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Summary
Wnt signaling plays important roles in cell polarization in diverse organisms, and loss of cell polarity
is an early event in tumorigenesis caused by mutations in Wnt pathway genes. Despite this, the precise
roles of Wnt proteins in cell polarization have remained elusive. In no organism has it been shown
that the asymmetric position of a Wnt signal is essential to establishing a cell’s polarity. Attempts to
test this by ubiquitous expression of Wnt genes have suggested that Wnt signals might act only as
permissive factors in cell polarization. Here we find, using cell manipulations and ectopic gene
expression in C. elegans, that the position from which Wnt signals are presented can determine the
polarity of both embryonic and postembryonic cells. Furthermore, the position from which a Wnt
signal is presented can determine the polarity of Frizzled receptor localization, suggesting that the
polarizing effect of Wnt is likely to be direct. These results demonstrate that Wnt proteins can function
as positional cues in establishing cell polarity.

Introduction
Wnt signaling pathways play critical roles in establishing cell polarity during normal
developmental patterning in C. elegans embryonic and postembryonic cells, developing
epithelial cells of Drosophila, and cells undergoing morphogenesis in vertebrate embryos. For
this reason, and because loss of cell polarity is an early step in some cancers, there is great
interest in understanding exactly how Wnt signals function in cell polarization (Logan and
Nusse, 2004; Sancho et al., 2004, Caussinus and Gonzalez, 2005). Much is known about
molecular and biochemical mechanisms of Wnt signaling, but some fundamental issues about
how Wnt pathways function and how they establish cell polarity remain unresolved (Peifer
and Polakis, 2000; Herman, 2002; Vincent and Dubois, 2002; Veeman et al., 2003). Whether
Wnt signals function as positional cues during cell polarization is not yet clear (Martinez Arias,
2000; Axelrod and McNeill, 2002; Herman, 2002; Kaltschmidt et al., 2002). While
experimental results from many groups have been consistent with Wnt signals functioning as
positional cues that can establish polarity, direct tests of this hypothesis by ubiquitous
misexpression of Wnts by heat shock expression or mRNA injection into undivided zygotes
have often resulted in normal cell polarity in both invertebrate and vertebrate systems (Herman
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et al., 1995; Whangbo and Kenyon, 1999; Whangbo et al. 2000; Heisenberg et al., 2000). Such
results have raised the possibility that Wnt signals might act only as permissive factors in cell
polarization (Martinez Arias, 2000; Axelrod and McNeill, 2002; Kaltschmidt et al., 2002).

At the four-cell stage in C. elegans, the P2 cell (referred to here as the signaling cell) is required
for two effects in EMS (the responding cell) -- for endoderm development in one daughter of
the responding cell and for a specific spindle orientation in the responding cell (see Thorpe et
al., 2000 for review). A Wnt signaling protein, MOM-2, from the signaling cell is required for
both responses (Fig. 1A) (Rocheleau et al., 1997; Thorpe et al., 1997; Schlesinger et al.,
1999). Wnt signaling acts through a TCF/LEF-1 transcription factor, POP-1, to induce
endoderm, and acts independently of transcription in spindle orientation (Moon et al., 2002).
Endoderm induction is believed to be a cell polarizing interaction because contact between the
inducing and responding cells specifically before the responding cell divides is both necessary
and sufficient to induce endoderm development (Goldstein, 1995a), and because asymmetries
in critical nuclear proteins appear very early, even before the responding cell completes division
(Nakamura et al., 2005). The signaling cell expresses a second protein, MES-1, that also plays
a role in polarizing the responding cell. MES-1 is a membrane protein that acts in a Src kinase
signaling pathway as a redundant signal in endoderm induction and as an essential signal in
spindle orientation (Berkowitz and Strome, 2000; Bei et al., 2002). Changing the position of
the signaling cell can reorient the polarity of the responding cell (Goldstein, 1995a, 1995b),
but it has been unclear whether it is the position of the Wnt signal or MES-1 or both that
polarizes EMS.

