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Summary

Wnt11 plays a central role in tissue morphogenesis
during vertebrate gastrulation, but the molecular and
cellular mechanisms by which Wnt11 exerts its ef-
fects remain poorly understood. Here, we show that
Wnt11 functions during zebrafish gastrulation by reg-
ulating the cohesion of mesodermal and endodermal
(mesendodermal) progenitor cells. Importantly, we
demonstrate that Wnt11 activity in this process is me-
diated by the GTPase Rab5, a key regulator of early
endocytosis, as blocking Rab5c activity in wild-type
embryos phenocopies slb/wnt11 mutants, and enhanc-
ing Rab5c activity in s/b/wnit11 mutant embryos res-
cues the mutant phenotype. In addition, we find that
Wnt11 and Rab5c control the endocytosis of E-cad-
herin and are required in mesendodermal cells for
E-cadherin-mediated cell cohesion. Together, our re-
sults suggest that Wnt11 controls tissue morphogen-
esis by modulating E-cadherin-mediated cell cohesion
through Rab5c, a novel mechanism of Wnt signaling
in gastrulation.

Introduction

During vertebrate gastrulation, a tightly coordinated
series of cellular movements organizes the three germ
layers: ectoderm, mesoderm, and endoderm (Stern,
2004). In zebrafish, gastrulation starts with the internal-
ization of mesodermal and endodermal (mesendoder-
mal) progenitors at the blastoderm margin (Montero et
al., 2005; Warga and Kimmel, 1990). Mesendodermal
progenitors that will give rise to prechordal plate, the
anterior-most axial mesendoderm, internalize by syn-
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chronized ingression of single cells at the dorsal side
of the gastrula where the embryonic organizer (shield)
forms. Once internalized, prechordal plate progenitors
migrate as a cohesive group of cells away from the
blastoderm margin toward the animal pole of the gas-
trula using the overlying noninternalizing ectodermal
progenitor cell layer as a substrate (Montero et al.,
2005).

Wnt11 plays a pivotal role in controlling prechordal
plate progenitor cell movements, possibly by coordi-
nating directed cell migration with cellular process ori-
entation (Heisenberg et al., 2000; Ulrich et al., 2003).
However, the molecular mechanisms by which Wnt11
signaling affects prechordal plate progenitor move-
ments are still uncertain. Wnt11 signals through a path-
way that shares several components with the Drosoph-
ila planar cell polarity (PCP) pathway, a known regulator
of epithelial planar cell polarity (Tada et al., 2002; Vee-
man et al., 2003). In Drosophila, the polarized intracellu-
lar distribution of PCP components is thought to be a
mechanism to directly determine cell polarity (Adler,
2002). In vertebrate gastrulating cells, no clear polar-
ized distribution of any of the PCP components has yet
been observed, suggesting that Wnt11 might employ
other mechanisms (Tada et al., 2002; Veeman et al.,
2003). Intriguingly, the Wnt11 receptor Frizzled-7 (Fz-7)
(Djiane et al., 2000) is required for tissue separation
during Xenopus gastrulation (Winklbauer et al., 2001),
suggesting that Wnt signaling controls cell migration by
modulating cell adhesion.

For cells to migrate, they have to dynamically modu-
late cell adhesion in order to build and break contacts
during translocation (Lauffenburger and Horwitz, 1996).
Both endocytosis and recycling of adhesion molecules
have been suggested as efficient intracellular mecha-
nisms for cells to remodel their adhesive contacts (Le
et al., 1999). The GTPase Rab5 functions as a key com-
ponent in the regulation of intracellular trafficking both
at the level of receptor endocytosis and endosome dy-
namics (Zerial and McBride, 2001). Activating Rab5 in
cell culture stimulates endocytosis and endosome mo-
tility and leads to disassembly of adherens junctions
and increased cell migration (Murphy et al., 1996; Pa-
lacios et al., 2005; Spaargaren and Bos, 1999). These
findings suggest a role for Rab5-mediated endocytosis
in promoting cell motility.

The prechordal plate in zebrafish is formed by a
highly cohesive group of axial mesendodermal progeni-
tor cells that move in a straight path from the germ
ring toward the animal pole of the gastrula (Ulrich et al.,
2003). The dynamic modulation of cell adhesion is likely
to be important for large-scale coordination of pre-
chordal plate progenitor movement as it may allow cells
to efficiently assemble into, as well as maintain, a cohe-
sive tissue that shares common migratory properties.
We recently found that E-cadherin-mediated cell cohe-
sion—the ability of cells to aggregate into distinct
clusters—is required for the coordinated movement of
prechordal plate progenitor cells during zebrafish gas-
trulation (Montero et al., 2005). In this study, we address
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the role of Rab5c-mediated cell adhesion dynamics as
one possible target mechanism by which Wnt11 con-
trols mesendodermal cell cohesion and migration, and
we present evidence for E-cadherin to function down-
stream of Wnt11 in this process.

Results

Wnt11-Dependent Control of Prechordal

Plate Movement

In zebrafish slb/wnt11 mutants, prechordal plate pro-
genitors, once internalized, exhibit reduced movements
from the axial germ ring (shield) toward the animal pole
of the gastrula (Ulrich et al., 2003). To visualize where
and when this movement phenotype arises, we re-
corded time lapse movies of cellular rearrangements
within the shield of wild-type and slb mutant embryos
beginning at the onset of gastrulation. In wild-type em-
bryos, prechordal plate progenitors moved both toward
the overlying epiblast cell layer and along it toward the
animal pole (Figures 1A-1C; Movie S1). slb prechordal
plate progenitors also moved normally toward the epi-
blast; however, in contrast to wild-type, the movement
velocities toward the animal pole were slower and cells
often moved in the opposite direction toward the vege-
tal pole (Figures 1D-1G and data not shown; Movie S2).
This difference in animal pole-directed movement be-
tween wild-type and slb/wnt11 mutant prechordal plate
progenitors was independent of contact with the over-
lying epiblast (Figure 1H), suggesting that Wnt11 is
equally required for the movement of cells within the
forming prechordal plate and at the interface between
prechordal plate and epiblast.

