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Abstract

During the development of the nervous system, neurons encounter signals that inform their

outgrowth and polarization. Understanding how these signals combinatorially function to pattern

the nervous system is of considerable interest to developmental neurobiologists. The Wnt ligands

and their receptors have been well characterized in polarizing cells during asymmetric cell

division. The planar cell polarity (PCP) pathway is also critical for cell polarization in the plane of

an epithelium. The core set of PCP genes include members of the conserved Wnt signaling

pathway, such as Frizzled and Disheveled, but also the cadherin-domain protein Flamingo. In

Drosophila, the Fat and Dachsous cadherins also function in PCP, but in parallel to the core PCP

components. C. elegans also have two Fat-like and one Dachsous-like cadherins, at least one of

which, cdh-4, contributes to neural development. In C. elegans Wnt ligands and the conserved

PCP genes have been shown to regulate a number of different events, including embryonic cell

polarity, vulval morphogenesis and cell migration. As is also observed in vertebrates, the Wnt and

PCP genes appear to function to primarily provide information about the anterior to posterior axis

of development. Here we review the recent work describing how mutations in the Wnt and core

PCP genes affect axon guidance and synaptogenesis in C. elegans.
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Introduction

Neural networks are dependent on connections made between neurons and their targets.

Neurons use hierarchical sets of cues to interpret the body axes in order to migrate to their

final position and subsequently extend axons and/or dendrites to target fields. Secreted

factors like the Wnt family of glycoproteins have been shown in multiple contexts to

provide polarizing signals to guide asymmetric cell division, directional cell migration, axon

outgrowth and synaptogenesis (Cadigan and Nusse, 1997; Eisenmann, 2005; Park and Shen,

2012). Wnts are secreted from discrete sets of cells during development, and can diffuse

away from the source in a graded fashion. Thus, positional information can be sensed by
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cells as they interact with the Wnt gradient. Wnts have been shown to function as both

attractants and repellents, indicating cells can respond differentially to Wnts (Lyuksyutova

et al., 2003; Liu et al., 2005; Li et al., 2009; Vivancos et al., 2009; Morton et al., 2012).

Cells sense and transduce Wnt signals via three overlapping sets of pathways including

canonical Wnt signaling, non-canonical and the Wnt-Ca2+ pathways (Eisenmann, 2005; De,

2011; Sakaki et al., 2012). The canonical Wnt signaling pathway uses the Frizzled family of

seven transmembrane receptors to activate Disheveled, a cytoplasmic adaptor protein, to

ultimately regulate the stability of β-catenin, which can translocate to the nucleus and

regulate target gene expression. The non-canonical pathway is typically β-catenin

independent, whereas the Wnt-Ca2+ pathway uses calcium-dependent secondary

messengers, e.g. calmodulin kinase II (CaMKII).

Frizzled and Disheveled are also core components of the Planar Cell Polarity (PCP) pathway

(Usui et al., 1999; Shimada et al., 2001). PCP was originally described in insects because

mutations in these genes caused disorganization of epithelial cells and their appendages (for

an excellent introduction to PCP see (Vladar et al., 2009)). Most of our understanding of

PCP has emerged from work in the wing epithelium as cells are polarized along the

proximal-distal axis and in the retina as the ommatidia are polarized in the dorsal-ventral

axis. PCP-like events have since been described in other tissues and systems, including

vertebrates (Liebersbach and Sanderson, 1994; Kreidberg, 2002; Wang et al., 2004;

Kuriyama and Mayor, 2009; Noguer et al., 2009; Simon et al., 2010; Sugiyama et al., 2011).

Two interacting sets of PCP protein have been described (see Table 1). The first involves

Flamingo (Fmi), Frizzled (Fz), Disheveled (Dsh), Van Gogh (Vang), Prickle (Pk) and Diego

(Dgo) (Kreidberg, 2002). These proteins form two discrete complexes, one containing

Fmi/Fz/Dsh/Dgo and the other containing Fmi/Vang/Pk. Ultimately the complexes become

asymmetrically localized, with the Fz group on the distal side of cells and the Vang complex

on the proximal side, via a process that is not completely understood. However, the

asymmetrical localization of these complexes can be transmitted to adjacent cells, leading to

a field of polarized cells.

A second set of PCP genes that function in an intersecting pathway include another set of

cadherin-domain containing proteins, Fat and Dachsous, and Four-jointed a type II

membrane protein resident in the Golgi that can phosphorylate Fat and Dachsous (Matakatsu

and Blair, 2004; Simon, 2004). There is evidence that the Fat/Ds/Fj group is asymmetrically

localized within cells (Brittle et al., 2012), and there is also evidence for Fat signaling

through tissues in a graded fashion (Matakatsu and Blair, 2004; Ambegaonkar et al., 2012).

The exact pathways by which Fat/Ds/Fj signal to cells remains a work in progress, although

it uses the Dachs myosin protein, and interacts with the Hippo signaling pathway (Matakatsu

and Blair, 2008; Kuriyama and Mayor, 2009).

It is only recently that Wnt ligands, Wg and dWnt4, have been linked to PCP in Drosophila

(Wu et al., 2013), while Wnts have been found in PCP-like events in vertebrates (Witzel et

al., 2006; Vivancos et al., 2009; Blakely et al., 2011). Many of the genes and proteins

identified to function in PCP and Wnt signaling have since been shown to contribute to
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neuronal development in both vertebrates and invertebrates (Lindwall et al., 2007; Salinas

and Zou, 2008; Yang and Luo, 2011; Park and Shen, 2012; Salinas, 2012; Zou, 2012).

Understanding the exact contribution of these molecules and their interactions has been

facilitated by the use of model systems that permit a molecular genetic analysis.

Wnt signaling has been well characterized in C. elegans. The first Wnt ligand functionally

characterized in C. elegans was lin-44, when it was demonstrated that it affected the

specification of a set of asymmetric daughter cells (Herman et al., 1995). Since then Wnt

signaling has been shown to regulate different asymmetric cell division events during both

embryonic and larval development (Whangbo et al., 2000; Park et al., 2004; Chang et al.,

2005; Wu and Herman, 2006; Sawa, 2012), vulval morphogenesis (Eisenmann et al., 1998;

Sternberg, 2005; Seetharaman et al., 2010), intestinal development (Fukushige et al., 2005)

and neuroblast migration (Herman et al., 1999; Herman, 2001; Ch'ng et al., 2003; Forrester

et al., 2004; Cabello et al., 2010; Harterink et al., 2011). In C. elegans the five Wnt ligands

are expressed in overlapping domains along the anterior-posterior axis during the time when

axon outgrowth is occurring (Harterink et al., 2011).

