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Abstract

The complex cell fate determinations and morphogenetic movements 
that generate the metazoan body plan are controlled by only a handful of 
signaling molecules that are used repeatedly during development. One 
of these is the Wnt family of secreted, lipid modified glycoproteins. Wnt 
signaling controls developmental processes such as cell fate specification, 
cell migration and cell polarity (Cadigan and Nusse, 1997). In addition, it 
has recently been shown that Wnt proteins play a role in axonal guidance 
and synapse specification (Zou and Lyuksyutova, 2007). Once development 
is complete, Wnt signaling is required for adult tissue homeostasis (Clevers, 
2006) and deregulation of Wnt signaling is frequently associated with 
cancer (Giles et al., 2003). In the first part of this introductory chapter, 
I will give an overview of the different signal transduction pathways 
that transduce the Wnt signal into distinct intracellular responses. Most 
emphasis will be placed on Wnt signaling in the nematode Caenorhabditis 
elegans, the model organism used in our studies. In the second part, I will 
discuss the still poorly understood mechanism of Wnt production and 
secretion. Recent results from us and others suggest that Wnt secretion 
is mediated by a specialized pathway that may play an important role in 
regulating the range of Wnt signaling in the tissue.
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Wnt signal transduction

The Wnt signaling pathway is one of the key regulators of metazoan 
development. Wnt signaling controls cell fate specification and 
proliferation by regulating the expression of specific target genes and also 
controls cell polarity and migration by directly modulating the cytoskeleton 
(Cadigan and Nusse, 1997; Logan and Nusse, 2004). Studies in Drosophila 
and vertebrates have shown that these effects of Wnt are transduced 
by different, evolutionarily conserved signaling pathways (Bejsovec, 
2005; Huelsken and Behrens, 2002). The best characterized pathway is 
the canonical Wnt/β-catenin pathway that controls the expression of 
specific Wnt target genes (Clevers, 2006). There are also several β-catenin 
independent pathways that are referred to as non-canonical Wnt pathways. 
One of these is the Wnt/planar cell polarity (PCP) pathway, which 
provides a direct link between Wnt signaling and the cytoskeleton. The 
Wnt/PCP pathway was first identified in Drosophila, where it specifies 
the planar polarity of specific epithelial cells (Strutt and Strutt, 2005). 
Wnt/PCP signaling depends on the asymmetric localization of the Wnt 
receptor Frizzled, the transmembrane domain proteins Flamingo and 
Strabismus and the cytoplasmic proteins Disheveled, Prickle and Diego, 
which in turn interact with Jun N-terminal kinase (JNK) and members 
of the Rho family of small GTPases to control cytoskeletal dynamics. A 
related Wnt/PCP pathway is required for the convergence and extension 
cell movements that drive gastrulation in vertebrates (Myers et al., 2002). 
Another non-canonical Wnt pathway involves the atypical receptor 
tyrosine kinase ROR2, which contains a cysteine-rich Wnt binding 
domain (Masiakowski and Yancopoulos, 1998).  ROR is required for the 
Wnt5a induced inhibition of canonical Wnt/β-catenin signaling, but the 
mechanism of this inhibitory activity remains to be determined (Mikels 
and Nusse, 2006). Wnt also interacts with the atypical receptor tyrosine 
kinase Derailed, which contains a Wnt binding domain that is similar to a 
domain in the secreted Wnt antagonist Wnt inhibitory factor (WIF) (Hsieh 
et al., 1999). In Drosophila, Derailed interacts with DWnt5 to mediate axon 
guidance (Yoshikawa et al., 2003) and salivary gland migration (Harris and 
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Beckendorf, 2007). Although the vertebrate Derailed ortholog RYK has been 
shown to cooperate with Frizzled in canonical Wnt/β-catenin signaling 
(Lu et al., 2004), Derailed and RYK may also be part of a separate, β-catenin 
independent Wnt pathway. Finally, binding of Wnt to Frizzled can trigger 
activation of heterotrimeric G-proteins and phospholipase C, leading 
to the release of intracellular calcium stores and activation of calcium/
calmodulin-dependent protein kinase II (CamKII) and protein kinase C 
(PKC) (Kohn and Moon, 2005; Kuhl et al., 2000). 