Prechordal plate progenitors assemble into a cohe-
sive tissue within which the individual cells follow highly
aligned movement tracks projecting toward the animal
pole (Montero et al., 2003; Ulrich et al., 2003). To deter-
mine whether Wnt11 controls alignment of prechordal
plate progenitor movement tracks relative to each
other, we compared the “coherence” of cell movements
at the leading edge of the forming prechordal plate
from wild-type and slb/wnt11 mutant embryos (Figures
11 and 1J). The coherence of prechordal plate progeni-
tor cell movements at the onset of gastrulation was re-
duced in slb/wnt11 mutant embryos compared to wild-
type controls (Figure 1K). This suggests that Wnt11 is
required to align the movement of individual prechordal
plate progenitors and that this alignment might repre-
sent a way by which Wnt11 efficiently coordinates pre-
chordal plate progenitor movement toward the animal
pole.

Role of Wnt11 and E-Cadherin for Mesendodermal
Cell Cohesion

The ability of prechordal plate progenitors to assemble
into and persist as a cohesive tissue—via regulation of
their adhesive properties—is likely to constitute an im-
portant mechanism by which individual cell movements
within the prechordal plate are aligned. To examine
whether Wnt11 might control alignment of prechordal
plate progenitor movement by regulating the cohesion
of these cells, we compared the aggregation behavior
of wild-type versus slb/wnt11 mutant mesendodermal

cells cultured on fibronectin (for details, see Experi-
mental Procedures). During the first 6 hr in culture,
nearly all wild-type mesendodermal cells formed both
small (<10 cells) and large (>10 cells) confluent cell ag-
gregates (Figures 2A and 2E). In comparable slb/wnt11
mutant cell cultures, the relative amount of large
aggregates was reduced, while the amount of small ag-
gregates was significantly increased as compared to
wild-type cultures (p < 0.001; Figures 2C and 2E). This
suggests that Wnt11 is required for efficient cohesion
of mesendodermal cells in culture.

We have previously shown that E-cadherin-mediated
cohesion between mesendodermal cells is required for
the movement and spreading of these cells during gas-
trulation (Montero et al., 2005). To test whether Wnt11
controls mesendodermal cell cohesion via E-cadherin,
we compared the aggregation behavior of cultured
wild-type versus slb/wnt11 mutant cells when E-cad-
herin was knocked down in these cells (for details, see
Experimental Procedures). While slb/wnt11 mutant cells
showed no significant differences in the distribution of
small versus large confluent clusters when E-cadherin
was knocked down (p > 0.05; Figures 2C-2E), wild-type
cells displayed a significant increase in the fraction of
small aggregates and a significant decrease in the rela-
tive amount of large clusters as compared to nonin-
jected wild-type cells (p < 0.05; Figures 2A, 2B, and 2E).
In contrast, binding of mesendodermal cells to their fi-
bronectin substrate appeared to be not required for
Wnt11-mediated mesendodermal cell aggregation (data
not shown; Puech et al., 2005). These findings suggest
that E-cadherin is involved in Wnt11-mediated mesen-
dodermal cell cohesion.

To obtain insight into the cellular mechanisms that
underlie Wnt11-mediated cohesion of mesendodermal
cells, we analyzed the aggregation behavior of mesen-
dodermal cells in culture using 4-D confocal micro-
scopy. We observed that mesendodermal cells initially
formed loosely associated spread out clusters of cells
that, over a period of 60 min, transformed into conflu-
ent, rounded up cell aggregates (Figures 2F-2K). During
this transformation process, mesendodermal cell ag-
gregates reduced the outside surface area (1.4 times
reduction for exemplary cluster shown in Figures 2F-
2K) and, at the same time, strongly increased their cell-
cell contact area (8.8 times increase for exemplary
cluster shown in Figures 2F-2K; for details about cell
surface and cell-cell contact area calculation, see Sup-
plemental Experimental Procedures). This shows that
the process of cell aggregation of mesendodermal cells
involves highly dynamic changes in cell-cell contacts.

Wnt11-Mediated Changes in E-Cadherin Localization
To identify potential target molecules of Wnt11 function
in modulating cell-cell contact dynamics, we compared
the intracellular distribution of E-cadherin, a key regula-
tor of cell-cell adhesion in zebrafish gastrulation (Babb
and Marrs, 2004; Kane et al., 2005; Montero et al., 2005;
Shimizu et al., 2005) in embryos mutant for slb/wnt11
versus slb/wnt11 mutant embryos, in which we ex-
pressed Wnt11 under the control of a heat-shock in-
ducible promoter (slb-hs-wnt11-HA transgenic em-
bryos). We used slb-hs-wnt11-HA transgenic and sib/
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Figure 1. Cell Movements within the Axial Germ Ring (Shield) at the Onset of Gastrulation

(A, B, D, and E) Lateral views of the shield region of a wild-type (A and B) and slb/wnt11 mutant embryo (D and E) at 60% epiboly (A and D)
and 1.5 hr later (B and E). For the full sequence of images, see Movies S1 and S2. Single hypoblast and epiblast cells were labeled in red
and green, respectively. Epiblast and hypoblast cells were identified by their different net movement and cell morphology (Montero et al.,
2005). Inlets in (A) and (B) show schematic representations of cell movements within the shield. EVL, enveloping layer; Epi, epiblast; Hyp,
hypoblast; YSL, yolk syncytial layer. The scale bar represents 20 pm.

(C and F) Exemplary tracks of six hypoblast (red/yellow) and three epiblast cells (green) in a wild-type (C) and slb/wnt11 mutant embryo (F)
taken from the same movies as shown in (A), (B), (D), and (E) (see Movies S1 and S2). The red tracks delineate hypoblast cell movement
before they reach the epiblast, while the yellow tracks demarcate the movement after contact with the epiblast. Black dots mark the starting
points of the tracks. In total, 30 hypoblast and 10 epiblast cells from three embryos each were tracked in the wild-type and slb/wnt11
mutant case.

(G) Distribution of average velocities in direction to the animal pole (vy; +y direction) between wild-type and slb/wnt11 mutant prechordal
plate progenitors.

(H) Average velocities in direction to the animal pole (v,) in wild-type and slb/wnt11 mutant prechordal plate progenitors before and after
contact with the overlying epiblast cell layer.