Wnts/PCP contribute to neural patterning in C. elegans

The C. elegans nervous system provides an excellent platform to study the molecular

mechanisms of neural development. In wild-type hermaphrodites there are 302 neurons, and

the complete cell lineage for each is known. Cell-type specific markers provide a simple

method to visualize neurons during development. Finally, neurons are in highly reproducible

positions in the animal and the pattern of axon outgrowth and synapse formation is

stereotyped. Thus, even subtle changes to the organization of the nervous system can be

detected. Recent work using in situ hybridization has provide a highly detailed spatial map

of Wnt ligand expression during embryogenesis and the first larval stage (L1) (Harterink et

al., 2011) (Fig. 1A, B). It is in these stages that most of the axon patterning is occurring.

Mutations in Wnt and/or PCP core genes cause defects in the formation of the C. elegans

nervous system, affecting cell migration, axon guidance and synaptogenesis. Unless

otherwise indicated the defects discussed were identified in backgrounds using cell-specific

promoters driving fluorescent proteins, suggesting that cell identity/specification of these

neurons is grossly normal in the mutant animals being examined.

Multiple Wnts and Frizzled regulate polarized growth in mechanosensory axons

The first observation that Wnt signaling affects axon patterning was that loss of function

(LOF) mutations in several Wnt ligands affect the patterning of the six mechanosensory

neurons (Fig. 1) (Hilliard and Bargmann, 2006; Pan et al., 2006; Prasad and Clark, 2006).

PLM neurons, normally extend a long axon anteriorly and short posterior dendrite. In lin-44

mutants ~80% of PLM neurons have long posteriorly-directed processes. In approximately

half of the affected PLM neurons, two roughly symmetrically sized anterior and posterior

processes were present, while in the other half the cell appeared completely reversed with a

long posterior process and a short anterior one (Fig 1D). In addition, a presynaptic marker,

SNB-1∷GFP, which is normally found in the ventral branch of the anterior axonal

compartment, was mislocalized to the posterior process in lin-44 mutants, consistent with a

complete reversal of cell polarity (Hilliard and Bargmann, 2006).
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Since lin-44 is normally expressed in the posterior of the animal, LIN-44 could simply be a

repellant for the PLM processes. However, the polarity phenotype is rescued when LIN-44

is expressed in regions posterior or anterior to the PLM, even if expressed throughout the

animal using a heat-shock promoter. This suggested that LIN-44 was unlikely to be simply

providing spatial information to guide the PLM axon anteriorly. Rather LIN-44 seems to be

permissive for PLM anterior outgrowth and for preventing presynaptic components to

accumulate in the posterior compartment.

To understand how PLM axons receive Wnt signals mutations in the different Frizzled

receptors and the Ryk kinase (lin-18) were analyzed. Only one Frizzled gene, lin-17,

affected PLM in a fashion similar to lin-44. In lin-17 mutants the PLM cells extended long

posterior processes and contained presynaptic components. Unlike the LIN-44 ligand, the

localization of LIN-17 is required asymmetrically. A cell autonomously rescuing

LIN-17∷mRFP chimera was enriched in the posterior process. However, in lin-44 mutant

LIN-17 is no longer asymmetrically localized, suggesting LIN-44 polarizes LIN-17

accumulation in the cell. When LIN-17 was overexpressed, such that it was symmetrically

localized throughout the cell, defects in PLM polarization were observed, including

elongated processes in both directions and ectopic neurites projecting from the cell body or

other processes. This data suggests that in normal conditions LIN-17 functions to inhibit

neurite outgrowth, but that at high concentrations LIN-17 can promote axon outgrowth.

Subsequent analysis demonstrated that two additional Wnt ligands, egl-20 and cwn-1,

function in a partially redundant fashion with lin-44, to influence PLM development. Double

or triple mutants of lin-44 with egl-20 and cwn-1 strongly enhance the PLM polarity defects.

Since egl-20 and cwn-1 are expressed in regions anterior to the PLM, this also argues

against a simple model whereby Wnts are directly binding LIN-17 to signal positional

information. One possibility is that LIN-44 function is required early to polarize LIN-17 to

the posterior of the PLM cell body and that this permits EGL-20 and CWN-1 to impart

spatial information to drive axon growth anteriorly, perhaps in a LIN-17-dependent fashion,

although this remains to be determined.

The other mechanosensory neurons (ALMs, AVM and PVM) also depend on overlapping

sets of Wnt ligands and Frizzled receptors for axon patterning (Fig. 1E, F). The ALM

neurons are located in the anterior of the animal, and have a long anterior process and a

short posterior one. Unlike the PLMs, the ALMs undergo long-range migrations during

embryogenesis to a position just anterior to the midbody. Animals where egl-20, cwn-1 or

cwn-2 are functionally impaired in any combination, but not alone, leads to ALM neurons

with apparent migration defects, but also polarity defects in correctly positioned cells (Pan et

al., 2006; Prasad and Clark, 2006).

Mutations in lin-17 do not grossly affect ALM polarity, nor do two of the other Frizzleds,

mig-1 or cfz-2. It is possible that these Frizzleds function redundantly, thus requiring a

combination of mutations to observe an effect. Alternatively, another Frizzled, mom-5, could

contribute to ALM outgrowth. However, assessing the contribution of MOM-5 to embryonic

neural development is complicated because embryos lacking mom-5 die early in

development (Park et al., 2004). Thus, it is not entirely clear how egl-20, cwn-1 and cwn-2
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affect ALM neurons, however, there is evidence that the Ror kinase, cam-1, and an Ig-

superfamily member protein, rig-3, regulate Wnt signaling to ALM neurons (Babu et al.,

2011).

The AVM and PVM neurons, which form during the first larval stage (L1) also exhibit axon

guidance errors in Wnt mutant backgrounds (Pan et al., 2006). Both AVM and PVM are

positioned in the midbody and have axons that first project toward the ventral midline, and

then turn and grow anteriorly. LOF in Wnt ligands did not appear to grossly affect ventral

outgrowth, but in the cwn-1;egl-20 double mutants both AVM and PVM demonstrated

posteriorly directed axons at the ventral midline (Fig. 1F). These defects are also found in

double mutant animals lacking both mig-1 and mom-5, suggesting these two Frizzled-like

receptors function redundantly in AVM and PVM guidance. Because the AVM and PVM

neurons form during the L1 stage, it was possible to examine the contribution of mom-5,

where the embryonic development was maternally rescued. Double mutants of mig-1;lin-18

also caused defects in the PVM, but not the AVM neuron (Pan et al., 2006).