Wnt signals are also important for the polarity of several postembryonic cells (Herman and
Horvitz, 1994; Herman et al., 1995; Whangbo et al., 2000). In both T and V5 cells, the Wnt
proteins that regulate polarity (LIN-44 and EGL-20, respectively) are expressed posterior to
these cells, in potentially ideal positions to provide positional cues for polarity. It has been
shown that myo-2 promoter-driven expression of EGL-20 in the pharynx, far anterior to the
V5 cell, can rescue the defects of egl-20 mutants, suggesting that EGL-20 might have only a
permissive role in the regulation of polarity (Whangbo et al., 2000). However, we have found
that the myo-2 promoter can also drive weak but specific expression of GFP in cells posterior
to V5 (data not shown), which might orient V5 polarity in these experiments. Ubiquitous
expression of Wnts under heat shock promoters in Wnt-minus backgrounds can rescue the
normal polarity of T cells and V5 cells (Herman et al., 1995; Whangbo et al., 2000), but it is
not clear whether all cells expressing Wnt proteins under a heat shock promoter also direct
these proteins to the cell surface, particularly since Wnt proteins specifically require the
Porcupine protein for this to occur (Kadowaki et al., 1996). Hence, these experiments failed
to resolve this issue. Drosophila wing cells are polarized by asymmetric Frizzled signaling
(Adler, 2002) in a planar polarity pathway that was initially presumed to involve a Wnt signal
(Cadigan and Nusse, 1997). No ligand for planar polarity has been identified in Drosophila to
date, and knockout of multiple Wnts has not produced a planar polarity phenotype, suggesting
that planar polarity in Drosophila may be Wnt-independent (Lawrence et al., 2002; Strutt,
2003). Whether Wnt signals function as positional cues for planar polarity in other organisms,
including Xenopus or zebrafish, has not been tested directly (Mlodzik, 2002; Ninomiya et al.,
2004).

We have addressed this issue first by using a simplified in vitro system, placing individual
embryonic signaling cells of defined genetic backgrounds into specific positions on responding
cells and assaying resulting cell polarity. We have also used misexpression experiments in C.
elegans to examine this issue, misexpressing a Wnt protein in specific cells neighboring a
responding cell on the opposite side from where this Wnt is normally presented.
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Results and Discussion
To separate the effects of two partially redundant signals, we placed two signaling cells, one
lacking the MOM-2 signal and one lacking the MES-1 signal, on opposite sides of a single
responding cell (Fig. 2A). Endoderm, which normally develops from the side that is presented
with both signals, was assayed in each resulting cell combination using an endodermal terminal
differentiation marker (rhabditin granule development) and cell lineage timing as markers.
Endoderm developed in most cases (8/11 cases) indicating that one or both of the signaling
cells could rescue endoderm development in the responding cell. To determine whether the
Wnt or the MES-1 signal had induced an endodermal lineage to develop in these experiments,
cell lineages were traced, and endoderm development was assayed in each resulting cell. In all
cases in which endoderm developed, the endodermal cells comprised all of the progeny of one
cell -- the daughter of the responding cell that formed on the side where the Wnt-positive
(mes-1 minus) cell had been placed (Fig. 2). Analysis of cell cycle timing demonstrated that
this cell’s lineage developed with cell cycle timing typical for an endodermal lineage, and the
other daughter’s lineage developed with cell cycle timing typical for the daughter on the other
side of EMS (Fig. 2). We conclude that the position at which a cell bearing a Wnt signal is
placed can determine which side of the responding cell will produce the endodermal lineage.

For EMS to produce endoderm, its mitotic spindle must rotate into an orientation that can
partition the endoderm-induced side into just one daughter cell (Goldstein, 1995b). Both the
Wnt- and MES-1 signaling pathways from the P2 cell are required to induce this mitotic spindle
orientation in EMS in cell manipulation experiments (Schlesinger et al., 1999; Bei et al.,
2002). This polarization of the responding cell’s cytoskeleton can occur in the absence of new
transcription, suggesting that Wnt and MES-1-dependent signaling to the cytoskeleton in this
cell is relatively direct (Schlesinger et al., 1999). We determined whether Wnt or MES-1
signaling cells can act as positional cues to polarize the spindle by manipulating cells as
described above and assaying the orientation of the responding cell’s mitotic spindle. A cell
presenting both Wnt and MES-1 signals was capable of orienting the EMS cell’s mitotic spindle
(Fig. 3A), whereas loss of either Wnt or MES-1 signaling resulted in randomized spindle
orientations in EMS (Fig. 3B,C), as expected from previous results (Goldstein, 1995b;
Schlesinger et al., 1999; Bei et al., 2002). We next tested whether spindle orientation could be
aligned in a given axis by placing two signaling cells, one lacking MOM-2 and one lacking
MES-1, on opposite sides of the responding cell. We found that these cells could act together
to align the mitotic spindle (Fig. 3D), demonstrating that these two signaling pathways need
not be presented by the same cell, but are capable of cooperating from opposite sides of a single
responding cell.