(I and J) Exemplary track diagrams of progenitor cells at the leading edge of the prechordal plate from wild-type () and sib/wnt11 mutants
(J) shown in the y,z plane (for orientation, see [C] and [F]). Cells were tracked for 1 hr 30 min in 1 minute time intervals as described in
Montero et al. (2003).

(K) Standard deviation (SD) of the net movement track directions of single progenitor cells at the leading edge of the prechordal plate from
wild-type (blue) and slb/wnt11 mutant embryos (red). High SD corresponds to low movement coherence and low SD to high coherence. All
values in [degree] were normalized to the net movement direction of the prechordal plate (0 degree). For SD calculation, 40 cells from four

embryos per genotype were used.

wnt11 nontransgenic embryos that originated from the
same transgenic mosaic founder fish to minimize ge-
netic background variability in cadherin stainings and
to be able to analyze the effects of Wnt11 in a prede-
fined time window at the onset of gastrulation (for de-
tails, see Experimental Procedures). In ectodermal and
mesendodermal progenitors cells within the germ ring
margin of slb/wnt11 mutant embryos, E-cadherin rec-
ognized by specific zebrafish E-cadherin antibodies
(Babb and Marrs, 2004) was predominantly localized to
the plasma membrane and in a few cytoplasmic dots
(Figure 3A; ratio of plasma membrane/cytoplasmic
E-cadherin staining = 1.75 = 0.25; data not shown). In
contrast, when Wnt11 expression was induced at the
onset of gastrulation in slb-hs-wnt11-HA transgenic

embryos, E-cadherin showed irregular plasma membrane
staining and appeared in more cytoplasmic dots (Figure
3D; ratio of plasma membrane/cytoplasmic E-cadherin
staining = 1.66 = 0.23; p < 0.001). This indicates that
Wnt11 expression leads to changes in the subcellular
localization of E-cadherin from the plasma membrane
into cytoplasmic dots. Importantly, the differences in
E-cadherin subcellular distribution were not accompa-
nied by recognizable changes in the overall expression
levels of E-cadherin (data not shown), nor did they
lead to recognizable changes in the intracellular local-
ization of other membrane-associated proteins such as
GAP43-GFP and Strabismus-HA (for differences in ratio
of plasma membrane/cytoplasmic staining, p > 0.05 for
both GAP43-GFP and Strabismus-HA; Figure S1).
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Figure 2. Cohesion between Mesendodermal Cells in Culture

(A-D) Confocal images of primary mesendodermal progenitors labeled with GAP43-GFP from wild-type (A and B) and slb/wnt11 mutant
embryos (C and D) plated on fibronectin after 6 hr in culture either uninjected (A and C) or injected with 8 ng of e-cadherin-MO (B and D).
The scale bar represents 100 pm.

(E) Relative amounts of “loose” (nonconfluent, yellow) versus “small” (<10 cells, red) versus “big” (>10 cells, blue) cell aggregates in wild-
type and slb/wnt11 + e-cadherin-MO cultures after 6 hr. For each condition, 250-500 aggregates from three to four independent experiments
were scanned and averaged.

(F-H) Three-dimensional representation of a small mesendodermal cell aggregate shortly after the cells contacted each other (F), 16 min later
(G), and after confluency was reached (60 min after initial contact, H). The white and blue cells depicted in (F)~(H) changed their position
relative to each other at least once; compare positions in (F) with (G). The scale bar represents 10 pm.

(F-H) Cross-section through the equatorial region of the cell aggregate shown in (I)-(K) to visualize the contact area between the cells.

Rab5 Function in Wnt11-Mediated E-Cadherin nario is that Wnt11 induces endocytosis and/or recy-
Localization, Mesendodermal Cell Cohesion, cling of E-cadherin as a mechanism to promote cell-
and Prechordal Plate Morphogenesis cell contact dynamics. To test this hypothesis, we first
Questions remain as to the mechanism by which Wnt11 determined whether the previously described cytoplas-
regulates E-cadherin localization. One possible sce- mic dots containing E-cadherin are endocytic. To mark

Figure 3. Wnt11 and Rab5c Effects on Sub-
cellular Localization of E-Cadherin within
Germ Ring Cells at the Onset of Gastrulation

In all images, confocal sections of shield
stage (60% epiboly) epiblast cells at the dor-
sal region of the germ ring were chosen for
analysis (for details, see Experimental Pro-
cedures).

(A-F) Face-on views of epiblast cells in slb/
wnt11 mutant embryos (A-C) and slb-hs-
wnt11-HA transgenic embryos (D-F) 30 min
after the heat shock at shield stage stained
with an antibody directed against zebrafish
E-cadherin (A and D) and injected with 100

sib+wnt11

I
cﬁ?p o pg rab5c-YFP mRNA at dome stage to mark
B cortical .
Rab5c-positive early endosomes (B and E).
[ plasma membrane

(C and F) Merged picture of (A) and (D) with
(B) and (E).

(G) Numbers of E-cadherin/Rab5c-YFP double-
positive vesicles overlapping with the plasma
membrane (plasma membrane), close (<1
prm) to the plasma membrane (cortical), and
in the cytoplasm further away (>1 pwm) from the plasma membrane (cytoplasm) in slb/wnt11 mutant embryos and heat-shocked slb-hs-wnt11-
HA transgenic embryos. For all categories, significant differences were observed; p < 0.001; n = 88 cells from 15 embryos for each case.
(H-J) E-cadherin staining (H) and da-Rab5c-YFP (l) in slb/wnt11 mutant embryo injected with 100 pg da-rab5c-YFP mRNA.

(J) Merged picture of (H) and (l).