In contrast to LIN-44, the spatial presentation of EGL-20 is critical for ALM, AVM and

PVM outgrowth. When egl-20 is expressed broadly from a heat shock promoter, the LOF

phenotypes cannot be rescued, but ectopic cell migration and axon outgrowth defects are

observed. Using a combination of cell-specific promoters to vary the location of egl-20

production strongly indicate that axons are repelled by EGL-20 (Hilliard and Bargmann,

2006; Pan et al., 2006). The effects of the ectopic egl-20 expression are dependent on mig-1

and mom-5 consistent with these acting as EGL-20 receptors. It is also supportive of a model

whereby early LIN-44 signaling polarizes LIN-17 so that EGL-20 can repel axons from the

posterior. It remains to be identified how the more anterior cells (ALMs, AVM, and PVM)

that are not exposed to a LIN-44 gradient become polarized to appropriately respond to the

other Wnt ligands.

lin-44 and egl-20 regulate axon termination in the posterior of the animal via canonical Wnt
signaling

LIN-44 normally functions to prevent the PLM axons from growing into the posterior of the

animal. However, neurons other than the mechanosensory neurons are also sensitive to

perturbations in Wnt signaling. The DD and VD GABAergic motoneurons provide

inhibitory input into the body wall muscles (Fig. 2A). The embryonically derived DD

neurons innervate dorsal muscles, while the larval-born VD neurons innervate the ventral

musculature (Jorgensen, 2005). Although the neurons are born at separate times and derived

from different lineages they share an H-shaped morphology (Fig 2C). The cell bodies are

positioned along the ventral midline and the neurons extend a single process anteriorly

which bifurcates to form a dorsally-directed commissural process, which bifurcates a second

time at the dorsal nerve cord and forms both an anterior and posterior branch. Ultimately,

the individual D-type neurons of each class become tiled such that the process from each

terminate at the next cell of the same class (i.e. the VD5 neuron axons terminate anteriorly at

VD4 and posteriorly at VD6).

The most posterior of these cells, the DD6 and VD13 neurons have dorsal posterior branches

that terminate at discrete points along the dorsal nerve cord (Fig. 2B). Work from Kang
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Shen’s lab has found that in lin-44 mutants the DD6 and/or VD13 axons terminate at a more

posterior point, demonstrating an overgrowth phenotype, suggesting LIN-44 is acting as a

repellent (Maro et al., 2009) (Fig. 2D). Mutations in egl-20 exacerbated the phenotype

causing a more significant overgrowth. Interestingly, null mutations in three different

receptors, lin-17, lin-18 or cam-1, result in an overgrowth of these processes well, with

lin-17 having the biggest effect. This suggests that LIN-44 may be functioning through

multiple receptors to regulate axon outgrowth in the DD and VD neurons.

Ectopic expression of LIN-44 from the egl-20 promoter, or a promoter active specifically in

the dorsal muscles causes an under extension of DD processes in the L1 stage, suggesting

LIN-44 can act locally to inhibit axon growth. Similarly, over expression of LIN-44 from

the endogenous promoter is sufficient to induce undergrowth in DD6, and this effect

depends on lin-17, suggesting it is the Frizzled mediating this activity of LIN-44.

Analysis of potential downstream signaling components suggests that signaling functions

through the Disheveled homolog, mig-5. In animals lacking mig-5 the axons actually

displayed an undergrowth phenotype, suggesting that LIN-44 signaling through LIN-17

normally antagonizes MIG-5 activity. It may be slightly more complicated than that,

however, as lin-17 null mutants were also observed to occasionally exhibit an undergrowth

phenotype as well (Fig 2E).

Genetic epistasis suggests that MIG-5 is inhibiting gsk-3/GSK3β and pry-1/Axin to regulate

BAR-1 activity. bar-1 LOF results in undergrowth of the DD6 process, while increasing

BAR-1 levels using mutations in lin-23 caused process overgrowth. LIN-23 is a SCFβTrCP-

like E3 ubiquitin ligase that targets BAR-1 for degradation (Moghal and Sternberg, 2003).

Cell-specific expression of lin-17, bar-1 and lin-23 all were consistent with a cell-

autonomous function, suggesting LIN-44 and EGL-20 are acting instructively on these cells

to regulate axon growth.

In vertebrates β-catenin has a dual role in cell adhesion and transcription. In C. elegans these

roles appear to have been largely distributed between the different β-catenin orthologs, with

bar-1 primarily affecting transcription and hmp-2 mediating cell adhesion, although some

evidence exists for compensation between these two genes, suggesting each retains the

ability to contribute to both functions. Mutations in pop-1, a TCF-like transcription factor

cause a bar-1-like undergrowth phenotype, suggesting that BAR-1 is functioning as a

transcriptional activator to regulate posterior axon growth, and not a cell adhesion protein.

FMI-1/Flamingo and Wnts function redundantly to direct initial anterior outgrowth of VD
neurons

In our lab we have found that the single fmi-1/Flamingo ortholog also regulates

anteroposterior axon growth in the VD neurons (Huarcaya Najarro and Ackley, 2013).

Animals with mutations in fmi-1 have defects in the direction and extent of outgrowth of the

VD neurites, not in the dorsal cord, but rather as they emanate from the cell body (Fig 2G), a

defect we have termed posterior neurite (PN). Mutations in the Wnt signaling pathway,

including lin-44, egl-20, lin-17, dsh-1, mig-5 or bar-1 all enhance the penetrance of defects

in fmi-1 mutants, suggesting that these work in two parallel signaling pathways. In those
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experiments we observe dorsal cord under extension in dsh-1 mutants, although it is not

clear if this is contributing to the canonical signaling pathway.

We do not observe PNs forming in DD neurons when using a DD-specific marker

(Pflp-13∷gfp). In contrast, with a VD-selective marker (Punc-55∷gfp) we could

demonstrate that the PN phenotype was prevalent in the VD neurons, and were distributed

throughout the animal, i.e., not just in the posterior. This suggests that either the DD neurons

are less sensitive to mutations in fmi-1 or that other proteins promote the anterior outgrowth

of these neurons during embryogenesis.