Although these latter pathways are still poorly understood, a 
detailed picture has emerged of the canonical Wnt/β-catenin pathway (Fig. 
1) (Cadigan and Liu, 2006; Clevers, 2006; Huelsken and Behrens, 2002). 
Central to this pathway are the effector β-catenin and a destruction complex 
that controls its stability. In the absence of Wnt signaling, this complex, 
which consists of the scaffolding protein Axin, the tumor suppressor 
gene product APC and the protein kinases Casein kinase Iα and GSK3β, 
targets β-catenin for ubiquitination and degradation by the proteasome. 
Binding of Wnt to its receptor Frizzled and co-receptor low-density 
lipoprotein receptor related protein-5 or 6 (LRP-5/6) blocks destruction 
complex function and leads to stabilization of β-catenin. It is not yet clear 
how binding of Wnt to its receptors inhibits β-catenin degradation, but 
the evidence suggests that it involves two mechanisms that may function 
in parallel (Cadigan and Liu, 2006; Price, 2006). First, binding of Wnt to 
its receptors leads to phosphorylation of conserved motifs within the 
intracellular domain of LRP-5/6, which induces binding of Axin. The 
recruitment of Axin to the membrane may in turn lead to degradation of 
this rate limiting destruction complex component. Binding of Wnt to its 
receptors also activates the cytoplasmic protein Disheveled, which interacts 
with Axin and thereby directly inhibits destruction complex function. It has 
recently been shown that activation of Disheveled induces the formation of 
aggregates that may sequester and thereby inhibit Axin (Schwarz-Romond 
et al., 2007a; Schwarz-Romond et al., 2007b). Following the inhibition of 
destruction complex function, unphosphorylated β-catenin accumulates 
in the nucleus and interacts with transcription factors of the TCF/LEF-1 
family (Cadigan and Nusse, 1997). In the absence of Wnt signaling, these 
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sequence specific transcription factors function as transcriptional repressors 
by interacting with Groucho co-repressors. Binding of β-catenin displaces 
Groucho (Daniels and Weis, 2005) and leads to the recruitment of BCL-
9/Legless (Kramps et al., 2002) and Pygopus (Thompson et al., 2002). 
Furthermore, the strong amino- and carboxy-terminal transactivation 
domains of β-catenin transform TCF/LEF-1 into an active bipartite 
transcription factor. The conversion of a transcriptional repressor into an 
activator ensures that Wnt target gene expression is highly specific.

It is clear from the above that the intracellular level of free β-catenin 
needs to be tightly regulated in the absence of Wnt signaling. Mutations 
that disrupt destruction complex function, such as loss of function 
mutations in APC (Moon et al., 2004; Polakis, 2000) or Axin (Liu et al., 2000; 
Satoh et al., 2000) or mutations in the CKIα and GSK3β phosphorylation 
sites of β-catenin itself (Morin et al., 1997) are frequently found in cancer. A 

Figure 1. Comparison of the canonical Wnt/β-catenin pathway of Drosophila and verte-
brates to the Wnt/β-catenin and Wnt/MAPK signaling pathways in C. elegans.
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tissue that is particularly sensitive to mutations in the Wnt pathway is the 
human colon (Gregorieff and Clevers, 2005). Wnt signaling maintains the 
undifferentiated characteristics of the intestinal stem cells and constitutive 
activation of the Wnt/β-catenin pathway leads to unchecked proliferation, 
adenoma formation and cancer.

The canonical Wnt/β-catenin pathway has been highly conserved 
throughout evolution. It has recently been shown that Wnts and 
downstream pathway components such as Disheveled, β-catenin and 
TCF/LEF-1 are present in primitive animals such as Hydra (Hobmayer 
et al., 2000) and the sea anemone Nematostella (Kusserow et al., 2005), 
which clearly illustrates the central role of Wnt signaling in metazoan 
development. It is therefore not surprising that Wnt signaling also plays an 
important role in the development of the nematode Caenorhabditis elegans, 
the model organism used in this study.