To determine which cell positions the EMS cell’s mitotic spindle in these experiments, Wnt
and MES-1 signaling cells were next presented on the EMS cell from roughly orthogonal
positions. We found that the mitotic spindle in EMS consistently oriented in line with the cell
presenting the Wnt signal (Fig. 3E). These results reveal that a cell bearing a Wnt signal can
act as a positional cue that orients the mitotic spindle, and also that MES-1-dependent signaling
can be essential for spindle orientation without providing positional information. We consider
it likely that Wnt signaling acts directly on the responding cell, since spindle orientation
requires MOM-2(Wnt) only in the signaling cell and MOM-5(Fz) only in the responding cell,
and since embryonic transcription is not required for Wnt-induced spindle orientation
(Schlesinger et al., 1999).

To determine whether a Wnt pathway can act as an asymmetric cue in a second Wnt-dependent
cell polarization event, we expressed a C. elegans Wnt protein, LIN-44, in an ectopic position
and examined the effects on asymmetric T cell division. During normal development, the
anterior daughter of the T cell produces hypodermal cells, and the posterior daughter produces
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neural cells (Fig. 1). LIN-44 is normally expressed in cells just posterior to the T cell, and in
the absence of this protein, the polarity of T cell division is often reversed (Herman and Horvitz,
1994;Herman et al., 1995). We misexpressed LIN-44 in cells just anterior to the T cell using
the egl-5 promoter, which is expressed in cells near the rectum (Wang et al., 1993) (Fig. 4A).
In these experiments, we monitored ectopic expression by coexpression of egl-5∷GFP (Fig
4B). This reporter confirmed specific expression just anterior to the T cell in the tail region.
We introduced egl-5∷LIN-44 in the absence of endogenous LIN-44 and found that the polarity
reversal phenotype was significantly enhanced (Fig. 4A). Moreover, anterior expression of
LIN-44 can sometimes reverse the polarity of the division even in wild type animals expressing
endogenous LIN-44 (Fig. 4). The Frizzled-like receptor LIN-17 (Sawa et al., 1996) is required
for ectopically-expressed LIN-44 to reverse polarity (Fig. 4A). We conclude from these results
that a LIN-44-expressing cell can polarize the T cell by signaling through LIN-17. These results
demonstrate that as with EMS cell polarization, T cell polarization is controlled by the position
from which a Wnt signaling cell is presented to a responding cell.

Frizzled receptors have been reported to localize asymmetrically in certain cells in
Drosophila and C. elegans (Strutt, 2001; Strutt et al., 2002; Park et al., 2004). However, a
relationship between Frizzled localization and the position of a Wnt signal has not been
demonstrated. To examine the possibility that Wnt signals may directly influence the
localization of Frizzled receptors, we expressed a LIN-17(Frizzled) GFP fusion protein in the
seam cells, including the T cell, using a seam cell specific promoter (scm) (Koh and Rothman,
2001). We found that scm∷LIN-17∷GFP could rescue T cell development in lin-17 animals,
(8% defective, n=62), suggesting that our GFP fusion is functional and that LIN-17 functions
in the T cell and not in the more posterior Wnt signaling cells (Herman et al., 1995). We
examined GFP localization and found that LIN-17∷GFP is specifically localized on the
posterior side of the T cell, where the T cell contacts LIN-44(Wnt)-producing cells (Fig 4C;
33/33 animals). The asymmetric localization was not observed in lin-44 mutants (Fig 4D; 17/17
animals). Moreover, driving anterior Wnt expression using egl-5∷LIN-44 often caused
LIN-17:GFP to localize to the anterior side of the T cell, both in lin-44 mutants (Fig 4E; 13/22
animals) or in the presence of endogenous lin-44 (Fig 4F; 7/35 animals showed the localization
on both sides of the T cell). These results suggest that LIN-44 from the signaling cell polarizes
the localization of Frizzled receptor in the responding cell. These results show that the position
from which a Wnt signal is presented can determine the polarized localization of Frizzled
receptor. Since LIN-44(Wnt) functions in the signaling cells, and LIN-17(Frizzled) functions
in the responding cell, we suggest that a Wnt signal can act directly to polarize Frizzled
localization in a responding cell.