We watched as the VD neurons began forming process at the end of the L1 stage. We

observed that after the division of the precursor neuroblast the cell extended a lamellipodia-

like process away from the midline toward the major axon bundle. This process began to

extend anterior and posterior processes along the nerve bundle. In wild-type animals the

posterior process was shorter than the anterior process, or not present. In contrast, at this

stage of development we found that fmi-1 mutants had equivalent sized neurites or longer

posterior ones. This indicates that FMI-1 functions in the earliest stages of neurite

outgrowth.

Interestingly, mutations in lin-17 and lin-44 cause a dramatic increase in the penetrance of

the PN phenotype in the fmi-1 mutant background, but only in the posterior most part of the

animal, consistent with a local effect of LIN-44, and with LIN-44 signaling primarily

through LIN-17. In contrast, removing dsh-1 from the fmi-1 mutant animals resulted in an

enhancement of the PN phenotype throughout the animal. This suggests other Wnt ligands

are likely to be involved in locally promoting anterior outgrowth of the VD motoneurons. In

contrast, no PN phenotype is present in vang-1 or prkl-1 mutants, nor do those mutants

enhance the penetrance of the PN phenotype in fmi-1, indicating that the PN phenotype

arises from only a subset of the core PCP genes.

In addition to the posterior neurite phenotype we find that in fmi-1 mutants the VD neurites

often fail to fully extend to their expected axon termination point (the next VD cell body

anterior) in the ventral cord. This phenotype was observed in the DD neurons, indicating

that these neurons can be impacted by the loss of fmi-1. As with the PN phenotype we also

observe a significant enhancement of the under extended axon phenotype in fmi-1;dsh-1

double mutants. Because dsh-1 mutations result in incomplete extension of DD and VD

neurons in both anterior and posterior directions in, it is likely that DSH-1 has a critical role

in axon outgrowth, independent of directionality. Consistent with this, when DSH-1 is

overexpressed, using the endogenous promoter, we find that the dorsal branch of the

GABAergic neurons is overextended, similar to what is observed in lin-17 mutants.

The FMI-1 protein does not appear to be expressed in the VD cells, and cell rescue

experiments suggest that FMI-1 is functioning cell non-autonomously to instruct VD

outgrowth. The temporal and spatial requirement for FMI-1 in regulating VD outgrowth

appears to be quite strict. Although the phenotype can be completely rescued using the

endogenous promoter, no promoters that are active in a subset of fmi-1 expressing cells can

even partially rescue the phenotype. That is true even for promoters that can rescue other

Ackley Page 7

Dev Neurobiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



phenotypes associated with the fmi-1 mutants (Steimel et al., 2010; Najarro et al., 2012;

Huarcaya Najarro and Ackley, 2013).

FMI-1 has also been shown to regulate the guidance of two pairs of neurons, the PVP left

and right (L/R) and PVQ (L/R) interneurons, are located in the tail and extend axons all the

way to the nerve ring (Steimel et al., 2010). The PVP neurons are positioned just adjacent to

the major (right) and minor (left) axon bundles of the ventral nerve cord. The axons of the

PVP neurons cross over just after exiting the cell bodies, and project along the contralateral

side of the animal. The PVPR axon actually pioneers the left axon tract during

embryogenesis. The PVQ neurons are more posteriorly located and they extend axons

posteriorly, which immediately turn ventrally and then back toward the midline, but then

join the ipsilateral bundle. In wild-type animals once the axons are within the nerve fascicle

they do not cross back over the midline. However, in fmi-1 mutants both PVP and PVQ

axons are observed to cross over multiple times along their trek to the nerve ring. In

addition, as was seen in the DD and VD motoneurons, the PVQ neurons often stopped short

along their migration route. Misguided axons and short stop phenotypes were also observed

in hermaphrodite specific neurons (HSNs) and the cholinergic motoneurons (DA, DB).

The requirement for FMI-1 appears to be cell autonomous in the PVP neurons, and at least

partially autonomous in the PVQ neurons. The navigation errors of the PVQ follower

neurons is partially rescued when FMI-1 is replaced specifically in the PVP neurons, but the

short stop phenotype is not. Structure function analysis of the FMI-1 protein indicates that

the intracellular domain of FMI-1 is necessary in the PVP pioneer neurons, but dispensable

in the PVQ followers. Curiously, removal of parts of the extracellular domain, either the

cadherin repeats, or the EGF domains, did not affect the rescue of the PVP navigation

phenotypes. Overall the structure function analysis concluded that FMI-1 is unlikely to act

in a homophilic binding manner to regulate pioneer-follower guidance.

Finally, to understand how FMI-1 might be functioning in PVP and PVQ guidance, Steimel

et al., tested for interactions with other components of the Wnt and PCP pathways. No

fmi-1-like defects were observed in cfz-2, mig-1, vang-1, prkl-1 or cdh-1 mutant animals.

However, lin-17 mutants have PVP pioneer neuron guidance errors, but the effects were

enhanced when both lin-17 and fmi-1 were mutated, suggesting these molecules function in

parallel pathways. The story was slightly different in PVQ neurons, where only mild defects

were caused by lin-17 in PVQL navigation. In PVQL, the double mutants of lin-17;fmi-1

were equivalent to fmi-1 single mutants, indicating a common genetic pathway. Overall

these results indicate that are both PCP-like and novel interactions between Flamingo and

Frizzleds in the development of the C. elegans nervous system.

Vang and Prickle negatively regulate neurite formation

Despite the contribution of FMI-1 and multiple Frizzleds to the outgrowth of different

neuron types, no role could be identified for vang-1 or prkl-1 in those contexts. It was

unclear whether these core PCP components retained the ability to regulate neuronal

development in C. elegans. However using the VC4 and 5 motoneurons Sanchez-Alvarez, et

al., have found that VANG-1 and PRKL-1 function with DSH-1 to inhibit neurite formation.

The VC neurons innervate the vulval muscles to control egg laying. Unlike VC1-3 and VC6,
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which extend processes along the A/P axis, VC4 and VC5 project orthogonal left-right

processes in a mirror image of one another and encircle the vulva (Fig. 3).