The nematode C. elegans

The C. elegans field began in the early sixties with the work of Sydney 
Brenner at the Laboratory for Molecular Biology in Cambridge, UK 
(Brenner, 1974). Sydney Brenner reasoned that complex processes such 
as development and nervous system function should first be studied 
in organisms with a relatively simple body plan and nervous system 
and it was for this reason that he selected C. elegans. An adult C. elegans 
hermaphrodite consists of only 959 somatic cells (Sulston and Horvitz, 
1977; Sulston et al., 1983). Despite the low number of cells, C. elegans 
contains most of the cell types found in higher organisms. Thus, C. elegans 
contains epidermal cells that secrete the cuticle that surrounds the animal, 
it contains different types of muscle cells that are related to vertebrate 
skeletal, smooth and cardiac muscle cells, it has a single cell, called the 
excretory cell, that functions in osmoregulation and detoxification, it has 
intestinal and gland cells and a 302 neuron nervous system of which most 
of the connectivity is known (White, 1986). Importantly, the animal is 
transparent, which allows the easy visualization of these different cell types 
in the intact, living animal.
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 The development of C. elegans is invariant, meaning that each 
cell division always takes place at the same time in development and 
always generates the same daughter cells. The invariant nature of C. 
elegans development enabled John Sulston and others to fully describe 
the cell lineage that gives rise to the 959 cells of the adult animal (Sulston 
and Horvitz, 1977; Sulston et al., 1983), a tour the force that was recently 
awarded with the Nobel prize for Physiology and Medicine. The invariant 
cell lineage provides an important framework to study development, 
because processes such as cell fate specification, cell death or cell migration 
take place in a highly reproducible manner. One of the main ways to study 
C. elegans development and nervous system function has been through 
genetics. During the past 40 years, a large number of mutations have been 
isolated and cloned, leading to important new insights into areas such as 
signal transduction (Horvitz and Sternberg, 1991), cell death (Hengartner 
et al., 1992) nervous system wiring (Chan et al., 1996) and genome stability 
(Ketting et al., 1999; Timmons and Fire, 1998). C. elegans mostly consists of 
self-fertile hermaphrodites, but importantly, males are also present. Males 
arise spontaneously in the population after meiotic loss of one of the two 
sex chromosomes and have a specialized tail structure that allows them 
to mate with hermaphrodites (Hodgkin, 1983). This makes it possible 
to perform crosses, for example to combine different mutations or to 
genetically map mutations in positional cloning approaches. Traditionally, 
mutations have been obtained using chemical mutagens such as ethyl-
methane sulphonate (EMS), an approach that was used in Chapter 2 of this 
thesis. More recently, also double-stranded RNA mediated interference 
(RNAi) is used to probe gene function (Timmons and Fire, 1998). RNAi is 
based on the property of double-stranded RNA to induce degradation of 
the endogenous mRNA (Tomari and Zamore, 2005). The double-stranded 
RNA can be micro-injected into the animal, but RNAi can also be induced 
by feeding C. elegans E. coli bacteria expressing double-stranded RNA of 
the gene of interest (Timmons and Fire, 1998). Since the genome sequence 
and predictions for the approximately 19.000 genes of C. elegans are 
available (Ruvkun and Hobert, 1998), two groups have taken the initiative 
to construct libraries of E. coli strains that express double-stranded RNA 
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of almost all C. elegans genes (Kamath et al., 2003; Rual et al., 2004). These 
libraries can be used in genome-wide RNAi screens, where each gene can 
be tested separately for a function in a process of interest. Our group has 
performed such a genome-wide RNAi screen for genes that are required 
for the EGL-20/Wnt dependent migration of the Q neuroblasts. This screen 
formed the basis for the work on Wnt sorting and secretion described in 
Chapter 4.

Conservation of Wnt pathway components in C. elegans

The first Wnt pathway in C. elegans that was described in detail was the 
MOM-2 Wnt pathway in the early embryo (Rocheleau et al., 1997; Thorpe et 
al., 1997). An unexpected finding was that conserved β-catenin destruction 
complex components such as GSK3β and APC function in an opposite 
manner to their vertebrate counterparts in the MOM-2/Wnt pathway (Fig. 
1), which suggested that Wnt signaling might be fundamentally different 
in C. elegans (Han, 1997). This paradox was solved by the discovery that C. 
elegans also has a canonical Wnt/β-catenin pathway that is similar to the 
pathway in Drosophila and vertebrates (Fig. 1). 
 C. elegans expresses five different Wnt proteins called MOM-2, 
EGL-20, LIN-44, CWN-1 and CWN-2 and four Frizzled proteins called 
MOM-5, LIN-17, MIG-1, CFZ-1 and CFZ-2 (Korswagen, 2002). Most of the 
important canonical Wnt/β-catenin pathway components are present as 
well, but there are some notable exceptions and differences. Wnt inhibitors 
such as Cerberus, Dickkopf, WIF and secreted Frizzled like proteins 
are absent. Furthermore, a clear LRP-5/6 homolog has not been found, 
suggesting that Wnt may signal without the aid of a co-receptor in C. 
elegans. However, several of the C. elegans Wnt pathway components show 
considerable sequence divergence with their Drosophila and vertebrate 
counterparts, indicating that some of the missing pathway components 
may have been overlooked in sequence based homology searches. 
Examples of such divergent proteins are the APC related protein APR-1 
(Rocheleau et al., 1997), the Axin orthologs PRY-1 and AXL-1 (Korswagen 
et al., 2002; Oosterveen et al., 2007) (see Chapter 3) and the four β-catenin-
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like proteins BAR-1, WRM-1, SYS-1 and HMP-2. The sequence divergence 
of the three β-catenin orthologs is remarkable. The C. elegans β-catenins 
show only 20-30% overall amino acid sequence identity with Drosophila 
Armadillo and vertebrate β-catenin, whereas the β-catenin of Hydra 
shows over 60% sequence identity (Hobmayer et al., 2000). Vertebrate 
and Drosophila β-catenin has a dual function in cellular adhesion and Wnt 
signaling. It interacts with classical cadherins and α-catenin to anchor 
the actin cytoskeleton to adherens junctions as well as with TCF/LEF-1 
transcription factors to mediate Wnt signaling. Interestingly, these functions 
in cell adhesion and Wnt signaling are divided over separate proteins in 
C. elegans (Kidd et al., 2005; Korswagen et al., 2000; Natarajan et al., 2001). 
Three β-catenins, BAR-1, SYS-1 and WRM-1, function specifically in Wnt 
signaling. BAR-1 physically interacts with the single TCF/LEF-1 like 
transcription factor POP-1 and with the Axin orthologs PRY-1 and AXL-1 
and as discussed below, it is part of a canonical Wnt pathway. In contrast, 
WRM-1 interacts with the mitogen activated protein kinase (MAPK) LIT-1/
Nemo-like kinase (NLK) in a novel Wnt pathway to downregulate nuclear 
levels of POP-1/TCF (Meneghini et al., 1999; Rocheleau et al., 1999; Shin et 
al., 1999). In this pathway, downregulation of POP-1 levels is essential for 
target gene activation, because it shifts the balance from POP-1 mediated 
repression to activation by POP-1 and SYS-1, a β-catenin-like protein that, 
like BAR-1, forms a bipartite transcription factor with POP-1 and is present 
at a limiting concentration (Kidd et al., 2005). The third β-catenin, HMP-
2, functions specifically as a structural component of adherens junctions. 
HMP-2 is the only β-catenin that binds the classical cadherin HMR-1 and 
the α-catenin HMP-1 (Korswagen et al., 2000; Natarajan et al., 2001) and 
co-localizes with these proteins in adherens junctions (Costa et al., 1998). 
This functional separation explains the extensive sequence divergence, but 
it is not clear why C. elegans has evolved such dedicated β-catenins. Perhaps 
this is a mechanism to prevent cross-talk between β-catenin in adherens 
junctions and the cytoplasmic signaling pool. Furthermore, the functional 
diversification of signaling β-catenins may enable a more complex 
regulation of Wnt target gene expression. C. elegans also has several 
potential orthologs of downstream components of the non-canonical Wnt/
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PCP pathway (Wu and Herman, 2006). However, it is not known if a planar 
cell polarity pathway has a function during C. elegans development.

