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Opposing Wnt pathways orient cell polarity during organogenesis
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Summary

The orientation of asymmetric cell division contributes to the organization of cells within a tissue or
organ. For example, mirror-image symmetry of the C. elegans vulva is achieved by the opposite
division orientation of the vulval precursor cells (VPCs) flanking the axis of symmetry. We
characterized the molecular mechanisms contributing to this division pattern. Wnts MOM-2 and
LIN-44 are expressed at the axis of symmetry and orient the VPCs towards the center. These Wnts
act via Fz/LIN-17 and Ryk/LIN-18, which control B-catenin localization and activate gene
transcription. In addition, VPCs on both sides of the axis of symmetry possess a uniform underlying
“ground” polarity, established by the instructive activity of Wnt/egl-20. EGL-20 establishes ground
polarity via a novel type of signaling involving the Ror receptor tyrosine kinase CAM-1 and the
Planar Cell Polarity component Van Gogh/VANG-1. Thus, tissue polarity is determined by the
integration of multiple Wnt pathways.

Introduction

In organized epithelial tissues, the polarity of component cells is precisely controlled and its
loss is a major factor in tumor formation and progression (reviewed by Wodarz and Nathke,
2007). During development, coordinating cell polarity is requisite for normal tissue
architecture. For example, the orientation of an asymmetrically dividing cell will determine
the arrangement of the daughter cells within the tissue. This is particularly important during
organogenesis, where oriented divisions contribute greatly to organ size and shape (Baena-
Lopez et al., 2005; Strutt, 2005), and cells often adopt a novel coordinate system to suit the
architectural needs of the developing organ. In such cases, cells in an organ primordium must
interpret complex and sometimes conflicting polarizing information. A simple model for the
study of this phenomenon is C. elegans vulval development, in which certain cells within the
same epithelium invariantly divide in opposite orientations. Here, we investigate how multiple
Whnt signals interact to orient the vulval precursor cells (VPCs).

Whts are a class of secreted glycoproteins that are conserved among all metazoa. Work from
several systems reveals a variety of mechanisms by which Wnt signals are transduced
(reviewed by Gordon and Nusse, 2006). In one well-conserved pathway, Wnt binding to
Frizzled receptors leads to activation of target genes through the TCF/B-catenin transcription
factor complex. However, B-catenin-independent Wnt pathways also exist. For example,
Planar Cell Polarity (PCP) is mediated by Frizzled, but involves components different from
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the pathway leading to TCF/B-catenin regulation. More recently, receptor-tyrosine-kinases
Ryk and Ror have emerged as alternative Wnt-binding receptors, although function of these
RTK Wnt receptors is not yet well understood.

The C. elegans vulva is formed from the reproducible divisions of three VPCs—P5.p, P6.p
and P7.p—arranged along the anterior-posterior (AP) axis in the ventral epithelium (Figure 1)
(reviewed by Sternberg, 2005;Sulston and Horvitz, 1977). The Wnt, EGF, and Notch signaling
pathways instruct the VPCs to adopt fates that correspond to particular lineage patterns. P6.p,
the central VPC, divides symmetrically three times to produce eight cells that detach from the
epidermis and form the vulval lumen (the 1° lineage pattern). P5.p and P7.p, after three rounds
of asymmetric cell division (the 2° lineage pattern), produce the anterior and posterior sides
of the vulva. The outermost progeny of both 2° VPCs adhere to the epidermis while the inner
2° progeny detach from the epidermis and join the 1° progeny cells to form the lumen. The 2°
progeny are arranged so that P5.p descendants display mirror-image symmetry to P7.p
descendents. Thus, the vulva is organized along a proximal-distal (PD) axis with the axis of
symmetry at the center. While vulva development is one of the simplest and best understood
models of organogenesis, why P5.p and P7.p divide in opposite orientations is poorly
understood.

There are five Wnts in C. elegans: LIN-44, CWN-1, CWN-2, EGL-20, and MOM-2. LIN-44,
CWN-1, CWN-2, and MOM-2 are known to regulate P7.p orientation. LIN-44 and MOM-2
play a major role and function in parallel, undefined pathways with their respective receptors,
Frizzled (Fz)/LIN-17 and Ryk/LIN-18 (Ferguson et al., 1987; Gleason et al., 2006; Inoue et
al., 2004; Sawa et al., 1996; Sternberg and Horvitz, 1988). In the absence of this signaling, the
P7.p lineage displays the reverse, P5.p-like, orientation such that the invaginating cells are
posterior to the adherent cells (hereby called “facing posteriorly”). This reversal in the P7.p
lineage results in a second invagination posterior to the main vulva, a phenotype called P-Rvl
for “posterior-reversed vulval lineage,” also known as Bivulva (Figure 2B) (Ferguson and
Horvitz, 1985; Ferguson et al., 1987). A similar phenotype in P5.p, A-Rvl (anterior-reversed
vulval lineage), has not been described (Figure 2C). To explain why lin-17 and lin-18 mutations
do not affect P5.p, Deshpande et al. (2005) proposed that both P5.p and P7.p face posteriorly
by default, and lin-17 and lin-18 re-orient P7.p toward the center. However, they did not
determine why the default orientation of P7.p is to face posteriorly, nor were they able to
examine the role of Fz/LIN-17 and Ryk/LIN-18 in P5.p orientation.

Here, we present evidence that the Wnt signaling-independent orientation of both P5.p and
P7.p is random. Wnt/EGL-20 acts as a directional cue to confer an underlying AP polarity
causing both P5.p and P7.p to face the posterior. A novel pathway involving the Ror receptor
tyrosine kinase CAM-1 and the Planar Cell Polarity component Van Gogh/VANG-1 mediates
the EGL-20 signal. In response to MOM-2 and LIN-44, the central-orienting Wnts, Fz/LIN-17
and Ryk/LIN-18 instruct P5.p and P7.p to face the center, thus reversing P7.p orientation and
reinforcing P5.p orientation. These results demonstrate that multiple Wnt pathways operating
in different directions contribute to organized polarity in a developing organ.