(K-M) E-cadherin staining in slb-hs-wnt11-HA transgenic embryos 30 min after the heat shock either uninjected (K) or injected with 8 ng
rab5c-MO (L). The scale bar represents 10 wum. (M) Localization of fluorescein-labeled rab5c-MO in (L).

slb slb+wnt11
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endocytic vesicles, we injected mRNA coding for a
YFP-fusion of the zebrafish GTPase Rab5c, a highly
conserved key regulator of endocytosis (Zerial and
McBride, 2001) that has previously been shown to label
endocytic vesicles and early endosomes in gastrulating
zebrafish cells (Scholpp and Brand, 2004). When com-
paring slb/wnt11 mutant embryos with slb-hs-wnt11-
HA embryos expressing Wnt11 at the onset of gastrula-
tion, we found that in s/b/wnt11 mutants, 5.25 = 2.70
E-cadherin-positive dots per cell colocalized with
Rab5c (Figures 3A-3C and 3G), while in slb-hs-wnt11-
HA embryos, the number of colocalizing E-cadherin
dots was significantly increased (9.11 = 4.27; p < 0.001;
Figures 3D-3G). In contrast, the size and/or shape of
double-positive vesicles remained unchanged upon
expression of Wnt11 in slb/wnt11 mutant embryos,
suggesting that Wnt11 does not interfere with vesicle
morphology (Figures 3A-3F; data not shown). This indi-
cates that Wnt11 expression leads to an increase in the
proportion of Rab5c-positive endocytic E-cadherin
vesicles.

To determine whether Rab5 is involved in Wnt11-
mediated endocytosis of E-cadherin, we first activated
Rab5c-mediated endocytosis in slb/wnt11 mutants by
overexpressing an activated form of rab5c (da-rab5c;
for details, see Experimental Procedures; Pelkmans et
al., 2004). When da-rab5c-YFP mRNA was overex-
pressed in slb/wnt11 mutant embryos, the amount of
double-positive vesicles per cell was increased 3.70 +
2.15 times compared to s/b/wnt11 mutant embryos in-
jected with rab5c-YFP mRNA (p < 0.001; n = 60 cells
from 10 embryos; Figures 3H-3J), suggesting that
Rab5c is able to promote E-cadherin endocytosis in
slb/wnt11 mutant embryos. In addition, the fluores-
cence intensity sum of double-positive vesicles signifi-
cantly increased in slb/wnt11 mutant embryos overex-
pressing da-rab5c-YFP as compared to nonexpressing
slb/wnt11 control embryos (p < 0.001; data not shown),
indicating that da-Rab5c promotes both number and
intensity of E-cadherin/Rab5c double-positive vesicles.
We next tested whether inhibiting Rab5c-mediated en-
docytosis blocks the previously observed Wnt11-medi-
ated decrease in the ratio of membrane-bound to cyto-
plasmic E-cadherin staining. Injecting slb-hs-wnt11-HA
embryos expressing Wnt11 at the onset of gastrulation
with rab5c-MO (for details, see Experimental Pro-
cedures) efficiently blocked the decrease in the ratio of
membrane-bound to cytoplasmic E-cadherin staining
previously observed in these embryos (ratio of plasma
membrane/cytoplasmic E-cadherin staining = 1.70 =
0.21 in uninjected slb-hs-wnt11-HA embryos versus
1.86 = 0.25 in slb-hs-wnt11-HA embryos injected with
8 ng rab5c-MO; p < 0.01; n = 42 cells from 7 embryos;
Figures 3K-3M). These data indicate that Rab5c can
function as a mediator of Wnt11 in regulating E-cad-
herin endocytosis.

To further address whether Rab5c can also function
as a mediator of Wnt11 modulating mesendodermal
cell cohesion in culture, we tested both whether knock-
ing down Rab5c activity in wild-type cells leads to a
similar aggregation phenotype as previously observed
with slb/wnt11 mutant cells and whether activating
Rab5c in slb/wnt11 cells can rescue the mutant pheno-
type. When rab5c-MO was expressed in mesendoder-
mal cells, the relative amount of nonconfluent aggre-
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Figure 4. Rab5c Function in Mesendodermal Cell Cohesion

(A-D) Confocal images of primary mesendodermal progenitors la-
beled with GAP43-GFP from wild-type (A and B) and slb/wnt11 mu-
tant embryos (C and D) plated on fibronectin after 6 hr in culture
either uninjected (A and C) or injected with 8 ng rab5c-MO (B) or
100 pg da-rab5c mRNA (D). The scale bar represents 100 pm.

(E) Ratios of “loose” (nonconfluent, yellow) versus “small” (<10 cells,
red) versus “big” (>10 cells, blue) cell aggregates in wild-type =+
rab5c-MO and slb/wnt11 + da-rab5c mRNA cultures after 6 hr. For
each condition, 650-2400 aggregates from 5-10 independent ex-
periments were scanned and averaged.

gates was significantly increased, while the fraction of
small confluent aggregates was significantly decreased
as compared to untreated wild-type controls (p < 0.01;
Figures 4A, 4B, and 4E). Conversely, expressing da-
Rab5c in slb/wnt11 mutant cells significantly increased
the fraction of large confluent aggregates at the ex-
pense of small confluent aggregates as compared to
uninjected slb/wnt11 cells (p < 0.001; Figures 4C—4E).
These findings indicate that Rab5c can function as a
mediator of Wnt11 in regulating mesendodermal cell
cohesion in culture.

To determine whether Rab5c can also interfere with
Wnt11-mediated tissue morphogenesis in vivo, we
tested whether the slb/wnt11 prechordal plate move-
ment defect can be phenocopied and rescued by ma-
nipulating Rab5c activity. Wild-type embryos injected
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Figure 5. Rab5c Function in Prechordal Plate Morphogenesis

Position of the prechordal plate stained for hgg1 relative to the
anterior edge of the neural plate marked with dix3 and the no-
tochord anlage expressing ntl at bud stage in a wild-type control
embryo (A), a wild-type embryo injected with 8 ng rab5c-MO (B),
an slb/wnt11 mutant embryo (C), and an slb/wnt11 mutant injected
with 100 pg da-rab5c-YFP mRNA (D). Dorsal views with anterior to
the left. The scale bar represents 50 pm.