Canonical Wnt/β-catenin signaling in C. elegans

A conserved canonical Wnt/β-catenin pathway controls several aspects of 
C. elegans larval development. This pathway utilizes a specific β-catenin, 
BAR-1, and the main target genes appear to be Hox genes (Korswagen, 
2002). The best studied examples of canonical Wnt/β-catenin signaling are 
the Wnt dependent migration of the Q neuroblasts and fate specification 
within the vulva lineage.
 The QL and the QR neuroblasts are initially present at similar 
anteroposterior positions on the left and right side of the animal (Fig. 2). 
During the first stage of larval development, both Q cells generate three 
neurons and two cells that undergo apoptosis (Sulston and Horvitz, 1977). 
Despite this similarity in lineage, the migration of the Q neuroblasts and 
their daughter cells is opposite between the two sides. On the left side the 
cells migrate towards the posterior, whereas on the right side migration 
is towards the anterior. The difference in migration direction between the 
two sides is controlled by the left/right asymmetric expression of the Hox 
gene mab-5 (Salser and Kenyon, 1992). mab-5 expression is restricted to 
the left side and directs the migration of the QL daughter cells towards 
the posterior. The QR daughter cells do not express mab-5 and migrate in 
the default anterior direction. The expression of mab-5 in QL is controlled 
by the Wnt EGL-20 (Harris et al., 1996; Maloof et al., 1999). In egl-20 loss 
of function mutants, mab-5 fails to be expressed in QL, and as a result, the 
QL daughter cells migrate towards the anterior. Overexpression of EGL-
20 induces the opposite phenotype: ectopic expression of mab-5 in QR and 
posterior migration of the QR daughter cells (Whangbo and Kenyon, 1999). 
EGL-20 is produced by a group of epidermal blast cells and a muscle cell 
in the tail and forms a concentration gradient along the anteroposterior 
body axis (Coudreuse et al., 2006; Pan et al., 2006; Whangbo and Kenyon, 
1999). The QL neuroblast is initially present at a more posterior position 
than the QR neuroblast and is therefore exposed to a higher concentration 
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of EGL-20. Interestingly, the specific activation of EGL-20 signaling in QL is 
not the result of this difference in position, as the same effect is seen when 
the gradient is reversed by expressing EGL-20 in the pharynx. Instead, 
a difference in sensitivity to EGL-20 between the two Q cells determines 
that the EGL-20 pathway is only activated in QL (Whangbo and Kenyon, 
1999). In addition to EGL-20, expression of mab-5 requires the Frizzleds 
LIN-17 and MIG-1, the Disheveled MIG-5, BAR-1/β-catenin and POP-1/
TCF (Korswagen, 2002). As discussed above, BAR-1 physically interacts 
with POP-1. This interaction is required for mab-5 expression in QL, as 
overexpression of a dominant negative, N-terminally truncated POP-1 
protein that lacks the BAR-1 interaction domain inhibits the expression 
of mab-5 (Korswagen et al., 2000). The expression of mab-5 is negatively 