Whnt/egl-20 antagonizes Fz/lin-17 and Ryk/lin-18 in P7.p

We wished to understand the apparent default posterior-facing orientation of P5.p and P7.p.
and reasoned that mutations disrupting this default polarity should suppress the P-Rvl
phenotype of lin-17 and lin-18 mutants. As reported by Gleason et al. (2006), we found that a
loss-of-function (If) mutation in Wnt/cwn-1 mildly suppressed the Fz/lin-17(If) P-Rvl
phenotype, but did not significantly suppress the Ryk/lin-18(If) P-Rvl phenotype (Table 1). In
addition, we tested the involvement of Wnt/egl-20, whose role in VPC orientation was
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unknown, and found that strong reduction-of-function (rf) and If alleles of Wnt/egl-20 strongly
suppressed the P-RvI phenotype of both lin-17(If) and lin-18(If) mutants. Thus, like cwn-1,
egl-20 antagonizes the function of lin-17, but additionally antagonizes the function of lin-18.
We constructed triple mutants defective in both receptors and each of these Wnts and found
that mutations in egl-20 suppressed the phenotype of lin-17(If); lin-18(If) double mutants from
100% P-Rvl to 50% P-Rvl, whereas only weak suppression was seen with cwn-1(If). Since Fz/
LIN-17 and Ryk/LIN-18 function in parallel pathways to orient P7.p (Inoue et al., 2004), the
ability of egl-20 mutations to suppress the receptor double loss-of-function mutants suggests
that Wnt/EGL-20 functions via a different receptor in a third parallel pathway. Moreover,
EGL-20 has an opposing effect on P7.p orientation and instructs P7.p to face posteriorly.
Because the effects of cwn-1(If) and cwn-2(If) are mild (Gleason et al., 2006), we investigated
the mechanisms by which egl-20, lin-44, and mom-2 influence VPC orientation.

Wnt/EGL-20 is required for the posterior-facing (ground) orientation of P5.p and P7.p

The above analysis suggested that Wnt/EGL-20 promotes P7.p orientation to face posteriorly.
We next investigated whether EGL-20 is also involved in orienting P5.p posteriorly. We found
that a small percentage of lin-17(If); egl-20(If); lin-18(If) triple mutants are A-RvI (Figure 2C),
a novel phenotype observed in neither lin-17(If); lin-18(If) nor egl-20(If) mutants (Table 1). In
addition, some of these triple mutants displayed simultaneous reversals in both P5.p and P7.p
(the AP-RvI phenotype, Figure 2D). These results suggest that Fz/LIN-17, Ryk/LIN-18, and

Wnt/EGL-20 function redundantly to orient P5.p posteriorly. The low penetrance of the A-Rvl
phenotype might be due to Wnt/CWN-1 activity, which weakly promotes the posterior-facing
orientation in P7.p. Based on these results, we propose that Wnt/EGL-20 acts as a global cue
to establish a uniform underlying polarity, which we call ground polarity, in which both P5.p
and P7.p face posteriorly (Figure 2E, see Figure 5C).

Default orientation in the absence of Wnts

That 50% of Fz/lin-17(If); Wnt/egl-20(If); Ryk/lin-18(If) triple mutants are P-Rvl suggested a
model that P5.p and P7.p orient randomly along the AP axis in the absence of all Wnt signaling
(true default). However, lethality of Wnt/mom-2(If) mutant worms and lack of a vulva in cwn-1
(If); egl-20(If) double mutants (Gleason et al., 2006) prevented us from analyzing P7.p
orientation in quintuple Wnt (lin-44, cwn-1, egl-20, cwn-2, mom-2) mutants. We therefore used
heat-shock-controlled over-expression of Ror/CAM-1 (hs:CAM-1) (Figure S1), which
sequesters Wnts (Green et al., 2007), as an inducible method of eliminating Wnt activity (see
Supplemental Material for controls). Inducing CAM-1 over-expression after vulval induction
and before polarity specification caused all four polarity outcomes predicted to occur in the
absence of Wnt signaling: A-Rvl, P-Rvl, AP-RvI, and wild type (Table 1). Consistent with the
result that the CAM-1 cysteine-rich domain (CRD) binds to CWN-1, EGL-20, and MOM-2
in vitro, but not to LIN-44 (Green et al., 2007), these phenotypes became more penetrant in a
Wnt/lin-44(If) mutant background. The most severe phenotype, AP-Rvl, is underrepresented,
possibly due to residual Wnt activity. Analysis of cell-type-specific markers ceh-2:YFP and
cdh-3:CFP (Deshpande et al., 2005; Inoue et al., 2002) confirmed that the phenotype is indeed
due to a patterning defect and not a migration defect (data not shown). These results support
the model in which VVPCs orient randomly in the absence of Wnt signaling.

The anchor cell is an important Wnt source during VPC orientation

While Wnt/LIN-44 and Wnt/MOM-2 are redundantly required to re-orient P7.p (Gleason et

al., 2006; Inoue et al., 2004), their relevant site of expression is not clear. In addition to other
tissues, mom-2 and lin-44 are expressed in the anchor cell (AC) at the axis of symmetry (Figure
S2B) (Inoue et al., 2004), suggesting that Wnts might function as centrally-orienting cues. To
test this, we interfered with Wnt activity from the AC by expressing CAM-1::GFP specifically
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in the AC membrane (Pfos-1a-:CAM-1:-GFP) using the AC-specific promoter Pfos-1a
(Sherwood et al., 2005) (Figure S2C). Because Ror/CAM-1 can sequester Wnts and appears
to bind MOM-2, but not to LIN-44, in vitro (Green et al., 2007), we reasoned that expression
of this construct would antagonize MOM-2 expressed from the AC and therefore confer a P-
Rvl phenotype to lin-44(If) mutants. Consistently, we observed a 46% P-Rvl phenotype in
lin-44(If); Pfos-1a-«CAM-1:GFP animals (Table 1). Supported by control experiments (see
Supplemental Material), these results indicate that MOM-2 (and possibly Wnt/LIN-44)
expressed from the AC acts as a local cue to orient P5.p and P7.p towards the center, which
we call “refined” polarity (Figure 2F, see Figure 5D).