with rab5c-MO frequently showed a posteriorly dis-
placed and elongated prechordal plate at the end of
gastrulation, thus phenocopying the slb/wnt11 mutant
phenotype (Figures 5A and 5B; Table 1), while sib/
wnt11 mutant embryos expressing da-rab5c-YFP fre-
quently formed a prechordal plate that was wild-type in
appearance, indicating a rescue of the mutant pheno-
type (Figures 5C and 5D; Table 1). Injecting either a
dominant-negative form of dynamin2 (dn-dyn; for de-
tails, see Experimental Procedures) or RN-tre mRNA,
two known inhibitors of Rab5- and Clathrin-mediated
endocytosis (Scholpp and Brand, 2004), had similar,
but also slightly weaker, effects than rab5c-MO (data
not shown; Table 1), supporting the notion that Rab5c
is required for normal prechordal plate morphogenesis.
Importantly, previously described expression of da-

rab5c-, dn-dyn-, and RNtre mRNA or rab5c-MO (Table
1) did not lead to any evident changes in patterning of
the gastrula as monitored by the expression of various
marker genes for dorsoventral patterning and mesen-
dodermal induction in the injected embryos (Figure S2).
Furthermore, although we observed consistent and re-
producible phenocopy/rescue of the prechordal plate
phenotype by modulating Rab5c activity, we were un-
able to influence the slb/wnt11 notochord phenotype,
suggesting that the notochord is less sensitive to
changes in Rab5c activity (Table S1). Taken together,
these data indicate that Rab5c can function as a medi-
ator of Wnt11 to determine prechordal plate morpho-
genesis during gastrulation.

Wnt11 and Rab5 Function in Adhesion

of Mesendodermal Cells to E-Cadherin

The observations that Wnt11 and Rab5c affect the sub-
cellular localization of E-cadherin together with pre-
chordal plate progenitor cell cohesion and migration
suggest that Wnt11 and Rab5c control cell cohesion
and migration by modulating E-cadherin adhesiveness.
In order to directly test whether Wnt11 and Rab5c are
required for proper adhesion of mesendodermal cells
to E-cadherin, we used atomic force microscopy (AFM)
to measure the specific de-adhesion forces needed to
separate single mesendodermal cells from substrates
decorated with E-cadherin. We have previously de-
scribed the use of AFM for measuring adhesion forces
of single cells from zebrafish gastrula stage embryos
to substrates decorated with fibronectin (Puech et al.,
2005). In short, we prepared cultures of single mesen-
dodermal cells, and coupled one single cell to the can-
tilever of the AFM microscope by coating the cantilever
with the lectin ConA, which strongly binds zebrafish
gastrulating cells (Puech et al., 2005). We then tested
this cell probe on E-cadherin-decorated substrates by
first pressing the cell on the substrate for various con-
tact times and then pulling it away from the substrate
and recording the de-adhesion forces needed to com-
pletely dissociate the cell from the substrate (Figure 6A;
for details, see Experimental Procedures). The specific-
ity of our measurements was determined by knocking
down E-cadherin in mesendodermal cells and adding
EGTA and indole-3-acetic acid (IAA) to the culture me-
dium to inhibit cadherin binding (Figure 6B).

Table 1. Rab5c Function in Prechordal Plate Morphogenesis

Injected Genotype Wild-Type (%) slb (%) Abnormal (%) Total (n)
- wt 100 0 0 72
rab5c-MO wt 43 51 6 120
RNtre wt 69 29 2 51
dn-dyn wt 75 25 0 55

GFP slb/wnt11 4 96 0 48
da-rab5c slb/wnt11 40 60 0 58
heat-shock slb/wnt11 9 91 0 99
heat-shock slb-hs-wnt11-HA 76 24 0 87

Eight nanograms of rab5c-morpholino (MO) and 200 pg, 100 pg, and 100 pg of RNtre, cytoplasmic GFP, and da-rab5c mRNA, respectively,
were injected into one-cell stage embryos; 50 pg dn-dyn mRNA was injected into one- to two-cell stage embryos. slb-hs-wnt11-HA and slb/
wnt11 nontransgenic control embryos were heat-shocked at early shield stage for 20 min at 39°C (for details, see Experimental Procedures).
Embryos classified as “slb” displayed an elongated, posteriorly displaced prechordal plate at the end of gastrulation (bud stage), and embryos
classified as “abnormal” showed other variable defects in morphogenesis of prechordal plate and notochord.




Whnt11 Controls Cell Cohesion and Migration via Rab5c
561

200 q i
B = ‘
=z \
3 .
[ H
(%] .
5 '
= 100 4 : :
e . .
= . .
[ : : '
£ i . .
ﬁ ol ol ol o
£ | £ £l £
] el alf e 3 g
[Ty o o |+ =30 o
2 o0 2 El Ed £l 3 £l 2 e
0 sec 1 sec 2 sec 5 sec
contact time
*
200 7
Cs ——i
=
=2
St *
8 o | *
B |L|
fred
£ 100 4
[
£
£
e} \
g E 3|
o 32 2|2 3|3 2
2|2 CAEN & (2 g
0 T T I
0 sec 1 sec 2 sec

contact time

Figure 6. Measurements of De-adhesion Forces of Single Mesen-
dodermal Cells to Substrates Decorated with E-Cadherin

(A) Schematic of an AFM single cell adhesion experiment on a dec-
orated surface and typical force curves showing the de-adhesion
events. A single cell is captured using a lectin-decorated cantilever
(1) and then pressed on a cadherin-decorated substrate (2). After a
prescribed contact time, the cell/cantilever is separated from the
substrate at a controlled speed (3). The force curve shows a maxi-
mal detachment force jump (F), with several small unbinding events
either preceded (T) or not preceded (J) by a force plateau. In the
end, the cell/cantilever and the substrate are fully separated (4).
(B and C) Histograms of maximal detachment force for different
conditions, cell types, and contact times.

(B) Control experiments showing wild-type cells (WT) in the pres-
ence of either EGTA to remove Ca?* or IAA to compete with E-cad-
herin binding and wild-type cells injected with e-cadherin-MO (mor-
pho) to reduce E-cadherin activity.

(C) Comparison of the de-adhesion forces measured for wild-type
(WT) and sib/wnt11 mutant (SLB) cells, wild-type cells injected with
rab5c-MO (rab5), and slb/wnt11 mutant cells expressing 10 pg slb/
wnt11 mRNA (rescued) for contact times ranging from 0 to 5 s.
Asterisks indicate values that are not significantly different (p >
0.05). The data are presented as mean + SEM.