Figure 2. The migration of the Q daughter cells is regulated by EGL-20/Wnt signaling. 
A dorsal view is shown. Cells are in green and red when mab-5 expression is activated or ab-
sent, respectively. The grey circles represent the seam cells V1 to V6. In wild type (top panel), 
the Q daughter cells on the left side (QL) activate mab-5 expression and migrate toward the 
posterior, whereas the Q daughter cells on the right side (R) migrate in the default anterior 
direction. Ectopic activation of mab-5 expression in the QR.d of pry-1/Axin mutants results 
in posterior migration (middle panel). Loss-of-function of positive regulators of the EGL-20 
pathway such as egl-20/Wnt, lin-17/Fz, mig-1/Fz, mig-5/Dsh, bar-1/β-catenin or pop-1/Tcf 
(bottom panel) results in anterior migration of the QL.d.
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regulated by the highly divergent, but functional Axin orthologs PRY-1 and 
AXL-1 (Korswagen et al., 2002; Oosterveen et al., 2007) (see also Chapter 
3). PRY-1 and AXL-1 function genetically upstream of BAR-1 and POP-1 
(Korswagen et al., 2002; Maloof et al., 1999; Oosterveen et al., 2007) and 
physically interacts with BAR-1, GSK-3, the APC related protein APR-1 
and MIG-5/Dsh, demonstrating that a conserved destruction complex 
negatively regulates BAR-1. In this study, we have used the migration of 
the Q daughter cells as an assay for canonical Wnt/β-catenin signaling. 
 Canonical Wnt signaling also plays an important role in the 
generation of the vulva (Korswagen, 2002). During the first stage of 
larval development, six of the twelve ventral hypodermal Pn.p cells 
express the Hox gene lin-39 and adopt the vulva precursor cell (VPC) 
fate. The remaining Pn.p cells fuse with the hypodermal syncytium. 
Later, inductive signaling from the somatic gonad and subsequent lateral 
signaling mediated by LIN-12/Notch causes the VPCs to adopt one of three 
alternative vulval fates (Sundaram and Han, 1996; Wang and Sternberg, 
2001). A LIN-3/EGF signal from the anchor cell in the somatic gonad 
activates a conserved receptor tyrosine kinase/Ras pathway in P6.p and 
induces the primary (1°) fate. Next, lateral signaling mediated by LIN-
12/Notch specifies the secondary (2°) fate in P5.p and P7.p. Together, P5.p, 
P6.p and P7.p generate the 22 cells of the vulva. The remaining VPCs adopt 
the tertiary (3°) fate and fuse with the hypodermal syncytium. In addition 
to inductive or lateral signaling, canonical Wnt/β-catenin signaling is also 
required for VPCs to select the appropriate fate. In bar-1/β-catenin mutants, 
both the generation and specification of the VPCs is defective (Eisenmann 
et al., 1998): VPCs frequently fuse with the hypodermal syncytium and 
P5.p to P7.p often adopt the 3° fate instead of the induced 1° or 2° fate. 
Overactivation of the pathway, such as in pry-1/Axin single mutants, 
pry-1 axl-1 double mutants or in transgenic animals overexpressing a 
constitutively active N-terminally truncated BAR-1 protein, leads to 
multiple VPCs adopting the vulva fate (Gleason et al., 2002; Oosterveen 
et al., 2007) (see also Chapter 3). A likely Wnt target gene in the VPCs is 
the Hox gene lin-39 (Eisenmann et al., 1998). In bar-1 mutants, expression 
of lin-39 is often lost in the VPCs. Furthermore, bar-1 promoter directed 
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expression of lin-39 can partially rescue the vulva phenotype of bar-1 
mutants. lin-39 is also a target of the Ras pathway (Maloof and Kenyon, 
1998) and Ras and Wnt signaling may cooperate in controlling the 
expression of this Hox gene (Gleason et al., 2002). A similar synergistic 
function of Ras and Wnt signaling is also required for the expression of the 
Hox gene egl-5 in the P12 ventral epidermal blast cell (Jiang and Sternberg, 
1998).

Non-canonical Wnt signaling: the Wnt/MAPK pathway

Wnt/MAPK signaling specifies several asymmetric cell divisions during C. 
elegans development. Interestingly, Wnt/MAPK signaling is fundamentally 
different from the canonical Wnt/β-catenin, and the non-canonical Wnt/
PCP and calcium signaling pathways in Drosophila and vertebrates. Unlike 
these other pathways, Wnt/MAPK signaling utilizes the divergent β-
catenin WRM-1 and LIT-1/NLK to downregulate nuclear levels of POP-
1/TCF. I will discuss two examples where Wnt/MAPK signaling has been 
studied in detail.