EGL-20 acts instructively

egl-20 is expressed in the tail (Whangbo and Kenyon, 1999) and forms a posterior-to-anterior
concentration gradient (Coudreuse et al., 2006), suggesting that EGL-20 functions instructively
(imparts directional information) rather than permissively (does not provide directional
information but is required for polarization). However, there is precedent for EGL-20 having
both types of activity (Pan et al., 2006; Whangbo and Kenyon, 1999). To discriminate between
these possibilities, we tested if changing the direction of the egl-20 gradient affects VPC
orientation. We first expressed egl-20 broadly using the heat-shock promoter (Phs-EGL-20).
If EGL-20 acts permissively, Phs-EGL-20 expression should restore the P-Rvl phenotype of
lin-17(If); egl-20(If) double mutants (i.e. restores the lin-17(If) phenotype). On the other hand,
if EGL-20 is an instructive cue, then Phs-EGL-20 expression in lin-17(If); egl-20(If) double
mutants should result in all four VPC phenotypes: P-Rvl, A-Rvl, AP-Rvl, WT. We observed
all four phenotypes upon heat shock, consistent with instructive EGL-20 function (Table 1).

To further assess whether EGL-20 acts instructively or permissively, we moved the source of
egl-20 expression from the posterior to the anterior side of P7.p. While we were unable to
reverse the egl-20 gradient over the entire length of the worm (see Supplemental Material), we
used Pfos-1a to express egl-20 from the AC, anterior to P7.p. We expressed
Pfos-1la-EGL-20-GFP in Fz/lin-17; Wnt/egl-20; Ryk/lin-18 triple mutants, which are 50% P-
Rvl. If EGL-20 is a permissive cue, Pfos-1a-EGL-20-GFP should restore the P-Rvl phenotype
of these worms to 100%, as in Fz/lin-17; Ryk/lin-18 double mutants. In contrast, instructive
EGL-20 activity from the AC is expected to orient P5.p and P7.p towards the source of
egl-20 expression and thus rescue the 50% P-Rvl phenotype to wild-type. Expression of
Pfos-1a-EGL-20-GFP rescued the P-Rvl phenotype (Table 1), consistent with an instructive
function. We next tested whether Pfos-1a-~EGL-20-GFP could compete with endogenous
egl-20 when expressed in lin-17(If) single mutants. Pfos-1a-~EGL-20-GFP rescued the lin-17
(If) phenotype; therefore, P7.p orients towards higher levels of EGL-20. Together, these results
indicate that reversing the EGL-20 gradient can reverse the ground polarity of the VPCs.

Wnt/B-catenin asymmetry pathway components

To begin to distinguish the molecular mechanisms by which spatially resolved Wnts exert
opposing effects on cell polarity; we investigated the involvement of potential downstream
components. Wnt signals are often transduced by B-catenin, and three C. elegans B-catenin-
related proteins, SYS-1, WRM-1, and BAR-1, function in two distinct pathways. BAR-1
functions as a classic 3-catenin and will be discussed later. SYS-1 and WRM-1 are components
of the Wnt/B-catenin asymmetry pathway, which also includes TCF/POP-1 and Nemo-like-
kinase/ LIT-1. The Wnt/B-catenin asymmetry pathway ensures different ratios of SYS-1 to
POP-1, and thus differential transcription of Wnt target genes, between daughters of an
asymmetric cell division (reviewed by Mizumoto and Sawa, 2007). In many tissues, POP-1
asymmetry is generated by WRM-1 and LIT-1, which together promote nuclear export of
POP-1 (Lo etal., 2004; Maduro et al., 2002). POP-1 is asymmetrically localized between P7.p
daughter nuclei in a low (P7.pa)-high (P7.pp) pattern (Deshpande et al., 2005). GFP:LIT-1
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(Rocheleau et al., 1999) and WRM-1::GFP (Takeshita and Sawa, 2005) are localized in a
reciprocal pattern to POP-1 in P7.p daughter nuclei (Figure S3), indicating that the relationship
between POP-1, WRM-1, and LIT-1 in the VPCs is similar to other tissues. A rescuing
fluorescent SY'S-1 fusion protein, (WVNS:SYS-1), is also asymmetrically localized in a high
(P7.pa)-low (P7.pp) pattern reciprocal to POP-1 (Figure 3A) (Phillips et al., 2007). By
monitoring VNS::SYS-1 localization during division, we confirmed that this asymmetry
reflects the orientation of the parent cell rather than signaling to P7.p daughters immediately
following division (Figure 3B) (see Supplemental Material).

As reported for the somatic gonadal precursors (SGPs) in Fz mutants (Phillips et al., 2007),
VNS:SYS-1 asymmetry in P7.p daughters was sometimes lost in lin-17(If) mutants (Figure
3A, 3B). We additionally observed a loss of VNS::SYS-1 asymmetry in lin-18(If) mutants,
indicating that Ryk/LIN-18 also controls VNS:SYS-1 asymmetry. Unlike in the SGPs, in the
VPCs, lin-17(If) and lin-18(If) mutants also frequently displayed a reversed VNS:SYS-1
localization pattern in which VNS:SY'S-1 was enriched in P7.pp instead of P7.pa, suggesting
the presence of an additional factor that controls SYS-1 asymmetry and promotes the opposite
pattern, i.e., low (P7.pa)-high (P7.pp). Our analysis of the P-RvI phenotype suggested that
EGL-20 promotes the posterior orientation of P7.p. Consistently, egl-20(If) drastically
suppressed the VNS::SY S-1 localization defects caused by lin-17(If), confirming that EGL-20
promotes reversed VNS:SYS-1 localization in P7.p daughters. In lin-17(If); lin-18(If) double
mutants, VNS:SYS-1 localization defects consisted only of reversals with no case of
symmetric distribution observed. egl-20(If) suppressed the reversed VNS:SYS-1 phenotype
of lin-17(If); lin-18(If) double mutants such that the majority of triply mutant worms now
displayed symmetric localization of VNS::SYS-1 between P7.p daughter nuclei. These results
show that EGL-20 promotes the reversed localization of VNS:SYS-1 in the absence of the
LIN-17 and LIN-18 branches of Wnt signaling, and that in the absence of all three branches
of Wnt signaling, VNS:SYS-1 asymmetry is lost. VNS:SYS-1 asymmetry, however, is not
the only determinant of VPC orientation. While 75% of lin-17(If); egl-20(If); lin-18(If) triple
mutants displayed symmetric VNS::SYS-1 localization, only 50% displayed the P-Rvl
phenotype, and no cases were observed in which anterior and posterior halves of the P7.p-
derived tissue are symmetric. Thus one explanation for these results is that symmetric
VNS::SYS-1 localization is an intermediate phenotype in which P7.p randomly adopts either
orientation.