We observed a significant decrease in the de-adhe-
sion forces needed to dissociate wild-type versus sib/
wnt11 mutant cells from E-cadherin substrates for con-
tact times ranging from 1 to 5 s, suggesting that Wnt11
is required for proper adhesion of mesendodermal cells
to E-cadherin (Figure 6C). This reduction of de-adhe-

sion forces in slb/wnt11 mutant embryos was com-
pletely rescued by expressing low amounts of sib/
wnt11 mRNA (10 pg/embryo) in mutant cells (Figure
6C), supporting the specificity of the observed pheno-
type. Similarly, there was a significant decrease in the
de-adhesion forces measured for dissociation of wild-
type versus rab5c-MO-expressing cells for contact
times ranging from 1 to 5 s, indicating that Rab5c is
also needed for adhesion of mesendodermal cells to
E-cadherin (Figure 6C). Taken together, these data pro-
vide evidence that Wnt11 and Rab5c are needed for
proper adhesion of mesendodermal cells to E-cadherin,
thereby supporting our hypothesis that Wnt11 and
Rab5c modulate cell cohesion and tissue morphogene-
sis through E-cadherin.

Discussion

We provide evidence that Rab5c mediates Wnt11 con-
trol of mesendodermal cell cohesion and migration.
Furthermore, we show that Wnt11 and Rab5c regulate
the endocytosis of E-cadherin and are both required
for E-cadherin-mediated cohesion of mesendodermal
cells. These results suggest that Wnt11 controls pre-
chordal plate progenitor migration by modulating E-cad-
herin-mediated cell cohesion through Rab5c, a novel
mechanism by which Wnt11 functions in gastrulation.

Our previous findings demonstrated that in zebrafish,
prechordal plate progenitors, after internalizing at the
germ ring margin, exhibit active migratory behavior to-
ward the animal pole of the gastrula using the overlying
ectoderm as a substrate on which to migrate (Montero
and Heisenberg, 2004). Furthermore, we found that
Wnt11 and E-cadherin are involved in this process
(Montero et al., 2005; Ulrich et al., 2003). Wnt11 controls
the speed and direction of prechordal plate progenitor
migration at the onset of gastrulation, possibly by align-
ing the orientation of cellular processes to the direction
of individual cell movement (Ulrich et al., 2003). E-cad-
herin is required for prechordal plate progenitor spread-
ing at the interface between mesendoderm and ecto-
derm and subsequent migration during later stages of
gastrulation (Babb and Marrs, 2004; Montero et al.,
2005; Shimizu et al., 2005). This suggests that Wnt11
and E-cadherin play similar roles in that they both con-
trol prechordal plate cell migration and process forma-
tion. However, Wnt11 predominantly functions within
the prechordal plate while E-cadherin appears to have
multiple and diverse functions in controlling cell move-
ments and rearrangements within both the forming pre-
chordal plate and overlying ectodermal germ layer
(Babb and Marrs, 2004; Kane et al., 2005; Montero et
al., 2005; Shimizu et al., 2005).

We now show that Wnt11 and E-cadherin functionally
interact during zebrafish gastrulation and that Rab5, a
key component in the regulation of intracellular traffick-
ing both at the level of receptor endocytosis and endo-
some dynamics (Zerial and McBride, 2001), is involved
in this process. There are different possibilities of how
Wnt11 controls E-cadherin activity through Rab5. One
possibility is that Wnt11 promotes Rab5c-mediated en-
docytosis and recycling of E-cadherin to regulate the
dynamics of E-cadherin turnover at the plasma mem-
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brane. Alternatively, Wnt11 might regulate Rab5-depen-
dent actin remodeling, which secondarily could affect the
adhesive and cohesive properties of mesendodermal
cells. The observation from this study, that E-cadherin
is endocytosed in response to Wnt11 and Rab5c, sug-
gests that Wnt11 modulates E-cadherin dynamics
through endocytosis and recycling.

We further propose in this study that a Wnt11-medi-
ated increase in cadherin dynamics regulates the cohe-
sive and migratory activity of mesendodermal progeni-
tors. For a group of cells to adhere and rearrange into
coherent clusters, they must not only be able to stick
to each other but also to dynamically disassemble and
reassemble adhesion complexes. This becomes even
more important for migrating cells that need to rapidly
de-adhere and re-adhere in order to translocate over
their substrate. Endocytosis and recycling of adhesion
molecules, including E-cadherin, are likely to be in-
volved in these processes as they represent key com-
ponents for junction formation and remodeling (Le et
al., 1999) and are associated with cell migration (Fujita
et al., 2002). In Drosophila oogenesis, the level of DE-
cadherin expression determines intercellular motility,
suggesting that synthesis and turnover of DE-cadherin
regulate cell migration (Niewiadomska et al., 1999). It is
therefore conceivable that Wnt11 promotes the ability
of mesendodermal cells to dynamically build up and
disassemble E-cadherin-based cell-cell junctions re-
quired for effective cell cohesion and migration.

Interestingly, prechordal plate progenitors move as a
cohesive group of cells toward the animal pole, with
single prechordal plate progenitor cells following highly
aligned movement tracks (Montero et al., 2005; Ulrich
et al., 2003). The cohesive character of prechordal plate
progenitors is likely to influence how well the move-
ment tracks of individual progenitor cells are aligned to
each other. Our observations that Wnt11 is required for
both prechordal plate progenitor cohesion and the co-
herent migration of single mesendodermal progenitors
in vivo suggest that Wnt11 controls “movement coher-
ence” of prechordal plate progenitors by promoting co-
hesion between these cells. Consistent with this idea,
prechordal plate progenitors move considerably faster
toward the animal pole than the more loosely associ-
ated mesendodermal progenitors from paraxial regions
of the gastrula (unpublished observations), and Wnt11
is predominantly required for prechordal plate but not
paraxial mesendodermal cell migration (Heisenberg et
al., 2000; Kilian et al., 2003). This points to the interest-
ing possibility that Wnt11 function becomes predomi-
nantly visible in prechordal plate progenitors because
these cells particularly depend on cohesion for effi-
cient migration.