Wnt/MAPK signaling and endoderm induction in the embryo

At the four cell stage, a signal from the posterior blastomere P2 polarizes 
the neighboring EMS cell to produce daughter cells with different fates: 
the anterior daughter MS will form muscle cells, whereas the posterior 
daughter E will form the intestine. If contact between P2 and EMS is 
disrupted, both daughter cells adopt the MS fate (Goldstein, 1992). 
Blastomere isolation and recombination experiments have shown that P2 
needs to contact EMS before it divides (Goldstein, 1993; Goldstein, 1995a). 
Signaling by P2 induces rotation of the EMS nucleus and centrosomes and 
orients the mitotic spindle perpendicular to the plane of contact between 
the two cells. This rotation polarizes EMS along the anteroposterior axis 
and is closely linked to the specification of endoderm fate in the posterior 
daughter (Goldstein, 1995b). An important determinant of MS and E fate 
is POP-1/TCF (Lin et al., 1995). As a result of the P2 derived polarizing 
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signal, MS and E show a striking difference in nuclear levels of POP-1, 
with high levels of POP-1 in MS and low levels in E. Disruption of this 
POP-1 asymmetry abolishes the difference in fate between MS and E. Thus, 
when P2 signaling is prevented, nuclear POP-1 levels are equal in MS and 
E and both cells adopt the MS fate (Rocheleau et al., 1997; Thorpe et al., 
1997). Mutation of pop-1 causes the opposite phenotype, with both MS and 
E adopting the intestinal fate (Lin et al., 1995). The high level of POP-1 in 
MS ensures that endoderm fate is repressed; POP-1 interacts with UNC-
37/Groucho and the histone deacetylase HDA-1 to repress transcription of 
the endoderm inducing gene end-1 (Calvo et al., 2001). It has recently been 
shown that POP-1 also functions as an activator of endoderm fate in the E 
cell (Maduro et al., 2005; Shetty et al., 2005). This function of POP-1 has long 
been overlooked, because it is masked by the parallel activation of end-1 
by the transcription factor SKN-1. Knock-down of pop-1 by RNAi results 
in derepression of end-1 expression in MS, but also in lower expression of 
end-1 in E. High level expression of end-1 in E requires a TCF binding site 
within the end-1 promoter and the N-terminal β-catenin binding domain 
of POP-1, suggesting that POP-1 interacts with a β-catenin to activate 
end-1 transcription. It has recently been shown that this β-catenin is SYS-1 
(Huang et al., 2007). The function of SYS-1 in Wnt/MAPK signaling will be 
discussed below.
 The polarization of EMS by P2 is mediated by the Wnt MOM-2 
(Goldstein et al., 2006; Rocheleau et al., 1997; Thorpe et al., 1997) and a 
parallel pathway consisting of the tyrosine kinases MES-1 and SRC-1 (Bei 
et al., 2002). MOM-2/Wnt is produced in P2 and its function depends on 
the Porcupine homolog MOM-1 and the Wntless ortholog MIG-14 (which 
is also known as MOM-3) (Rocheleau et al., 1997; Thorpe et al., 1997). In the 
EMS blastomere, polarization requires the Frizzled MOM-5 and GSK-3/
GSK3β. Mutations in these genes affect both spindle rotation and endoderm 
induction (Schlesinger et al., 1999). Further downstream components 
are the APC related protein APR-1 and the divergent β-catenin WRM-1. 
Mutation of these genes disrupts endoderm induction, but does not affect 
spindle rotation. Thus, the different effects of MOM-2/Wnt are mediated 
by pathways that branch at the level of GSK-3/GSK3β (Schlesinger et al., 
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1999). MOM-2/Wnt signaling induces endoderm fate by downregulating 
POP-1 in the nucleus of E. Although the role of GSK-3/GSK3β and APR-
1 in this process is poorly understood, a detailed picture has emerged of 
the regulation of POP-1 by WRM-1/β-catenin (Rocheleau et al., 1999). 
In contrast to the β-catenin BAR-1, WRM-1 does not bind POP-1, but 
physically interacts with the NLK ortholog LIT-1. In collaboration with the 
TGFβ activated kinase (TAK1) ortholog MOM-4 (Meneghini et al., 1999; 
Shin et al., 1999), binding of WRM-1 activates LIT-1 kinase activity. LIT-
1 in turn phosphorylates POP-1, which results in loss of POP-1 nuclear 
localization. Live imaging of a functional GFP::POP-1 fusion protein 
showed that MOM-2/Wnt signaling induces a dynamic nucleo-cytoplasmic 
redistribution of POP-1 that probably does not involve POP-1 degradation 
(Maduro et al., 2002). Nuclear localization of POP-1 is dependent on 
specific acetylation, a modification that enhances its nuclear retention, but 
this retention signal is overruled by LIT-1 mediated phosphorylation (Gay 