Curiously, occurrence of the P-Rvl phenotype in pop-1, sys-1, wrm-1, and lit-1 mutants was

rare (Table 1). This could indicate that they are not required for VPC orientation, or that like
egl-20, their involvement is masked in single mutant worms. Consistent with the latter scenario,
lit-1(If) suppressed the P-Rvl phenotype of lin-17(If) and lin-18(If) mutants.

B-catenin function during VPC orientation

Although they function in different pathways, both SYS-1 and BAR-1, a classic B-catenin, can
function as transcriptional co-activators with TCF/POP-1, raising the possibility of redundancy
(Kidd et al., 2005; Korswagen et al., 2000). Although bar-1(If) mutants did not display VPC
polarity defects (Table 1), 15% of sys-1(rf); bar-1(If) double mutants were P-Rvl, indicating
that sys-1 and bar-1 play a minor redundant role in P7.p re-orientation. We attempted to test
whether B-catenin/WRM-1 was also functionally redundant with SYS-1 and BAR-1; however,
all wrm-1(rf); bar-1(If) double mutants examined (n=28) were Vulvaless due to an earlier
requirement for B-catenin in vulval induction, and therefore could not be scored. Because
BAR-1 appeared to play a minor role in VPC orientation, we examined BAR-1 localization in
the VPC progeny. In wild-type animals, BAR-1::GFP (Eisenmann et al., 1998) is localized
asymmetrically with higher nuclear levels in the proximal daughters of P5.p and P7.p (Figure
3C). Asymmetric distribution of BAR-1 following division had not previously been described:;
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therefore, we tested whether BAR-1 asymmetry is generated by regulation of BAR-1 protein
or by unequal transcription, by making a bar-1 transcriptional reporter
(Pbar-1:4XNLSGFP) that has the same 5.1 kb promoter sequence as the BAR-1::GFP fusion
protein. Unlike BAR-1::GFP, Pbar-1:4XNLS-GFP was expressed at equivalent levels in both
daughters of P5.p and P7.p suggesting that BAR-1 asymmetry is regulated at the protein level
(Figure 3D). We next tested whether Fz/lin-17(If) or Ryk/lin-18(If) are required for BAR-1
asymmetry. In Fz/lin-17(If) and Ryk/lin-18(If) mutants, BAR-1::GFP was no longer enriched
in either daughter nucleus. Thus, BAR-1 asymmetry is different than SYS-1 asymmetry, which
is reversed in lin-17(If) and lin-18(If) mutants. We conclude that Fz/LIN-17 and Ryk/LIN-18
regulate the localization of BAR-1 protein by increasing its level in the proximal daughter
nuclei and that unlike SYS-1, BAR-1 localization in the VPC daughters is not regulated by
EGL-20. Because nuclear enrichment of -catenin is expected to regulate the transcription of
Whnt target genes, we next investigated whether Wnt pathway targets are expressed during P7.p
re-orientation.

Fz/LIN-17 and Ryk/LIN-18 regulate POPTOP expression in the VPC progeny

Whnt signaling activity is commonly measured in vitro using the TOPFLASH reporter,
consisting of multiple TCF binding sites driving expression of luciferase (Molenaar et al.,
1996; van de Wetering et al., 1997). To measure TCF/POP-1 activity in vivo, we made an
analogous C. elegans reporter, POPTOP; POP-1 and TCF Optimal Promoter, that contains
seven copies of the TCF/POP-1 binding site and a minimal promoter driving expression of the
fluorescent protein mCherry (McNally et al., 2006). Control experiments showed that POPTOP
expression reflects POP-1 induced gene expression (see Supplemental Material). In wild-type
worms, POPTOP is expressed at low levels in the proximal, but not distal, daughters of P5.p
and P7.p, and at moderate and equal levels in the proximal granddaughters of P5.p and P7.p
(Figure 4, Table S2, S3). POPTOP expression is reciprocal to POP-1 localization after the first
division, (Deshpande et al., 2005), which is consistent with reports that TCF/POP-1, while
functioning as an activator at low levels, functions as a repressor when present in the nucleus
at high levels (Shetty et al., 2005).

POPTOP expression in the VPC progeny was elevated upon removal of Axin/pry-1 (a negative
regulator of Wnt signaling) and was eliminated in pop-1 mutants, confirming that POPTOP is
regulated by Wnt signaling (Figure 4, Table S3). Both S-catenins sys-1 and bar-1 are expressed
in a pattern that would allow them to serve as a transcriptional co-activator with TCF/POP-1
(Figure 3A,C); therefore, we examined POPTOP expression in bar-1(If) and sys-1(rf) mutant
worms. POPTOP expression in P7.p granddaughters was reduced, though not significantly, in
sys-1(rf) and bar-1(If) mutants (Table S3) demonstrating that SYS-1 and BAR-1 probably
function redundantly to activate Wnt target genes in these cells. In lin-17(If) and lin-18(If)
mutants, POPTOP expression in the VPC progeny was eliminated, indicating that Fz/LIN-17
and Ryk/LIN-18 activate POP-1 mediated transcription in the proximal daughters of P5.p and
P7.p. egl-20(If), which rescues the lin-17(If) P-RvI phenotype, does not restore POPTOP
expression in lin-17(If); egl-20(If) double mutants (Table S3), suggesting that refined polarity
is largely independent of POP-1 mediated transcriptional activation. That POPTOP expression
was eliminated in lin-17(If) and lin-18(If) mutants, instead of being reversed, indicates that
POPTOP is not influenced by ground polarity signaling.

