cap
explants injected with mRNAs and MO as indicated was performed. ODC was used as a loading control. �RT, without reverse transcription; WE,
whole embryo; AC, animal cap explant. (F) Gastrulation defects were counted at stage 20. mild, blastopore closure defect and normal axis
elongation; severe, blastopore closure defect and dorsal axis truncation. Numbers above bars are numbers of embryos used for analysis. (G) Ectopic
partial-axis-inducing activity of XWnt4 was enforced by coinjection with XWntless mRNA (XWLS). WLS, XWntless; �, present; �, absent; W1,
XWnt1; W3a, XWnt3a; W4, XWnt4; W5a, XWnt5a; W8, XWnt8; W11, XWnt11; CTL, control; Gast, gastrulation; Duplicated, duplicated axis.
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gesting that the requirement of the Retromer complex for Wnt
signaling during Xenopus neurulation is not dependent on its
function in XWntless recycling.

To establish whether the early patterning defects of Vps35
morphants are a direct consequence of impaired canonical
Wnt signaling, we performed rescue experiments by coinject-
ing �-catenin or Dishevelled (XDsh). Coexpression of �-cate-
nin or XDsh restored the reduced Twist and En2 levels. Sox2
expansion was partially rescued upon �-catenin or XDsh co-
expression (Fig. 6B). Other signaling pathways, including BMP
and FGF, were not affected by the Retromer complex, since
Vps35 MO induced no changes in the phosphorylation states
of BMP signal transducer Smad1 and FGF signal transducer
ERK1 (Fig. 6C). We hypothesize that the Retromer complex is
required for Wnt signaling during gastrulation (Fig. 5C and D)
and neurulation (Fig. 5C and 6A) by influencing secretion of
XWnt5a, XWnt8, and/or XWnt11 in an XWntless-indepen-
dent manner. However, we detected no differences in the se-

cretion levels of ectopic XWnt1, XWnt3a, XWnt5a, XWnt8,
and XWnt11 between wild-type and Vps35 morphant animal
cap tissues (Fig. 6D). This finding suggests that the mechanism
of Retromer action on early patterning processes is distinct
from its effects on Wnt secretion.

Next, we investigated roles of the Retromer complex in Wnt
signaling at later stages of development. At the tailbud stage,
Pax6 expression in the eye was reduced on the Vps35 MO-
injected side. In this case, overexpression of XWntless rescued
Pax6 levels (Fig. 7A), consistent with the results shown in Fig.
5E and F. MafB expression in the lens and pronephros was
suppressed on the Vps35 MO-injected side and recovered
upon XWntless overexpression (Fig. 7A). Concomitantly, ec-
topic XWnt4 secretion was reduced in the presence of Vps35
MO and restored by coexpression of XWntless (Fig. 7B), sug-
gesting that the Retromer complex regulates XWnt4 secretion
by recycling XWntless in Xenopus. These results collectively
suggest that the early patterning defects of Vps35 morphants

FIG. 5. XWntless-dependent and -independent roles of the Retromer complex during Xenopus development. (A) Ectopic XWntless-HA
mRNA (1 ng) was injected with or without Vps35 MO (20 ng) into the two blastomeres of two-cell-stage embryo. At stage 11, embryos were
harvested and lysates were subjected to Western blotting with anti-HA antibody. Actin was used as a loading control. �, present; �, absent; Co,
control. (B) Embryos were injected first with XWntless-HA mRNA (1 ng) in two blastomeres of the two-cell stage. Later, at the eight-cell stage,
the same embryos were injected with Vps35 MO (20 ng) and lineage tracer green fluorescent protein mRNA in one blastomere of the eight-cell
stage. At stage 11, animal caps were dissected and subjected to immunostaining with anti-HA antibody. (C) Phenotypic analysis of Vps35
morphants with or without XWntless mRNA coinjection. Blastopore closure defects were analyzed at stage 17 and neural tube closure defects at
stage 25 from dorsal marginal zone of injected embryos, and eye defects were analyzed at stage 39 from dorso-animal injected embryos. Injection
dose: sVps35 MO, 20 ng; XWntless mRNA, 333 pg. Arrowheads, unclosed neural tubes. (D) Injections were performed into dorsal marginal
region. Gsc and Xbra expression levels were analyzed by in situ hybridization at stage 10.5 or 11. Injection dose: Vps35 MO, 20 ng; XWntless
mRNA, 333 pg. (E) Vps35 MO (20 ng) and XWntless mRNA (333 pg) were injected bilaterally into two blastomeres of dorsal animal and subjected
to in situ hybridization with Pax6 at stage 35. Absent, no Pax6 expression at the eye; Reduced, reduced Pax6 expression at the eye; Normal, normal
Pax6 expression at the eye. (F) Graphic representation of the results shown in panel D. Numbers above bars are numbers of embryos used for
analysis. �, without XWntless; WLS, XWntless.
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during gastrulation and neurulation are not caused by im-
paired XWntless recycling, while eye and pronephros defects
induced by Vps35 MO are attributed to impaired XWntless
recycling, which hinders XWnt4 secretion.