In the dsh-1, vang-1 or prkl-1 mutant backgrounds the VC4 and VC5 neurons send out an

extra process along the ventral midline in either an anterior (VC4) or posterior (VC5)

direction, resulting in a tripolar appearance (Fig.3). In a smaller percentage of the animals,

the left and right neurites were absent, but the cells formed both an anterior and posterior

process, presenting a bipolar appearance oriented along the incorrect axis. The prkl-1;vang-1

double mutants were similar to either single mutant, suggesting these molecules function in

the same pathway. Removing either vang-1 or prkl-1 from the dsh-1 mutants resulted in

fewer tripolar neurons but more bipolar neurons with an incorrect orientation.

The test when VANG-1 and PRKL-is required the experimenters analyzed the phenotypes at

different stages of development. The percentage of animals with polarity defects increased

during the L4 stage, going from ~30% in early L4, when axon outgrowth begins, to 70–90%

of animals in adults. Thus, rather than specifying the orientation of outgrowth, VANG-1 and

PRKL-1 are required for maintenance of the acquired polarity.

Rescue experiments suggest a complex pattern of function for these genes however. To

identify the tissues in which these genes were functioning they used promoters active in the

VC4 and VC5 neurons (Pcat-1), a broader subset of neurons, including all the VC neurons

(Punc-4) or the hypodermis (Pajm-1 or Pcol-10). The phenotype could be partially rescued

from multiple promoters, with different efficiencies for each gene. For example, prkl-1 was

most efficiently rescued by expression throughout the VCs, or in just VC4 and 5, but not

when it was expressed in the hypodermis. Conversely, vang-1 was only partially rescued

when expressed throughout the VCs or in the hypodermis, but was not rescued when

expressed just in VC4 and 5. The dsh-1 rescue was most efficient when expressed

hypodermally, but expression in the VC neurons or VC4 and 5 could partially repair the

lesion. These results suggest overall both autonomous and non-autonomous functions for

these proteins. More interestingly, it may suggest that one, VANG-1, is required earlier than

PRKL-1 and DSH-1, despite the observation that the proteins are required later in

development. Finally, in lines where these proteins were over-expressed the VC neurons

often had only one observable process. Combining the LOF and over-expression analysis

indicates that the VANG-1, PRKL-1 and DSH-1, in the VC neurons, inhibit neurite

formation. This is different from what we and others have observed for DSH-1 in the

adjacent VD neurons, possibly because of the interaction with VANG-1 and PRKL-1 in the

VCs.

Consistent with our results suggesting that fmi-1 is required for efficient neurite outgrowth,

when double mutants of vang-1 or prkl-1 were made with fmi-1 a partial suppression

occurred such that fewer supernumerary processes were observed in the VC4 and VC5

neurons. This suggests that FMI-1 may function downstream of VANG-1 and PRKL-1,

providing evidence that perhaps the core PCP pathway may be functioning together in axon

development in C. elegans, although more work is necessary to define how these genes are

interacting.
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cwn-2 and cfz-2 interact to position an anterior neural structure

Neurons in the anterior of the animal are also responsive to Wnt signaling. The C. elegans

nerve ring is a bundle of axons and dendrites that encircle the isthmus of the pharynx

positioned in the anterior of the animal. In cwn-2 mutants the nerve ring is displaced

anteriorly such that it is often found around the more anterior metacorpus of the pharynx

(Kennerdell et al., 2009). Two classes of interneurons, the SIA and SIB contribute axons to

the nerve ring, and these neurons appear to respond to CWN-2 to influence nerve ring

position.

In the posterior of the animal LIN-44 functions to polarize the PLMs, rather than specifically

repelling the axons. To understand how CWN-2 affects the nerve ring, the gene was

expressed from different tissues both anterior to and posterior to the forming nerve ring.

Like LIN-44 the exact source of CWN-2 was not important as ectopic expression was able

to rescue the defects. This is somewhat interesting since in situ hybridization data suggests

that, at the comma stage, when the nerve ring is beginning to form, cwn-2 expression

appears to be posterior to the nerve ring region, while the putative Wnt antagonist, sfrp-1, is

expressed in the anterior of the animal, where the nerve ring is forming. One explanation for

the results of the ectopic expression is that the presence of SFRP-1 is sufficient to overcome

the ectopic CWN-2, or possibly prevent it from accumulating in the anterior of the animal.

To respond to the CWN-2 signal, the SIA and SIB neurons appear to use a trio of cell-

surface receptors. LOF in cam-1, mig-1 and cfz-2 all had displaced axons, and double mutant

combinations gave ~100% penetrant defects, suggesting partial redundancy. The kinase

domain of the CAM-1 receptor was unnecessary for its function, suggesting it may be part

of a Wnt receptor complex. If so, it would seem that it is critical for the formation of that

complex, as the loss of cam-1 has a highly penetrant phenotype. CAM-1 has been shown to

function cell non-autonomously as a Wnt antagonist in other contexts, but CAM-1 also

appears to be required cell autonomously in the SIA and SIB neurons.

The position of the nerve ring is also affected by the single Robo-like receptor in C. elegans,

sax-3 (Zallen et al., 1999). LOF in sax-3 causes a highly penetrant anterior displacement of

the nerve ring, although loss of the Slit ligand, slt-1, does not have an equivalent effect (Hao

et al., 2001). Mutations in unc-44, a Diego-like molecule, also affects the position of the

nerve ring, although it is unclear whether this is related to any PCP-like function for this

molecule.

CWN-2 also appears to influence the length of neurites migrating posteriorly from the nerve

ring. An allele of cwn-2 was isolated in a screen for molecules that affect the outgrowth of

the RME motoneurons (Song et al., 2010). The four RME cells are positioned just posterior

to the nerve ring, and two of them, RMEV and RMED extend processes toward the posterior

along the ventral and dorsal midline, respectively. In cwn-2 mutants the projections of the

RMED/V were either completely absent or shortened. Similar defects were observed in

mutants for cfz-2 and mig-1, with the cfz-2;mig-1 double approximately as penetrant as

mutations in cwn-2. The source of the CWN-2 was directionally required as expression from

regions either anterior or posterior to the RME cell bodies could partially rescue the

phenotype, but when expressed from anterior sources RME neurons could project anteriorly.
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Also, the cwn-2 phenotype could be partially rescued by expression of either CWN-1,

MOM-2 or EGL-20 from the cwn-2 promoter. This suggests a flexibility in these cells to

respond to the Wnt ligands during outgrowth.