Figure 3. A model of MOM-2/Wnt induced endoderm induction. At telophase of the EMS 
division, MOM-2/Wnt signaling and parallel input from a MES-1/SRC-1 pathway induces 
accumulation of WRM-1 (indicated by the green color) and LIT-1 in the posterior nucleus 
(E). LIT-1 phosphorylates POP-1, which results in PAR-5/14-3-3 and CRM-1-dependent 
nuclear export. The lower level of POP-1 in the posterior nucleus leads to POP-1 and SYS-1 
dependent activation of the endoderm determining gene end-1. At the anterior side, WRM-
1 is retained at the cortex (green color) and WRM-1 and LIT-1 are exported from the MS 
nucleus. The resulting high level of POP-1 represses end-1, enabling the cell to adopt the MS 
fate. The figure was adapted from Nakamura et al. (2005).
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et al., 2003). Phosphorylation of POP-1 strongly enhances binding to the 
14-3-3 protein PAR-5 and results in CRM-1 dependent nuclear export (Lo 
et al., 2004). Interestingly, LIT-1 is enriched in the nucleus of E and thus 
shows an asymmetry that is opposite to that of POP-1. Recently, imaging 
of a functional WRM-1::GFP fusion protein revealed that the subcellular 
localization of WRM-1 is highly dynamic during the EMS division cycle 
(Nakamura et al., 2005). Early during EMS mitosis, WRM-1 is present at the 
cortex, but this cortical localization, which depends on MOM-5/Frizzled, 
is lost at the site of contact with P2. During telophase, WRM-1 localizes 
at similar high levels in the newly formed MS and E nuclei. Later during 
the EMS division, the nuclear signal in MS becomes weaker due to CRM-
1 dependent nuclear export, while high levels of WRM-1 are maintained 
in the nucleus of E (Fig. 3). It is still unclear how MOM-2/Wnt signaling 
controls WRM-1 localization, but a likely possibility is that the WRM-1 
released at the site of contact with P2 is somehow activated, allowing it to 
be retained in the nucleus of E. The high levels of WRM-1 and LIT-1 in E in 
turn activate nuclear export of POP-1 and thereby specify endoderm fate.

Z1/4 polarity: axis determination in the somatic gonad

The hermaphrodite gonadal primordium contains two somatic gonadal 
precursor cells, Z1 and Z4, that flank the two germline precursor cells Z2 
and Z3 (Kimble and Hirsh, 1979). The first division of Z1 and Z4 establishes 
the proximal-distal axis of the gonad. The distal daughter cells (Z1.a and 
Z4.p, respectively) adopt a leader cell fate (the distal tip cells) and are 
responsible for the outgrowth of the developing gonad, whereas one of 
the proximal daughter cells forms the anchor cell, which connects the 
gonad to the vulva. The asymmetric division of Z1 and Z4 is controlled by 
the Frizzled LIN-17 and WRM-1, LIT-1 and POP-1 (Siegfried et al., 2004; 
Siegfried and Kimble, 2002). POP-1 is present at high levels in the nuclei of 
the proximal daughter cells and at low levels in the distal daughter cells. 
Surprisingly, both high levels and complete absence of POP-1 induce the 
same phenotype, a symmetric division with both daughter cells adopting 
the proximal fate. The distal fate is only induced when POP-1 levels are 
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low as a result of Wnt/MAPK signaling. The induction of distal fate 
also depends on the β-catenin interaction domain of POP-1 (Siegfried 
and Kimble, 2002). Analysis of mutants that fail to polarize the Z1 and 
Z4 divisions (called symmetrical sister, or Sys mutants) resulted in the 
identification of a β-catenin-like protein called SYS-1 that functions together 
with POP-1 in specifying the distal fate (Kidd et al., 2005; Miskowski et al., 
2001). sys-1 acts downstream of POP-1 and encodes a novel protein with 
three predicted Armadillo repeats, a sequence motif found in β-catenin and 
other proteins. SYS-1 binds to the β-catenin interaction domain of POP-1 
and functions as a co-activator of POP-1 dependent transcription. A direct 
target gene of POP-1 and SYS-1 is ceh-22, which encodes a homeodomain 
containing protein similar to vertebrate Nkx2.5 (Lam et al., 2006).
 The induction of distal fate in the Z1 and Z4 daughter requires low 
levels of POP-1. An attractive model is that SYS-1 is present in the nucleus 
at a limiting concentration (Kidd et al., 2005) (Fig. 4). When POP-1 levels 
are downregulated by Wnt/MAPK signaling, the POP-1/SYS-1 ratio is 