We also suggest in this study that E-cadherin func-
tions as one target molecule through which Wnt11 con-
trols prechordal plate progenitor migration during gas-
trulation. Previous work has shown that E-cadherin is
the prime classical cadherin expressed at the onset of
zebrafish gastrulation, and that it is required for mesen-
dodermal cell cohesion and migration (Babb and Marrs,
2004; Kane et al., 2005; Montero et al., 2005; Shimizu
et al., 2005). These data, in combination with our find-
ings that E-cadherin is required downstream of Wnt11
and that both Wnt11 and Rab5c can modulate the intra-

cellular localization and adhesive activity of E-cadherin,
suggest a role for E-cadherin in mediating Wnt11 func-
tion. However, it is unlikely that E-cadherin will be the
sole target of Wnt11 function in cell cohesion and
migration. In fact, the observation from this study that
E-cadherin is partially, but not exclusively required for
Wnti11 control of mesendodermal cell cohesion, to-
gether with our recent finding that Wnt11 modulates
the adhesion of mesendodermal cells to fibronectin
(Puech et al., 2005), indicate that other adhesion mole-
cules such as integrins must also be involved.

Interestingly, recent findings show that the PCP path-
way controls the dynamic modulation of adhesion con-
tacts during Drosophila imaginal disc development by
regulating endocytosis and/or recycling of E-cadherin
adhesion complexes (A. Classen and S. Eaton, per-
sonal communication). Considering that several zebra-
fish homologs of the Drosophila PCP pathway also ge-
netically interact with and/or are part of the Wnti1
signaling pathway during gastrulation (Tada et al., 2002;
Veeman et al., 2003), this raises the intriguing possi-
bility that Wnt/Fz-mediated E-cadherin endocytosis
might represent an evolutionarily conserved mecha-
nism by which tissue morphogenesis is controlled in
both vertebrates and invertebrates. Future studies are
necessary to reveal possible conserved molecular con-
trol mechanisms by which Wnt/Fz signaling regulates
E-cadherin endocytosis and the specific contribution of
this process for tissue morphogenesis.

Experimental Procedures

Embryo Maintenance

Fish maintenance and embryo collection was carried out as de-
scribed (Westerfield, 2000). To reduce genetic background variabil-
ity in our mutant analysis, we only compared homozygous slb/
wnt11%225 carriers either with TL wild-type fish (cell cohesion and
movement assays) or with slb/wnt11%226 hs-wnt11-HA transgenic
carriers that originated from the same transgenic mosaic founder
fish (E-cadherin antibody stainings).

RNA and Morpholino Injection

For mRNA synthesis, cDNAs for cytosolic GFP, GAP43-GFP (Okada
et al., 1999), Cyclops (Rebagliati et al., 1998), Wnt11 (Heisenberg
et al., 2000), Stom-HA (Jessen et al., 2002), Rab5c-YFP (Scholpp
and Brand, 2004), Rab5c (Q81L)-YFP (da-rab5c), RN-tre, and Dy-
namin2 (K44A) (dn-dyn) (Scholpp and Brand, 2004) were used.
Rab5c (Q81L)-YFP cDNA was directly made from wild-type Rab5c-
YFP cDNA by site-directed mutagenesis using the primers 5'-CAC
GGC CGG ACT GGA GCG GTA TCA C-3' and 5'-GTG ATA CCG
CTC CAG TCC GGC CGT G-3’'. mRNA and morpholino oligonucleo-
tides (MO) were injected as previously described (Montero et al.,
2005); for live time lapse analysis, a 3:1 mixture of GAP43-GFP and
cytosolic GFP mRNAs was used. The amount of rab5c-YFP mRNA
injected (100 pg/embryo) in the colocalization experiments did not
cause any recognizable gain-of-function phenotype at the end of
gastrulation (data not shown). The e-cadherin-MO has been de-
scribed elsewhere (Babb and Marrs, 2004; Montero et al., 2005).
The fluorescein-coupled rab5c-MO (5'-CGCTGGTCCACCTCGC
CCCGCCATG-3’) was directed against the 5'-UTR and tested for
specificity by coinjection with da-rab5c-YFP mRNA, which effi-
ciently rescued the morphant phenotype (data not shown).
Throughout this study, we exclusively used rab5c, given that only
rab5c, but not rab5a and rab5b, was both expressed during gastru-
lation and showed a clearly recognizable gastrulation phenotype
when “knocked down” (data not shown).

Antibody and In Situ Staining
Antibody and in situ stainings were performed as previously de-
scribed (Montero et al., 2005; Ulrich et al., 2003). In situ probes
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were synthesized from cDNA for hgg1, dIx3, and nt/ (Akimenko et
al., 1994; Schulte-Merker et al., 1994; Thisse et al., 1994), using a
DIG RNA labeling kit (Roche, Mannheim, Germany). The following
primary antibodies were used: E-cadherin, polyclonal rabbit (Babb
and Marrs, 2004), 1:750/10,000 (whole-mount/Western blotting);
HA, monoclonal rat (Roche, Mannheim, Germany), 1:1,000. As sec-
ondary antibodies, we used Cy5-coupled anti-rabbit IgG (Jackson
Immunolabs, Cambridgeshire, UK), 1:1,000; Alexa-633-coupled
anti-rat IgG (Molecular Probes, Karlsruhe, Germany), 1:1,000; HRP-
coupled anti-rabbit IgG (Jackson Immunolabs,), 1:10,000.

Image Acquisition and Quantification

Live time lapse imaging was performed as previously described
(Ulrich et al., 2003). Immunostained embryos were mounted on
agarose-coated dishes in PBS with 0.1% Tween-20, 0.05% Triton
X-100 medium with the dorsal side facing up, and images were
acquired with a 488, 543, and/or 633 nm laser line on a Zeiss LSM
(Carl Zeiss, Jena, Germany) or Leica TCS-SP2 (Bernsheim, Ger-
many) microscope. All confocal images were analyzed and quanti-
fied using Volocity 3.0 (Improvision, Coventry, UK), Imaged v. 1.29-
1.32 (http://rsb.info.nih.gov/ij/) and Matlab (Mathworks, Natick, MA).
The membrane-to-cytosol ratio was calculated on single z-planes
using ImagedJ by dividing the average staining intensity at the
plasma membrane by the average staining intensity within the cy-
toplasm (excluding the nucleus). For colocalization experiments,
double-positive vesicles were only counted when they showed
clear overlap and similar morphology. We exclusively analyzed epi-
blast cells because epiblast and hypoblast cells exhibited a very
similar pattern of E-cadherin localization, but epiblast cells were
more superficially located within the germ ring and therefore easier
to image and quantify (data not shown). Confocal sections were
scanned with gain and offset of the photomultiplier tubes set below
saturation. The signal intensity for injected rab5c-YFP was set to
achieve an optimal signal-to-noise ratio between rab5c-positive
vesicles and cytoplasmic background staining. To analyze signifi-
cance, p values were determined in Microsoft Excel using an un-
paired t test with a two-tailed distribution.