In addition to the requirement for cfz-2 and mig-1, the CAM-1 and DSH-1 proteins are

critical for RME outgrowth. In animals lacking cam-1 neurites were approximately half the

length of wild type, and in the dsh-1 mutants or cam-1;dsh-1 double mutants neurites were

<10% of the wild-type length. CAM-1 was identified to work cell autonomously in the RME

neurons to respond to CWN-2, and was partially dependent on the kinase domain. By yeast

two hybrid assays, CAM-1 interacts with DSH-1, with the kinase region of CAM-1 able to

bind either the PDZ or DEP, but not the DAX, domain of DSH-1. By the same assay, no

interaction between DSH-1 or CAM-1 was observed with the intracellular domains of either

MIG-1 or CFZ-2. This suggests a model whereby CAM-1 binds to CWN-2, probably with

either CFZ-2 or MIG-1 acting as co-receptors, and that this then activates DSH-1 signaling.

Since the kinase domain of CAM-1 was not fully required, it is likely that other means of

activating DSH-1 via this complex exist.

Dendrite outgrowth is Wnt-signaling dependent

In addition to axon guidance LIN-17 and LIN-44 also affect dendritic outgrowth in the PQR

neuron, an oxygen sensing neuron that is located in the posterior of the animal. PQR has a

morphology that is similar a PLM, in that it has a long anterior axon and a short posterior

dendrite. In lin-44 and lin17 mutants the axon appeared grossly normal, and was directed

anteriorly. However the dendrite was often absent, or projected anteriorly. A small

percentage of the dendrites (<10%) contain presynaptic proteins, but not all, suggesting the

effect is on the guidance of the dendrite, rather than the cell polarity.

Interestingly, lin-17 is required very early in the development of the PQR. A promoter that

becomes active in PQR just prior to dendritic outgrowth (Pgcy-36) does not rescue the

phenotype where as a promoter (Pegl-17) that is active in the PQR precursor cell (QR) can

rescue the lin-17 defect. This might suggest an early patterning event establishes an

asymmetry that is later manifested in the direction of dendritic outgrowth. Consistent with

this effect, heat shock expression of LIN-44 was necessary early, around the time of

hatching, to rescue the loss of lin-44. When supplied at the time of dendrite outgrowth the

phenotype was not efficiently rescued.

Unlike axons, which were repelled from LIN-44, dendrites appear to be attracted toward the

source of the ligand. When LIN-44 was ectopically expressed anterior to the PQR the

dendrite was attracted toward the anterior. Finally, although no dendritic misdirection was

observed in egl-20, cwn-1 or cwn-2 mutants, in cwn-1;lin-44 double mutants the directional

defects were enhanced. In addition, cwn-1;cwn-2 mutants presented with ectopic branching

from the PQR cell body and in the dendrite, independent of any directional growth errors.

Overall, when integrated with the findings using the PLMs, suggest a hierarchical order of

Wnt signaling where lin-44 is required early and egl-20, cwn-1 and cwn-2 function in later

developmental events.
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Wnts and FMI-1 regulate synaptic development

In addition to directing axon outgrowth, the Wnt signaling pathway and fmi-1 can regulate

synaptogenesis, and can do so independent of their effects on axon guidance. The first

evidence of this came from the observation that bar-1 regulates the abundance of the

glutamate receptor, GLR-1 (Dreier et al., 2005). A more thorough examination of the Wnt

pathway’s contribution to synaptogenesis was demonstrated in C. elegans using the DA9

motoneuron. DA9 is the most posterior of this class of neurons, and forms an axonal process

that extends posteriorly from the cell body, then turns dorsally and then back anteriorly, to

form an inverted “C” shape. The dendritic process of the DA9 extends anteriorly from the

cell, but does not branch, staying along the ventral midline (Fig. 4A). The DA9 motoneurons

innervate the dorsal musculature, and thus, synaptic proteins accumulate specifically along

the distal aspect of the dorsal branch of the axon but are restricted from the proximal part

and the commissural region. The proximal aspect of the dorsal branch is in the region of the

dorsal nerve cord, which includes parts of the DA9, DA7, DD6 and VD13 axons, and is

known to be asynaptic in wild-type animals based on ultrastructural reconstruction of the

nervous system (Hall and Russell, 1991).

In lin-44 mutants multiple presynaptic components, including SNB-1/synaptobrevin,

RAB-3, SYD-2/α-liprin and CCB-2, a presynaptic calcium channel β subunit, are displaced

into the asynaptic region of the axon, toward the DA9 commissure, and similarly,

presynaptic components were found in the asynaptic region of the adjacent DB7 axon,

which has a different morphology. The presynaptic proteins are not present in the dendritic

compartment, nor is a dendritic protein, CAM-1, found in the axon, indicating that the

apico-basal polarity is not inverted in these neurons. Further, only a small fraction (<1%) of

the DA9 neurons had any visible guidance defects. Overall, the data suggest that LIN-44 is

preventing the formation of synapses in a discrete region of axons, one that is closest to the

LIN-44 source.

In DA9 the LIN-17 receptor appears to be specifically localized to the non-synaptic regions

of the commissure and the asynaptic region of the axon (Fig. 4C). In lin-44 mutants LIN-17

is mislocalized, and does not extend into the commissure, rather it remains along the ventral

aspect of the posterior process (Fig. 4D). This suggests that the function of LIN-44 is to

recruit LIN-17 to the commissural process. Consistent with this, expression of LIN-44 from

body wall muscles recruits LIN-17 to regions where it is normally absent, and there it can

locally inhibit the accumulation of synaptic components. In vertebrates there is evidence for

Disheveled regulating the transport and localization of Frizzled (Shafer et al., 2011).

However, in the DA9 neuron no significant difference in the LIN-17 distribution was seen in

dsh-1 mutants. In those mutants there was an overlap between the LIN-17 domain and that

of the presynaptic components, suggesting that, in part, LIN-17 is acting via DSH-1 to

suppress synapse formation.

Multiple alleles of fmi-1 were isolated in a Synapse defective (Syd) screen (Najarro et al.,

2012). These mutations result in a significant morphological defects in the GABAergic

neuromuscular junctions (NMJs). By ultrastructural analysis, we found that presynaptic

regions of both the cholinergic and GABAergic neurons had abnormal accumulations of

Ackley Page 12

Dev Neurobiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



electron dense material. Genetic experiments suggest that cdh-4 functions with fmi-1 to

pattern the GABAergic NMJs because loss of cdh-4 caused an equivalent defect, but did not

exacerbate the defects found in the fmi-1 mutants. It is not clear whether lin-44 and/or egl-20

or other Wnt signaling components can enhance fmi-1 NMJ defects like they do the A/P

guidance of the VD neurons. cdh-4 was found, independently, to be necessary for multiple

axon guidance and cell migration events in development (Schmitz et al., 2008).