DISCUSSION

Despite extensive studies of Wnt signaling, limited informa-
tion is available on the mechanisms of Wnt ligand secretion.
Recently, two new components, Wntless and the Retromer
complex, have been identified in the Wnt secretory pathway.
Wntless is a dedicated secretion factor of Wnts (2, 3, 16), and
the Retromer complex is required for Wntless recycling from
endosomes to the trans-Golgi network, facilitating the reuse of
Wntless for prolonged Wnt secretion (4, 15, 32, 35, 50). In this
study, we present evidence that Xenopus Wntless is not a ded-
icated secretion factor for all Wnts but acts specifically on
XWnt4. In addition, the Retromer complex is required for Wnt
signaling activity during Xenopus gastrulation and neurulation
independently of XWntless recycling. Based on the results of
secretion assay and rescue experiments, we suggest that the
Retromer complex recycles XWntless, thus regulating XWnt4
secretion during Xenopus eye development.

XWntless, a dedicated secretion factor of a subset of Xeno-
pus Wnt isoforms. Here, we employed a Xenopus model system
to measure XWnt1, XWnt3a, XWnt4, XWnt5a, XWnt8, and
XWnt11 secreted directly from animal cap tissues and analyze
knockdown phenotypes. Our data show that XWnt1, XWnt3a,
XWnt5a, XWnt8, and XWnt11 are not dependent on XWntless
for secretion (Fig. 4A and B) or in vivo function (Fig. 3A and
B). This limited requirement of XWntless for Xenopus Wnts
argues against the “pan-Wnt requirement of Wntless” concept
(2–4). The inconsistency between our findings and those of
others on Wntless specificity may be attributed to differences in
the model species used. Indeed, orthologs of XWnt8 and
XWnt11 are not found in Drosophila and C. elegans, in which
Wntless function has been suggested. Further studies of the
molecular mechanisms of the interactions and functional cor-
relation between Wntless and Wnts are required in various
other model species to elucidate the molecular mechanism
of Wntless specificity. Additionally, some recent reports also
point out the possibility that some Wnts are secreted indepen-
dently of Wntless. First, Ching et al. reported that WntD is
secreted independently of Wntless in Drosophila. They found
that WntD is not lipid modified and thus is not subjected to the

FIG. 6. Requirements of the Retromer complex for Wnt signaling during early Xenopus development. (A) Embryos were unilaterally injected with
Vps35 MO (20 ng) alone or together with XWntless-HA mRNA (333 pg), with LacZ mRNA. At neurula stage, LacZ-stained embryos were subjected
to in situ hybridization with Twist, Sox2, XAG, Otx2, En2, Krox20, HoxB9, Msx1, Pax6, or Wnt4 probe. Arrows indicate the injected sides. Dashed lines
indicate the midlines of the injected embryos. (B) Embryos were unilaterally injected with Vps35 MO (20 ng) alone or together with �-catenin mRNA
(500 pg) or XDsh mRNA (500 pg), with LacZ mRNA. At neurula stage, LacZ-stained embryos were subjected to in situ hybridization with Twist, Sox2,
or En2 probe. Arrows indicate the injected sides. Dashed lines indicate the midlines of the treated embryos. (C) Two-cell-stage embryos were bilaterally
injected at animal pole and raised until stage 12. Whole embryos were harvested and subjected to Western blotting for anti-phospho-Smad1 and
anti-phospho-ERK1/2. Anti-Smad1, anti-ERK, and antiactin were used as loading controls. p, phospho. (D) Secretions of ectopic XWnt1, XWnt3a,
XWnt5a, XWnt8, and XWnt11 were measured by Western blotting. Vps35 MO and XWntless-HA mRNA were coinjected with myc-tagged Wnts as
indicated. W1, XWnt1; W3a, XWnt3a; W5a, XWnt5a; W8, XWnt8; W11, XWnt11; �, present; �, absent; WLS, XWntless.
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known secretory pathway through Porcupine and Wntless but
to an alternative pathway through Rab1 (9). Second, Bolognesi
et al. reported that Tribolium castaneum WntD/8 (Tc-WntD/8)
may be secreted independently of Tc-Wntless in T. castaneum.
They showed by epistatic analysis that Tc-WntD/8 function is
dependent on Porcupine but not on Wntless (6). Collectively,
our results and the recently published results of others suggest
that Wntless is required not for pan-Wnt secretion but for
secretion of a limited number of Wnts.