Van Gogh/VANG-1 functions in ground polarity

Besides appearing independent of transcription, ground polarity presented an enigma because
the receptor for EGL-20 was unknown. Loss of the receptor for EGL-20 should mimic loss of
egl-20 and also suppress the P-Rvl phenotype of lin-17(If) worms. However, the three

remaining Fz receptors promote anterior P7.p orientation and removing them (by mutation or
RNAI) does not suppress lin-17(If) P-RvI phenotype (Gleason et al., 2006). This suggests that
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EGL-20 acts via an alternative mechanism. We therefore considered Planar Cell Polarity
(PCP), another mechanism of cellular orientation in which Fz can act positively or negatively.

VPC orientation bears the hallmark of PCP: the polarization of an epithelial tissue along the
plane of the cell layer, perpendicular to the apical-basal axis of the cells comprising the
epithelium. In Drosophila and vertebrates, PCP is regulated by a core set of PCP pathway
components, including Frizzled, Van Gogh, Prickle, and Flamingo (recently reviewed by Jones
and Chen, 2007; Seifert and Mlodzik, 2007; Wang and Nathans, 2007; Zallen, 2007). Also like
PCP, VPC orientation does not appear to depend on gene transcription. While the PCP pathway
has not been clearly demonstrated in C. elegans, the resemblance of VVPC orientation to PCP
raised the possibility that PCP components might be involved. Thus, we tested for involvement
of Van Gogh/vang-1, a PCP pathway-specific four-pass transmembrane protein that is
conserved in C. elegans (Park et al., 2004). We first generated a vang-1-YFP reporter and
observed expression in the VPC progeny (Figure 3E). While vang-1(If) worms did not display
VPC polarity defects, we found that vang-1(If) significantly suppressed the P-Rvl phenotype
of Fz/lin-17(If) worms (Table 1). vang-1(If) also significantly suppressed the reversed
VNS::SYS-1 localization pattern of lin-17(If) worms such that fewer animals displayed the
reversed localization and an increased number had symmetric localization.

To test whether vang-1 acts downstream of egl-20 during the establishment of ground polarity,
we ectopically expressed EGL-20 in the anchor cell (AC) using Pfos-1a-EGL-20:GFP, which
reduces the P-Rvl phenotype of lin-17(If) worms. Upon removal of vang-1,
Pfos-1a-~EGL-20:GFP no longer reoriented P7.p towards the center (Table 1), indicating that
Van Gogh/vang-1 acts downstream of egl-20 during VVPC orientation (Figure 5A). vang-1(If)
suppression of lin-17(If) is much weaker (50% P-Rvl) than the suppression seen with egl-20
(If) (6% P-Rvl). Additionally, the lin-17(If); egl-20(If); vang-1(If) triple mutants (2% P-Rvl)
were not significantly different than the lin-17(If); egl-20(If) double mutants, demonstrating
that egl-20 acts partly via vang-1, and partly via another mechanism.

ROR/CAM-1 functions in ground polarity

Van Gogh is a transmembrane protein without an obvious Wnt-binding domain. We therefore
investigated how EGL-20 might activate VANG-1. Since none of the Fz and Ryk receptors
were apparently required for ground polarity, we tested the only other known Whnt receptor in
C. elegans, Ror/cam-1. ROR proteins are receptor tyrosine kinases (RTKSs) containing an
extracellular Wnt-binding Frizzled (Fz) domain (also called cysteine-rich-domain or CRD), an
immunoglobulin (Ig) domain, and a Kringle domain (Figure 6). We previously showed that
cam-1, the sole C. elegans Ror family member, is expressed in the VPCs and physically
interacts with EGL-20 in vitro (Greenetal., 2007). To investigate if cam-1 is involved in ground
polarity, we tested whether the cam-1(If) mutation, gm122, suppressed the lin-17(If) P-Rvl
phenotype. cam-1(If) suppressed lin-17(If) P-Rvl to 46%, similar to the suppression seen with
vang-1(If) (Table 1). cam-1(If) also suppressed the VNS::SYS-1 localization defects of lin-17
(If) worms in a way similar to vang-1(If): fewer animals displayed the reversed localization
and an increased number had symmetric localization (Figure 3A). To test whether cam-1
functions in the same pathway as egl-20 and vang-1, we constructed lin-17(If); cam-1(If or rf);
vang-1(If) triple mutants using either of two different cam-1 alleles. In both strains, the P-Rvl
phenotype was not different from the lin-17(If); cam-1(rf or If) double mutants indicating that
cam-1 and vang-1 function in the same pathway. To confirm that cam-1 acts in the egl-20/
vang-1 pathway, we introduced Pfos-1a-EGL-20:GFP into lin-17(If); cam-1(If) worms. Like
vang-1(If), removal of cam-1 prevented Pfos-1a-EGL-20:GFP from re-orienting P7.p.
Together, these results indicate that cam-1 functions in the same pathway as egl-20 and
vang-1 (Figure 5A) and raise the interesting possibility that CAM-1 and VANG-1 may function
as co-receptors for EGL-20.
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CAM-1 can act non-autonomously by sequestering Wnts (Green et al., 2007) and we showed
earlier that overexpression of CAM-1 can abolish ground polarity. To test whether the function
of CAM-1 in ground polarity (lin-17(If) suppression) is distinct from the Wnt-sequestration
function, we used the five available cam-1 mutant alleles to perform structure-function analysis
(Figure 6). All five cam-1 alleles examined suppressed the lin-17(If) P-RvI phenotype,
including a missense mutation in the Wnt binding domain (sa692) and a deletion of the
intracellular kinase domain (ks52) (Table 1). Therefore, membrane insertion of a functional
CRD, which is sufficient for sequestration (Supplemental Material) (Green et al., 2007), is not
sufficient for CAM-1 function in ground polarity, suggesting a requirement for the CAM-1
intracellular domain, and thus a cell-autonomous site-of-action. Also consistent with a cell-
autonomous role, expression of CAM-1 in muscles (myo-3 promoter) or neurons (snb-1
promoter) (Green et al., 2007) did not restore the P-Rvl phenotype.