As was found for fmi-1 in VD axon guidance the NMJ morphology defects are unlikely to

occur cell autonomously. Expression of FMI-1 lacking the intracellular domain, or

expression of FMI-1 from a promoter active in the cholinergic motoneurons (Pacr-2) are

able to, at least partially, rescue the phenotype. The cholinergic motoneurons are adjacent to

the VD neurons in the ventral nerve cord fascicle, and some make NMJs at positions very

close to where the VDs make theirs. The difference between the requirement for FMI-1

broadly to affect VD outgrowth at its initial stages, but in a more limited fashion later for

synaptogenesis may be simply a matter of time. The window in which the VD neuron makes

its decision to grow anterior or posterior is likely to be narrow. Conversely, GABA neurons

are adding synapses throughout development.

Finally, canonical Wnt signaling has been shown to regulate the pattern of synaptic partners

formed in the ventral nerve cord by the VA and VB motoneurons (Schneider et al., 2012).

These neurons regulate backward and forward locomotion, respectively, by making

cholinergic synapses on the body wall muscles and by receiving gap junctions from specific

interneurons (AVA>VA and AVB>VB) (for review see (Hobert, 2005)). The unc-4

homeodomain transcription factor functions with the unc-37/Groucho repressor to

specifically promote VA-specific synaptic connectivity. In the absence of either unc-4 or

unc-37, the VA neurons are converted to a VB-like fate, in terms of their choice of synaptic

partners. Recent work has shown that the EGL-20 ligand signals through MIG-1 and

MOM-5 Frizzleds to regulate BAR-1 levels which cell-autonomously induce VB-type inputs

(Schneider et al., 2012). UNC-4 and UNC-37 function to limit the expression of MIG-1/

MOM-5 in the VA neurons, inhibiting this signaling. Conversely, LIN-17 appears to be

required for the proper acquisition of VA-specific synapses in those neurons, but does not

appear to be via the canonical signaling pathway.

There are 12 VA neurons and 11 VB, and, with some exceptions, the individual pairs (i.e.

VA2 and VB3) are generated from the same precursor neuroblast, and have cell bodies

positioned in close proximity along the ventral midline. Thus, even sharing a lineage and

very similar microenvironment, they respond differentially to local cues, including different

ligands, using a specific set of Frizzled receptors to activate both canonical and non-

canonical signaling to ensure cell-type specific synaptic partners. The AVA interneuron

forms gap junctions to the VA neurons, and the AVB forms gap junctions on the VB

neurons. The ability of the AVA able to “ignore” the VB axons and vice versa for the AVB

and VA neurons decisions must be made along the length of the entire animal as the VA/VB

cells are distributed throughout the animal on the ventral midline along A/P axis. This

suggest a local control over synaptogenesis that must be discretely reiterated. Understanding

how this is functioning on a local level will be fascinating to uncover.
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Conclusions and Perspectives

I have summarized here the contributions of different core PCP proteins and multiple Wnt

ligands, receptors and downstream signaling proteins to axon guidance and synapse

development in C. elegans. The relationships between the molecules tell a complicated story

of cell-specific effects that, in some cases, appear contradictory. For example, LIN-44 and

LIN-17 function to prevent PLM axons from projecting into the posterior, but are required

for PQR dendrites to do so.

How might Wnts be coordinately regulated to provide temporally and spatially distinct

signals? Obviously, the promoter is regulated in a spatial and temporal fashion proving a

first order of control. However, subsequent handling of Wnt ligands is also important. In

multiple contexts the retromer complex has been shown to regulate the secretion of Wnt

ligands (Coudreuse, 2006; Prasad and Clark, 2006; Pan et al., 2008; Harterink et al., 2011).

Mutations in the retromer complex affect both cell migration and axon guidance, at least in

part, by regulating Wnt distribution. Also, the C. elegans genome encodes a homolog of the

secreted frizzled-related protein (SFRP), sfrp-1. Other molecules are also present in C.

elegans that are known to affect Wnt distribution and/or activity including cam-1/Ror

(Green et al., 2007), mig-14/Wntless (Eisenmann and Kim, 2000; Pan et al., 2008; Yang et

al., 2008), the heparan-sulfate proteoglycans sdn-1/Syndecan, and two glypicans gpn-1 and

lon-2. In addition, post-translational modification is known to affect Wnt signaling, and the

myotubularin phosphatases MTM-6 and MTM-9 affect Wnt-dependent cell migration

(Silhankova et al., 2010). Thus, Wnt signaling is likely to be regulated spatially and

temporally on multiple levels. When coupled with the different Wnt receptors and potential

downstream signaling opportunities, it is possible for the animals to use these ligands

iteratively to achieve different outcomes.

It is important to note that while I have ascribed function of molecules involved in PCP in

other systems, there does not appear to be a PCP-like decision occurring. Unlike a single cell

present in an epithelium acquiring polarity, what appears to be occurring in the events

described here are cells receiving information about body axes. It is interesting that the

development of these neurons may have co-opted this system. Alternatively, the PCP

pathway may have aggregated the function of multiple polarizing signals. At this point,

either would be speculative, but it is an area that deserves additional experimental inquiry.

Wnts and PCP genes regulate asymmetry in tissues. In asymmetric cell division, Wnt

signaling is known to affect the polarity of centrosomes and/or the mitotic spindle

(Schlesinger et al., 1999; Sawa, 2012; Kim et al., 2013). Because these serve as microtubule

organizing centers, and axon outgrowth is microtubule-dependent, it has been compelling to

wonder if Wnt signaling is impacting axon outgrowth via positioning of the centrosome

(Baas and Joshi, 1992; Ahmad et al., 1994). There appears to be a discrepancy in the

literature about whether the position of the centrosome does in fact regulate axon outgrowth,

although the most current evidence from in vivo studies suggest it may not be necessary (de

Anda et al., 2010; Distel et al., 2010; Stiess et al., 2010; Nguyen et al., 2011; Randlett et al.,

2011; Stiess and Bradke, 2011; Andersen and Halloran, 2012; Roth et al., 2012; Holcomb et

al., 2013; Sakakibara et al., 2013). This, in concert with the observation that at least some of
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the axon phenotypes present in Wnt mutants in C. elegans requires downstream

transcription, suggests a model whereby Wnt information is processed by the neurons,

probably in concert with other signals, to make an informed choice about directional growth.