Our results demonstrate that Wnt signaling can orient the polarity of previously unpolarized
cells. Other work has implicated Wnts in controlling the orientation of differentiated neuronal
cells during axonal guidance (Lyuksyutova et al., 2003; Yoshikawa et al., 2003). Mouse Wnt4
can enhance axonal growth in commissural neurons and can result in extension of axons in the
direction of an exogenous Wnt signal (Lyuksyutova et al., 2003). Although Wnt4 knockouts
have not been examined similarly, a Frizzled receptor is required for guidance of these axons,
suggesting that Wnt-Frizzled signaling normally plays a role in orienting axonal growth
(Lyuksyutova et al., 2003). Drosophila Wnt5 also acts as a positional cue for axonal guidance,
but in this case, signaling is through the Derailed receptor, an unconventional receptor tyrosine
kinase, rather than through Frizzled or Frizzled2, the more well known Wnt receptors
(Yoshikawa et al., 2003). The common function of Wnts as asymmetric cues that may orient
both unpolarized, undifferentiated cells such as EMS and T in C. elegans and differentiated
neurons in Drosophila and mouse may reflect an ancient role for Wnt proteins not just as signals
that pattern tissues, but also as positional cues for individual cell polarization.
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Experimental Procedures
Strains

C. elegans strains used in this study included N2 (wild-type), SS149 mes-1(bn7), EU855 mom-2
(or309)/nT1, lin-44(n1792) and lin-17(n3091). A GFP-histone-labeled mom-2 strain, LP28,
was generated by crossing EU855 and AZ212 (unc-119(ed3) ruIs32[unc-119(+)
pie-1∷GFP∷H2B]). The egl-5∷LIN-44 construct contains a 9.1kb SalI-RsaI fragment of C08C3
(the egl-5 promoter without the coding sequence) and lin-44 cDNA in pPD49.26 (a gift from
A. Fire). The egl-5∷GFP construct contains the same promoter fragment in a derivative of the
vector TU#61 (Chalfie et al., 1994). Both egl-5∷LIN-44 and egl-5∷GFP were introduced into
lin-44(n1792); unc-76(e911) animals with an unc-76 rescuing plasmid (Bloom and Horvitz,
1997) to obtain an extrachromosomal array osEx101. All of the strains with osEx101 also
carried unc-76(e911). egl-5∷GFP was used to monitor where egl-5 drives expression.
scm∷LIN-17∷GFP has the scm promoter fragment and full-length LIN-17 cDNA amplified by
PCR fused to the Venus derivative of GFP (Nagai et al., 2002). The CRD-deletion variant of
LIN-17∷GFP, scm∷ΔCRD-LIN-17∷GFP, was generated by deleting a PvuI-BamHI fragment
of scm∷LIN-17∷GFP, removing amino acids I31 to V177. Strains were maintained at 20°C for
embryonic experiments and at 22.5°C for postembryonic experiments as described in Brenner
(Brenner, 1974), except mes-1(bn7), which was maintained at 15°C and shifted to 25°C 1-2
days before use in experiments. Experiments involving mes-1(bn7) were performed at 25°C.
The polarity of the T cell division was scored as described (Sawa et al., 2000).