Since vertebrate Ror proteins activate c-Jun N-terminal kinase (JNK) in response to Wnt5a
(Oishietal., 2003; Schambony and Wedlich, 2007), we tested whether jnk-1, the INK ortholog,
acts in the same pathway as cam-1 during VVPC orientation. jnk-1(If) did not suppress the lin-17
(If) P-Rvl phenotype (Table 1), indicating that jnk-1 is not required for cam-1 to establish
ground polarity.

Discussion

Our results describe the contributions of multiple Wnt pathways to the orientation of cell
polarity in the C. elegans vulval epithelium (Figure 5A). As no factor required for the posterior
orientation of P5.p or P7.p had previously been identified, this orientation was thought to be
signaling-independent or “default.” However, upon using a new approach to reduce Wnt levels
in a spatio-temporally controlled manner (over-expression of Ror/CAM-1, a Wnt-sink), the
VPCs displayed instead a randomized orientation, which is likely to be the true default (Figure
5B). The posterior orientation seen in the absence of Fz/lin-17 and Ryk/lin-18 depends on the
instructive activity of Wnt/EGL-20. We refer to this polarity as “ground” polarity (Figure 2E,
5C). In response to centrally located Wnt/MOM-2 (and possibly Wnt/LIN-44), the receptors
Fz/LIN-17 and Ryk/LIN-18 orient P5.p and P7.p towards the center. This re-orientation of
P7.p, “refined” polarity, provides the mirror-image symmetry required for a functional organ
(Figure 2F, 5D).

That P7.p is oriented toward the center in wild-type worms suggests that Wnts LIN-44 and
MOM-2 have a greater ability to affect P7.p orientation than does EGL-20. Although the
posterior-anterior EGL-20 gradient reaches the VPCs, EGL-20 levels may be much lower here
than the levels of Wnts secreted from the nearby AC (Coudreuse et al., 2006). Indeed, we found
that local expression of egl-20 in the AC can overcome the effects of distally expressed egl-20.
lin-44 is expressed in the tail (Herman et al., 1995) in addition to the AC, but has not been
shown to have long-range activity. It is thus possible that this posterior source of lin-44 does
not affect P7.p orientation, and that LIN-44, in addition to MOM-2, acts as a central cue.

LIN-17 and LIN-18 were previously reported to re-orient P7.p and to reverse the AP pattern
of nuclear TCF/POP-1 levels in P7.p daughters (Deshpande et al., 2005; Inoue et al., 2004).
We extended our knowledge of the signaling downstream of Fz/LIN-17 and Ryk/LIN-18 by
showing that these receptors control the asymmetric localization of two B-catenins, SYS-1 and
BAR-1, the first evidence that Ryk proteins regulate B-catenin. While asymmetric localization
of SYS-1 suggests involvement of the Wnt/B-catenin asymmetry pathway, disruption of
pathway components either did not cause a P-Rvl phenotype (lit-1(rf)), or caused only a weakly
penetrant P-Rvl phenotype (pop-1(RNAI), sys-1(rf), and wrm-1(rf)), making the function of the
Whnt/p-catenin asymmetry pathway in refined polarity unclear. We also showed that LIN-17
and LIN-18 activate transcription in the proximal VPC daughters. Yet, this transcription is not
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required for P7.p re-orientation, since transcriptional states observed by POPTOP, a reporter
of Wnt target genes, do not always correspond with the morphological phenotype. Therefore,
refined polarity may be largely independent of BAR-1 or the Wnt/B-catenin asymmetry
pathway and instead be analagous to the spindle re-orientation of the EMS cell during C.
elegans embryogenesis, in which Wnt signaling affects the cytoskeleton independent of Wnt’s
effect on gene expression (Schlesinger et al., 1999).

What then, is the purpose of the Wnt/B-catenin asymmetry pathway in the VPCs? The weakly
penetrant A-Rvl phenotype seen in wrm-1(rf) and lin-17(If); lit-1(If) worms, combined with
our observation that EGL-20 regulates SYS-1 asymmetry, suggests that the Wnt/B-catenin
asymmetry pathway functions in ground polarity. Therefore, both ground and refined polarity
may converge on regulation of these components, although they are not absolutely required
for refined polarity. Because the localization of Wnt/B-catenin asymmetry pathway
components in ground polarity matches the reiterative pattern seen in most other asymmetric
cell divisions in C. elegans (Huang et al., 2007), we hypothesize that localization of these
components is initially established as part of a global anterior-posterior polarity. It is likely
that LIN-17 and LIN-18 overcome ground polarity by inhibiting the Wnt/B-catenin asymmetry
pathway, a scenario consistent with the ability of lit-1(rf) to suppress lin-17(If) and lin-18(If)
mutations.

Remarkably, it is only by peeling back the layer of refined polarity that ground polarity can be
observed and manipulated. By doing so, we found that Wnt/EGL-20, expressed from a distant
posterior source, imparts uniform AP polarity to the field of VPCs via a new pathway involving
Van Gogh/vang-1, a core Planar Cell Polarity (PCP) pathway component. It is noteworthy that
Fz is also a core PCP pathway component, yet it does not seem to be involved in EGL-20 —
VANG-1 signaling. This is not incompatible with other descriptions of PCP. For example, in
the Drosophila wing, Van Gogh and Fz antagonize each other and cause wing hairs to orient
in opposite directions (reviewed by Seifert and Mlodzik, 2007). The molecular mechanism by
which VANG-1 functions in ground polarity is unknown; however, regulation of SYS-1 by
VANG-1 provides evidence that EGL-20-VANG-1 signaling is associated with the Wnt/B-
catenin asymmetry pathway.