The recent advent of live imaging techniques for watching C. elegans growth cone

development should assist in a better understanding of how Wnts and PCP genes affect

neurite growth (Norris and Lundquist, 2011).

What is most fascinating about the work done in C. elegans is that despite having a simple

body plan, with a relatively small number of neurons, there is an incredible amount of

heterogeneity in how cells respond to Wnt and PCP signals. The experiments reviewed here

drive home the point of how a few ligands and receptors can be used varied spatially and

temporally to create a complex neural network. Overall the mechanics of positional

information provided by components of the PCP pathway and Wnts appears to be conserved

in other organisms. But, like C. elegans the norm for these molecules is the spectrum of

events and contributions of individual proteins is variable. However, by identifying all the

different mechanisms that occur in simple models systems, we can better understand how

Wnt signaling and PCP genes may contribute to vertebrate development.
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Figure 1. The mechanosensory neurons are dependent on Wnt signaling
A,B) A depiction of the areas that express the five different Wnt ligands during

embryogenesis (A) and the L1 stage (B), based on in situ data from (Harterink et al., 2011).

The grey circle in (A) indicates the approximate position of the PLM when axon outgrowth

begins. Anterior is to the left and dorsal is up in all panels of this schematic. C) A cartoon of

the six mechanosensory neurons present in C. elegans. The ALM neurons are in the anterior

of the animal, the PLM neurons are posterior and the AVM and PVM cells are more

centrally located. The position where PLM neurons make synapses is indicated by the green

circles. D) In lin-17, lin-44, egl-20 mutants, or when the retromer complex was inactive, the

PLM axons were polarized posteriorly. The axons were either symmetric or the posterior

process was longer. The presynaptic protein, SNB-1 (green circles) was not aberrantly found

posterior to the cell body. E) ALM neurons have migration and/or axon outgrowth defects in

different Wnt signaling mutants. F) AVM and PVM make normal ventral projections, but

have polarized growth errors in Wnt signaling mutants.
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Figure 2. The GABAergic motoneurons use Wnts and FMI-1 to regulate A/P growth
A) The Punc-25∷gfp marker illuminates the four RME neurons in the head and the six DD

and 13 VD motoneurons which are organized along the ventral midline. All 19 DD and VD

neurons form commissures that project to the dorsal side of the animal resulting in a ladder-

like appearance. B) In the tail the most posterior neurons VD12, DD6 and VD13 (asterisks)

form a cluster. The dorsal branch of the VD13 axon projects to a point approximately even

with the posterior edge of the cell cluster. C) A schematic of the VD12-DD6-VD13 cluster.

D) Dorsal cord overgrowth due to mutations in the Wnt genes and receptors. E) Dorsal cord

undergrowth was found in the downstream signaling proteins. F) In wild-type animals all the
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DD and VD neurons project anteriorly. G) An example of the PN defect present in the fmi-1

and Wnt signaling backgrounds.
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Figure 3. The VC motoneurons have distinct morphologies
The six VC motoneurons are organized along the ventral midline, and normally have a

bipolar appearance, with VC1, 2, 3 and 6 extending process anterior/posterior, while VC4

and 5 are rotated ~90 degrees to send process out left and right. Below, are examples of the

phenotypes seen in the VC4 and VC5 neurons in the vang-1, prkl-1 and dsh-1 mutants,

including extra neurites (tripolar) and a reversion to a more VC1-like bipolar appearance.
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Figure 4. DA9 NMJs form in a LIN-17-dependent fashion
A) The DA9 neuron forms in the posterior of the animal, just anterior to the domain of

LIN-44 expression (not shown). The cell body extends and anterior dendrite and a posterior

process that forms an inverted C. Along the dorsal cord there is an asynaptic region,

followed by a more anterior axonal process that forms NMJs. B) In the lin-17 or lin-44

mutants the asynaptic domain is shortened and synapses are formed closer to the

commissure. C) In wild type the LIN-17 protein decorates the posterior process along the

commissure and into the asynaptic domain, but not where synapses form. D) The LIN-17

accumulation to the commissure is lin-44 dependent.

Ackley Page 24

Dev Neurobiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ackley Page 25

Table 1

Core PCP Genes in C. elegans

Gene Family Abbreviation Description
C. elegans Homolog(s)

Frizzled/Flamingo Core Molecules

Diego Dgo Ankyrin-repeat protein, scaffold for PCP complex

unc-44 a

Dishevelled Dsh Cytoplasmic scaffolding protein, central hub for multiple signaling pathways

dsh-1

dsh-2

mig-5

Flamingo Fmi Seven-pass TM non-classical cadherin with cadherin, LamG, EGF domains

fmi-1

Frizzled Fz Seven-pass TM protein, binds Dsh at plasma membrane

cfz-2

lin-17

mig-1

mom-5

Prickle Pk Cytoplasmic LIM domain protein, binds Dsh, Vang

prkl-1

Van Gogh Vang Four-pass TM protein, binds Pk, Dgo and Dsh

vang-1

Fat/Dachsous Core Molecules

Fat Ft Cadherin, LamG, EGF domains, binds Dach

cdh-3

cdh-4

Dachsous Ds Cadherin-domains, functions with Fat, often in parallel to Fmi-Fz pathway

cdh-1

Four-jointed Fj Type II TM protein, localized to Golgi, has kinase activity

none

Wingless Signaling Components c

Wingless b Wg Secreted growth factor, involved in many developmental patterning events

cwn-1

cwn-2

egl-20

lin-44

mom-2

Armadillo Arm β-catenin, functions in cell adhesion and transcriptional activation downstream of Wnt
signaling

bar-1

hmp-2

wrm-1

Ryk/Derailed Ryk Receptor tyrosine kinase
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Gene Family Abbreviation Description
C. elegans Homolog(s)

lin-18

Ror kinase Ror Receptor tyrosine kinase orphan related, can act as Wnt receptor and Wnt antagonist

cam-1

Axin Axin Part of the β-catenin destruction complex

axl-1

pry-1

Glycogen Synthase Kinase GSK3β Part of the β-catenin destruction complex

gsk-3

SRFP Secreted frizzled related
protein

SRFP Secreted Wnt antagonist, can bind Wnts extracellularly

sfrp-1

a
Not a direct homolog, but has high sequence identity in functional domains

b
Wingless seems not to function in Drosophila PCP, but can in some vertebrates.
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