Cell Manipulations
Cell manipulation experiments were performed by the methods of Edgar (Edgar, 1995).
Responding cells were isolated before induction of endoderm or spindle orientation had
occurred, and their rotational orientation was randomized as before (Goldstein, 1992, 1995b).
Loss of MOM-2 was previously known to not affect MES-1 localization (Berkowitz and
Strome, 2000), and MOM-2-dependent signaling has been detected in the absence of MES-1
(Bei et al., 2002; Berkowitz and Strome, 2000), which suggested that each signal could be
removed from cells independently before we carried out our cell manipulation experiments.
Endoderm development was scored by assaying for birefringent rhabditin granules as described
(Goldstein, 1995a) after tracing lineages in 4D recordings (Thomas et al., 1996). Genotypes
of isolated cells were identified by isolating cells from each genetic strain separately and by
marking one strain in each experiment with a GFP-histone fusion construct. Spindle orientation
was assayed by live microscopy and 4D recordings, using the plane of cytokinesis as an easily
measurable indicator of the spindle axis.
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Figure 1.
Polarization of the EMS cell and the T cell in C. elegans requires Wnt signals
(A) Wnt and MES-1-dependent pathways play roles in polarization of cell fates (orange and
white in EMS cell at left) and cytoskeletal polarity (astral microtubules in EMS cell at right)
in EMS at the four cell stage (Bei et al., 2002; Berkowitz and Strome, 2000; Rocheleau et al.,
1997; Schlesinger et al., 1999; Thorpe et al., 1997). MES-1: MES-1-dependent signaling
pathway (blue), WNT: Wnt pathway (green). MES-1 is required in both the signaling cell and
the responding cell for EMS spindle orientation (Bei et al., 2002), although it is not known
whether MES-1 proteins in each cell interact homophilically as drawn.
(B) A Wnt signal (LIN-44, green shading and arrowhead) plays a role in polarization of the T
cell (orange and white circle).
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Figure 2.
A MOM-2(Wnt) signaling cell can polarize the pattern of cell fates produced by EMS
(A) A mes-1 mutant signaling cell (left) and a mom-2 mutant signaling cell (right) were each
isolated and then placed on opposite sides of EMS (for convenience, EMS is also mom-2 minus
in this experiment; mom-2 is not required in EMS for endoderm development (Thorpe et al.,
1997)). In this picture, the mes-1 mutant signaling cell has divided once, and it has divided
more equally than in wild-type, as often occurs in mes-1 mutant signaling cells (Strome et al.,
1995). mom-2 mutant cells can be identified by a GFP-histone fusion (green) that was crossed
into this strain.
(B) EMS division. White line marks the mitotic spindle.
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(C-E) EMS divisions, with cell lineages drawn in white.
(F) Eight out of 11 cases assembled produced endoderm. Typical cell cycle timings are shown
from a wild-type cell pair (left) and the average cell cycle timings ± standard deviations (gray)
of the eight cases that produced endoderm (right). Endodermal cells are labeled. In the three
cases in which endoderm did not develop, lineages of both daughters of EMS resembled the
normally uninduced side of EMS (data not shown).
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Figure 3.
A MOM-2(Wnt) signaling cell can polarize mitotic spindle orientation in EMS when the
MES-1 signal is present. Cells bearing signals for Wnt or MES-1 pathways are drawn, and
numbers of cases with specific mitotic spindle orientations that resulted are written in one
quadrant and diagrammed in all quadrants by gray levels, with darker levels indicating a greater
percent of cases with a given spindle orientation.
(A) Wild-type signaling cell orients the responding cell’s spindle.
(B,C) As expected from previous results (Bei et al., 2002; Schlesinger et al., 1999), Wnt- or
MES-1-dependent signaling cells alone cannot induce spindle alignment; both signaling and
responding cells were mutant in these experiments, although using mutant signaling cells and
wild-type responding cells gives similar results (Bei et al., 2002; Schlesinger et al., 1999).
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(D) Wnt and MES-1 signaling cells on opposite sides of the responding cell can cooperate to
rescue spindle alignment, as seen in Fig. 2b. As a control for the effect of two signaling cells,
two mom-2 minus signaling cells were placed similarly on EMS; this resulted in random
orientation of the EMS spindle (data not shown).
(E) Wnt and MES-1 signaling cells at roughly orthogonal positions on the responding cell
result in spindle alignment toward the Wnt signaling cell.
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Figure 4.
Polarity reversal by anterior expression of LIN-44(Wnt)
(A) Left, schematic drawings of LIN-44 expression (green) relative to T cell position (oval) in
strains used in the experiments. Right, percent of animals with reversed, symmetric or normal
T cell orientation in the presence or absence of lin-17. The orientation of most T cells for each
experiment is highlighted in bold. lin-44; egl-5∷LIN-44 significantly enhances reversals over
lin-44 alone (P-value <10-7 by Fisher exact test). The egl-5∷LIN-44 transgene also contains
egl-5∷GFP to monitor expression. Number of animals scored is indicated (gray). (B-F)
Expression of egl-5∷GFP and LIN-17∷GFP. Cell boundaries are indicated by white arrowheads
where they are visible (some cell boundaries are typically not detectable in postembryonic
cells). Nuclei are outlined by dotted lines. Scale bars = 5μm.
(B) egl-5∷GFP expression shows that the egl-5 promoter used drives expression in cells just
anterior to the T cell.
(C-F) LIN-17(Frizzled) localization in the T cell: LIN-17∷GFP at the cell periphery becomes
enriched on the side where LIN-44 is expressed. Genotypes are indicated in white, and
expression being followed is indicated in green in each panel. All animals also contain unc-76
(e911) rescued by the transgenes containing the unc-76 rescuing plasmid (Bloom and Horvitz,
1997) and scm∷LIN-17∷GFP. Fluorescence was analyzed by confocal microscopy. Anterior
is to the left, and ventral is down.
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