A major difference between VPC orientation in C. elegans and PCP in Drosophila is that no
Whnt has been directly implicated in Drosophila PCP. Therefore, VPC orientation may be more
similar to some forms of PCP in vertebrates. For example, Wnts are believed to act as
permissive polarizing factors during vertebrate convergent extension (Seifert and Mlodzik,
2007). Also, VPC orientation is strikingly similar to hair cell orientation in the utricular
epithelia of the mammalian inner ear, wherein hair cells flanking the axis of symmetry are
oriented in opposite directions (Deans et al., 2007). In this system, both medial and lateral hair
cells possess a uniform underlying polarity as evidenced by asymmetric localization of Prickle,
a core PCP pathway component, to the medial side of cells in both populations. Van Gogh is
required for proper Prickle asymmetry, perhaps similarly to the role of vang-1 in ground
polarity of the VPCs. It is not understood how the position of the utricular axis of symmetry
is determined, but the similarities between these two systems suggest that it may represent a
local source of Whnt.

By moving the source of EGL-20 from the posterior to the anterior side of P7.p and thereby
reversing P7.p orientation, we showed that EGL-20 acts as a directional cue. While it is not
presently clear if the EGL-20-VANG-1 pathway is mechanistically similar to the PCP pathway
described in Drosophila and vertebrates, our result nonetheless provides a long-sought example
of a Wnt that acts instructively via a PCP pathway component. Detailed description of the
subcellular localization of Van Gogh/VVANG-1 and other PCP pathway components in the
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VPCs will be required to make meaningful comparisons between VVPC orientation and
established models of PCP.

In addition to vang-1, we also identified a role of Ror/cam-1 in ground polarity. Our results
provide the first evidence that Ror proteins interpret directional Wnt signals, as well as the first
evidence that they interact with Van Gogh. Although a Xenopus Ror homolog, Xror2, was
previously described to function in PCP during convergent extension (Hikasa et al., 2002), a
recent report indicates that the involvement of Xror2 in convergent extension (CE) is actually
viaa different pathway (Schambony and Wedlich, 2007). In response to Wnt5a, Xror2 activates
JNK by a mechanism requiring Xror2 kinase activity. In contrast to Wnt5a/Xror2 signaling,
Ror/CAM-1 function in ground polarity does not require JNK. Therefore, the ground polarity
pathway involving Wnt/EGL-20-Ror/CAM-1-Van Gogh/VANG-1 may be a new type of Wnt
signaling.

Using C. elegans vulva development as a model, we showed that multiple coexisting Wnt
pathways with distinct ligand specificities and signaling mechanisms act in concert to regulate
the polarity of individual cells during their assembly into complex structures.

Experimental Procedures

Genetics

Transgenics

C. elegans was handled as described (Brenner, 1974). Strains used were derivatives of C.
elegans N2 Bristol strain, which was the wild type in this study. Mutations used: LGI: lin-17
(n671), pop-1(q645), lin-44(n1792), sys-1(gq544). LGII: cam-1(gm122, gm105, sa692, ks52,
ak37), cwn-1(0k546). LGIII: wrm-1(ne1982), lit-1(or131ts). LGIV: jnk-1(gk7), egl-20(n585,
hu120), cwn-2(0k895). LGV: mom-2(or42). LGX: vang-1(ok1142), lin-18(e620), bar-1
(ga80). The wrm-1(nel1982); bar-1(ga80) double mutants were a kind gift from Craig Mello.
P-Rvl and A-Rvl phenotypes were scored at the mid-L4 stage. Animals were classified as P-
Rvl or A-Rvl if the primary and secondary VVPCs were induced but separated by adherent cells.
We consider the previously used description “Bivulva” misleading as it implies the presence
of extra vulval tissue and thus decided to call the phenotype Rvl for “reversed vulval lineage.”

(see Supplemental Material)

Heat-shock Ror/CAM-1

Worms carrying the syEx710[Pheat-shock:=CAM-1] transgene were kept for 45 min at 33°C.
Total lysates from heat-shocked, wild-type, and cam-1(If) worms were separated by SDS-
PAGE and probed with an anti-CAM-1 rabbit polyclonal antibody (B9851) that we raised
(using BioSource International) against the C-terminus (aa 858-928) of CAM-1 (C01G6.8a).

POPTOP (POP-1 and TCF Optimal Promoter)

Seven copies of the TCF binding site, AGATCAAAGG, were transferred from
Super8XTOPflash (plasmid M50) (Veeman et al., 2003) into Fire lab vector L3135
(http://www.addgene.org) to place them upstream of the pes-10 minimal promoter. The product
was cloned into mCherry plasmid (PJIM20) with let-858 3° UTR (kind gift from Jon Audhya)
using sites Spel and Avrll. The POPTOP plasmid was sequenced to confirm the integrity of
the insert. POPFOP (POP-1 Far from Optimal Promoter) was made by a similar strategy using
mutated TCF binding sites from plasmid Super8xFOPflash (plasmid M51). For details on
POPTOP construction, characterization and validation, see Supplemental Materials.
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Figure 1. C. elegans vulva development

A) Schematic of vulval induction; anterior—Ieft, dorsal—up. B) Lineage trees of the VPC
progeny, P5.p—left, P6.p—center, P7.p—right. C) Schematic arrangement (top) of the 1° and
2° vulval lineages along a proximal-distal axis. The cells located anterior or posterior to the
axis of symmetry (dashed line) display opposite orientations. The jagged lines represent
adherence to the cuticle. At the bottom is a Nomarski image of a wild-type vulva at the L4
stage.
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Figure 2. Vulval lineage orientations and layered polarity model