Generation of Transgenic Lines

Linearized hs-wnt11-HA and GFP constructs were purified with the
QlAquick PCR Purification kit (Qiagen, Hilden, Germany) and dia-
lyzed overnight against 0.5x Tris-EDTA buffer. Two hundred fifty
picograms of each construct was coinjected into early one-cell
stage embryos of homozygous slb/wnt11 fish as previously de-
scribed (Gilmour et al., 2002). The slb-hs-wnt11-HA transgenic
founder line was identified on the basis of GFP expression of the
progeny and the F1 generation was screened by Western blotting
and whole-mount staining using o-HA antibodies. Experiments
were performed with progenies of homozygous transgene carriers
of the F2 generation. For heat-shock experiments, homozygous
slb-hs-wnt11-HA carriers were heat-shocked for 20 min in 39°C,
left for 30 min at 28°C, and then fixed for further processing. With
this regime, we were able to detect strong Wnt-HA expression (Fig-
ure S3) and to efficiently rescue the slb/wnt11 mutant phenotype
at the end of gastrulation (Table 1).

Cell Culture

Cell culture was done as previously described (Montero et al.,
2003); for functional tests, 10 pg wnt11 mRNA, 100 pg da-rab5c
mRNA, 8 ng e-cadherin-MO, or 8 ng rab5c-MO were coinjected
with 100 pg cyclops mRNA; for confocal imaging, an additional 75
pg GAP43-GFP mRNA was injected into the embryos. Dissociated
cells were adjusted to a concentration of 2 x 10° cells/ml. One
hundred microliters of the cell suspension was plated on plastic
wells coated with 35.4 ng fibronectin/mm?, an abundant extracellu-
lar matrix component in Xenopus and zebrafish (Marsden and De-
Simone, 2003; Trinh and Stainier, 2004). Cells were kept for 6 hr at
25°C and 2% CO,.

AFM Setup

We used a JPK Nanowizard atomic force microscope (JPK Instru-
ments, Berlin, Germany) on top of an Axiovert 200 inverted micro-
scope (Carl Zeiss, Jena, Germany). The AFM has a linearized piezo

electric ceramic with a 15 um range and an infrared laser. We used
320 wm long cantilevers, with a nominal spring constant of 10 pN/
nm (Microlevers, MLCT-AUHW, Veeco, Mannheim, Germany). We
calibrated sensibility and spring constant of each cantilever prior
to each experiment using built-in routines of the JPK software.

Cantilever and Surface Decoration (AFM)

Cantilevers were plasma cleaned using residual air plasma. They
were then functionalized using biotinylated BSA, and incubated in
streptavidin and biotinylated ConA. Cantilevers were always kept
wet to ensure the integrity of the surface (Puech et al., 2005). Clean
glass slides were plasma activated for 1 min and then incubated
overnight at 37°C with 0.5 mg/ml biotinylated BSA in 100 mM
NaHCOj; buffer (pH 8.6), 45 min with 0.5 mg/ml streptavidin in PBS,
1 hr with 0.5 mg/ml biotinylated protein A, and finally 3 hr with 50
wrg/ml Fc-tagged E-cadherin from mouse in PBS with 5 mM EGTA.
In between steps, surfaces were extensively washed using the
buffer used in the next incubation. Prior to use, the nonbound pro-
teins were removed by extensive washing, first with PBS/CaMg,
then with fresh DMEM. All chemicals were obtained from Sigma-
Aldrich (Steinheim, Germany).

Cell Capture, Adhesion Experiment,

and Data Processing (AFM)

Single cells plated on cadherin surfaces were captured as pre-
viously described (Puech et al., 2005) using a ConA-decorated can-
tilever. The cell-cantilever couple was then lifted from the surface
(several tens of um) and the cell was allowed to establish a firm
adhesion on the lever for about 5 to 10 min. After this, the approach
and retraction speeds were set to 3.7 um/s, the pulling range to
4.5 pm, the contact time between 0 and 5 s, and the contact force
to ~300 pN. The complete procedure is summarized in Figure 6A.
Five to seven force curves were acquired for each cell for a given
contact time, and the cell was subsequently allowed to recover far
from the surface for several minutes, before testing a different spot
on the surface and/or different contact times. No separation of the
captured cell from the cantilever was observed during the pulling
experiments, in agreement with previously published results (Woj-
cikiewicz et al., 2004). Several tens of force curves were acquired
per cell and forces did not show clear tendencies depending on
the substrate spot tested. To extract the relevant parameters along
the retrace curves (Figure 6A), postprocessing with home-pro-
grammed procedures using Igor Pro 4.09 (Wavemetrics, Lake Os-
wego, OR) was employed. This software was also used to extract
the means and standard deviations of the data sets and we used
built-in procedures of KaleidaGraph (Synergy Software, Reading,
PA) for running ANOVA-Tukey HSD tests.

IAA and EGTA Controls (AFM)
Cells were incubated 30 min prior to the AFM measurements with
15 mM tryptophan analog indole-3-acetic acid (IAA; Sigma-Aldrich)
as previously described (Perret et al., 2002). During all force mea-
surements, the cells were kept in the presence of the blocking
molecule.

Calcium suppression experiments were conducted in the pres-
ence of 5 mM EGTA.

Supplemental Data

Supplemental Experimental Procedures, figures, table, and movies
are available at http://www.developmentalcell.com/cgi/content/
full/9/4/555/DC1/.
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