We have employed Xenopus embryogenesis as a model
system to study developmental-stage-dependent and tissue
context-dependent requirements of Wntless. Unexpectedly,
XWntless is specifically required for eye development (Fig. 2
and 3) but not for several early patterning processes, including
organizer formation, mesoderm induction, neural induction,
neural crest induction, gastrulation cell movements, and early
neural anteroposterior patterning (Fig. 3A and B). The Xeno-
pus Wnt ligands XWnt5a, XWnt8, and XWnt11 participate in
organizer formation, mesoderm induction, gastrulation cell
movements, neural induction, anteroposterior neural pattern-
ing, and neural crest induction (1, 10, 22, 30, 39, 41, 42, 44, 45).
The lack of effects on these processes in XWntless morphants
implies that XWntless is dispensable for in vivo functions of
XWnt5a, XWnt8, and XWnt11. We cannot entirely exclude
the possibility that maternal XWntless protein may compen-
sate XWntless MO-mediated knockdown of XWntless mRNA
translation until early gastrula stages. However, a maternal
contribution might not have an effect at relatively later stages,
i.e., at neurula stages. Thus, we conclude that at least for
zygotic Wnt5a, Wnt8, and Wnt11, XWntless does not affect
their secretion. While the Wnt ligands involved in eye devel-
opment remain to be identified, XWnt4 and at least one an-
other canonical Wnt function in Xenopus eye development (13,
26, 37, 43). In the literature, loss of XWnt4 resulted in com-

plete loss of the eye at tadpole stage and reduced eye marker
expression at early neurula stage (26). Although the eye phe-
notype of the XWnt4 morphant is more severe than that of the
XWntless morphant, the two are comparable in the aspect of
abnormal eye development. Additionally, XWnt4 is the only
Xenopus Wnt ligand that functions in pronephros development
(38), and XWntless depletion leads to a reduction in the ex-
pression of the pronephric tubule markers MafB and Pax2
(Fig. 3C). These phenotypes of XWntless morphants support
the hypothesis that XWntless is required for the in vivo func-
tioning of XWnt4.

Wntless-dependent and -independent roles of the Retromer
complex in Wnt signaling. Recently, several groups indepen-
dently reported a specific function of the Retromer complex in
Wntless recycling and thus in Wnt secretion (4, 14, 15, 32, 35,
50). Here, we show that most Wnt deficiency phenotypes of
Vps35 morphants are not caused by impaired XWntless recy-
cling. The gastrulation defects affecting convergent extension
movements, mesoderm induction, and neural patterning de-
fects, including neural plate expansion and reduction of the
neural crest, can be attributed to impaired XWnt5a, XWnt8,
and XWnt11 signaling. However, high levels of XWntless ex-
pression could not rescue these defects (Fig. 5C and D and
6A), and ectopic secretion of these Wnts was not affected by
loss of Vps35 (Fig. 6D). Notably, the Retromer complex was
originally reported to be required for long-range secretion but
not short-range secretion of Wnts (12). In our experimental
setting, we cannot distinguish between long-range and short-
range secretion of Wnts. Thus, it is possible that the Retromer
complex is required for XWnt5a, XWnt8, and XWnt11 sig-
naling by influencing long-range Wnt delivery. Alternatively,
it is possible that Wnt-receiving cells require the Retromer
complex. Neither of these two hypotheses can be excluded at
this stage, and further studies are required to clarify the

FIG. 7. Cooperative roles of the Retromer complex and XWntless for Wnt signaling during Xenopus eye development. (A) At tailbud stage,
LacZ-stained embryos were subjected to in situ hybridization with Pax6 and MafB probes. Inj., injected side; Uninj., uninjected side of the same
embryo. Bracket indicates the expression domain of Pax6. Arrow indicates pronephros expression of MafB. Injection dose: Vps35 MO, 10 ng;
XWntless mRNA, 333 pg. (B) Secretion of ectopic XWnt4 was measured by Western blotting. Vps35 MO and XWntless-HA mRNA were
coinjected with myc-tagged XWnt4 as indicated. Relative intensities of the blots were measured by using ImageJ software. Error bars show
standard deviations. �, present; �, absent; WLS, XWntless.
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detailed mechanisms of Retromer complex function in
XWnt5a, XWnt8, and XWnt11 signaling.

Interestingly, eye defects of Vps35 morphants can be res-
cued by XWntless overexpression (Fig. 5C, E, and F and 7A).
Our data, in conjunction with the results of others (4, 14, 15,
32, 35, 50), show that the Retromer complex is required for
Wntless recycling to maintain the cellular Wntless level (Fig.
5A and B). The specific ability of XWntless to rescue eye
defects of Vps35 morphants can be explained by its requirement
for XWnt4 secretion and the importance of the Retromer com-
plex in XWntless recycling. In line with this hypothesis, XWnt4
secretion was impaired by Vps35 depletion, which was restored by
coexpression of XWntless, albeit not to a significant extent (Fig.
7B). We suggest that the eye defects of Vps35 and XWntless
morphants are caused in the same way, i.e., by effects on XWnt4
secretion.

In conclusion, we suggest a possible mechanism by which
XWntless and the Retromer complex affect Wnt signaling.
XWnt4 is guided to extracellular space by XWntless. The
Retromer complex functions to recycle XWntless from the
plasma membrane to the trans-Golgi network (4, 15, 32, 35,
50), where XWntless acts specifically on at least XWnt4.
XWnt1, XWnt3a, XWnt5a, XWnt8, and XWnt11 are se-
creted in an XWntless-independent manner, but it is possi-
ble that the Retromer complex functions in the long-range
secretion of these Wnt proteins and/or is required by the
respective receiving cells for the signaling cascade.
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