Schematic arrangements of vulval lineages (top) and an example Nomarski image (bottom)
for the four possible orientation combinations of P5.p and P7.p. Anterior-left. A) Wild-type,
P5.p faces posteriorly and P7.p faces anteriorly. B) P-Rvl, both P5.p and P7.p face posteriorly.
C) A-Rvl, both P5.p and P7.p face anteriorly. D) AP-Rvl, P5.p faces anteriorly and P7.p faces
posteriorly. E) EGL-20, expressed from the posterior, promotes both P5.p and P7.p to face
posteriorly. F) MOM-2, expressed in the centrally located anchor cell, orients both P5.p and
P7.p toward the center. MOM-2 reverses P7.p polarity so that it faces anteriorly and reinforces

the posterior-facing orientation of P5.p.
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A. VNS::SYS-1 pattern in P7.p daughters - m -

Number of worms
+ 20 0 0 0
lin-17(n671) 3 8 9 0
lin-18(e620) 9 3 7 1
lin-17(n671); lin-18(e620) 6 0 15 0
egl-20(hul20) 22 0 0 0
lin-17(n671); egl-20(hul20) 21 1 0 0
lin-17(n671); egl-20(hul20); lin-18(e620) 3 15 2 0
vang -1(okl1142) 19 0 1 1
lin-17(n671); vang -1(okl142) 6 12 2 0
cam-1(gml122) 20 0 0 0
lin-17(n671); cam-1(gml22) 8 8 4 0

B.VNS::SYS-1 localization during P7.p division

C. BAR-1::GFP pattern in P7.p daughters

Number of worms

a5 17 0 0 3
lin-17(n671) 0 2 1 18
lin-18(e620) 2 1 1 16

D. Pbar-1::4XNLS::GFP

E. Pvang-1:YFP

Figure 3. SYS-1, BAR-1, and VANG-1 expression in VPC progeny

A) Subcellular localization of qls95, a VNS::SY S-1 translational fusion. qls95 is expressed at
very low levels. To characterize the localization, we captured a still fluorescence image using
a long exposure time (8 sec.) and then applied the “Auto Contrast” function of Adobe
Photoshop CS2. The resulting localization pattern was readily classifiable by eye into one of
the three categories: SYS-1 was enriched in the anterior P7.p daughter nucleus (P7.pa > P7.pp),
SYS-1 was present at similar levels in both P7.p daughter nuclei (P7.pa = P7.pp), or SYS-1
was enriched in the posterior P7.p daughter nucleus (P7.pa < P7.pp). A representative image
is shown above each category and the number of worms in each category is listed. The

Cell. Author manuscript; available in PMC 2009 February 22.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Green et al.

Page 17

VNS:SYS-1 localization pattern in P5.p daughters was unaffected in all of the genotypes
examined, with the exception of symmetric distribution in a single lin-17(If); egl-20(If) double
mutant worm and in two lin-17(If); egl-20(If); lin-18(If) triple mutants. B) Nomarski (above)
and fluorescence images (below) show VNS::SY'S-1 localization during cell division. For wild
type and lin-17(If) mutants, the images on the right were taken 5 minutes after the images on
the left. The two spots seen in the fluorescent images on the left are putative centrosomes.
Arrowheads point to anterior daughter nuclei and arrows point to posterior daughter nuclei. C)
BAR-1:GFP translation fusion; display is the same as in (A). D) A bar-1:GFP reporter that
contains 5.1 kb of the bar-1 5’ regulatory region driving expression of nucleolus/nuclear
localized GFP. This promoter region is the same as in panel C (Eisenmann et al., 1998). E)
vang-1-YFP reporter is expressed in the VPC progeny (arrowheads). The bright
vang-1-YFP expressing cell (arrow) is a ventral cord neuron.
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P5|.pa P5.I [+] ) P7.pa P7.pp

WT

P5.ppa

P7.ppa P7.ppp

P7.pap

P5.paa P5.pap P5.ppp P7.paa

WT

pop-1(q645)

pry-1(mu38)

lin-17(n671)

lin-18(e620)

5um

Figure 4. POPTOP expression in VPC granddaughters

Overlay of Nomarski and fluorescence (red) images showing POPTOP expression in the VPC
progeny. Representative images are shown. Fluorescent images of the VPC granddaughters
were each exposed for 1 second, except for pry-1(mu38), which was exposed for 0.5 seconds.
The fluorescence remaining in lin-17(If) and lin-18(If) mutants is in ventral cord neurons, where
POPTORP is also expressed.
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A. Mechanism of P7.p orientation
P7.p Ground Polarity -
e

B. Default polarity

%

Whtlegl-20

Wnt/mom-2 R

Watdinedd Whtlegl-20

Figure 5. Model of VPC orientation

A) lllustration of the genetic interactions contributing to the orientation of P7.p and the nuclear
localization of POP-1, WRM-1, LIT-1, SYS-1, and BAR-1 in ground and refined polarity. We
have examined WRM-1 and LIT-1 localization in refined polarity, but WRM-1 and LIT-1
localization in ground polarity is inferred from POP-1 localization, which was previously
described (Deshpande et al., 2005). Localization of SYS-1 and BAR-1 in ground and refined
polarity was described here. B—D) Schematics of default, ground, and refined polarity. B) In
the absence of Whnits, the orientation of P5.p and P7.p (white circles) is random (represented
by a question mark). C) egl-20/Wnt is expressed in the tail (green circles) and establishes ground
polarity in which both P5.p and P7.p (blue circles) face posteriorly (arrows). D) Wnts
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mom-2 and lin-44 are expressed in the AC (big green circle) and instruct P5.p and P7.p (red
circles) to face the center (arrows).
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TM S/T

sa692 C~Y Igm1 05 *
gm122 * ks52 Tc1 excision

ak37 Tc1 excision

Figure 6. ROR/CAM-1 structure and molecular lesions of mutations

CAM-1 protein structure depicting Ig (Immunoglobulin) domain, CRD (cysteine-rich domain),
Kr (kringle domain), TM (transmembrane) domain, kinase domain, and S/T (serine/threonine-
rich) domain. Amino terminus is to the left. The molecular nature of cam-1 mutant alleles is
given below.
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