Figure 4. A model of POP-1 and SYS-1 dependent target gene activation in the somatic 
gonad. The co-activator SYS-1 (green) is present at a limiting concentration in the proximal 
and distal daughter cells. In the proximal daughter cell, the low POP-1/SYS-1 ratio favors 
repression of distal specific target genes. In the distal daughter cell, the POP-1/SYS-1 ratio 
is increased by WRM-1 and LIT-1 dependent downregulation of nuclear POP-1 levels. As a 
result, POP-1 and SYS-1 activate the expression of the target gene ceh-22/Nkx2.5. The figure 
was adapted from (Kidd et al., 2005).
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altered to favor SYS-1 dependent activation of target genes. Several lines 
of evidence support this model. First, sys-1 is haplo-insufficient, indicating 
that it is expressed at relatively low levels. Second, changing the POP-
1/SYS-1 ratio by SYS-1 overexpression can induce distal fate when POP-1 
levels are high (e.g. in the Z1 and Z4 proximal daughter cells or in the 
absence of WRM-1 or LIT-1). Finally, the model was directly tested by 
transfecting different ratios of POP-1 and SYS-1 in mammalian cells. When 
POP-1 was expressed in excess of SYS-1, transcription of a TCF reporter 
was repressed. However, when POP-1 and SYS-1 were expressed at equal 
levels or when excess SYS-1 was transfected, the reporter was activated. 

Multiple mechanisms regulate POP-1 transcriptional activity

It is clear from the above that Wnt signaling is surprisingly complex in C. 
elegans. In addition to a canonical Wnt/β-catenin pathway, there is an as yet 
novel Wnt/MAPK pathway that regulates nuclear levels of POP-1/TCF. 
Some aspects of this pathway may be conserved, as NLK has been shown 
to modulate TCF activity in vertebrates as well (Ishitani et al., 1999). 

The TCF/LEF-1 transcription factor POP-1 plays a central role in 
canonical as well as Wnt/MAPK signaling and can function as a repressor 
as well as an activator. C. elegans has a surprisingly diverse set of β-catenin-
like proteins that modulate POP-1 activity. The most familiar is BAR-1, 
a conventional β-catenin that is regulated by a conserved destruction 
complex and interacts with POP-1 to co-activate target gene expression. 
The β-catenin-like protein WRM-1 functions together with LIT-1/NLK to 
regulate nuclear levels of POP-1. The level of nuclear POP-1 determines 
whether it functions as a repressor or an activator. At high levels, POP-1 
interacts with UNC-37/Groucho to repress Wnt target gene expression 
(Calvo et al., 2001). At low levels, binding of POP-1 to the functional 
β-catenin SYS-1 (which is probably present at a limiting concentration) 
overcomes repression and turns POP-1 into an activator (Kidd et al., 2005). 
The regulation of nuclear levels of TCF/LEF-1 is a novel concept in Wnt 
signaling. It will be interesting to see if similar mechanisms operate in other 
organisms.
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Wnt signaling in nervous system development

In addition to specifying different cell fates by controlling POP-1/TCF 
activity, Wnt proteins also regulate cell behavior in a more direct way. An 
example is the function of EGL-20 in regulating the migration of the HSN 
neurons (Pan et al., 2006). The HSN neurons are born in the tip of the tail 
and migrate to the mid body region, where they innervate the muscle cells 
of the vulva (Sulston et al., 1983; White, 1986). The anterior migration of 
the HSN neurons is dependent on EGL-20, which is expressed in the tail 
and forms a gradient along the anteroposterior axis (Coudreuse et al., 2006; 
Pan et al., 2006; Whangbo and Kenyon, 1999). It has recently been shown 
that EGL-20 functions as a repulsive signal that together with the Wnt 
protein CWN-1 is responsible for determining the final position of the HSN 
neurons (Pan et al., 2006). The response to EGL-20 requires MIG-1/Frizzled 
in the HSN neurons, but migration is independent of β-catenin or POP-1/
TCF function. Wnt signaling also specifies the anterior migration of the QR 
daughter cells (Harris et al., 1996). Also in this case, EGL-20 may function 
as a repulsive cue, but the regulation of QR daughter cell migration 
seems to be more complex, as also CWN-1 and CWN-2 play a major role 
in this process (Zinovyeva and Forrester, 2005). In addition to regulating 
neuronal migration, Wnt proteins also specify the polarity of the ALM 
and PLM mechanosensory neurons (Hilliard and Bargmann, 2006; Prasad 
and Clark, 2006). In wild type animals, the PLM neuron extends a long 
process towards the anterior and a short process towards the posterior. This 
polarity is reversed in lin-44 mutants and is strongest in lin-44; egl-20; cwn-1 
triple mutants, indicating that multiple Wnts function in the specification 
of PLM polarity (Hilliard and Bargmann, 2006). PLM polarity requires LIN-
17/Frizzled, but no other Wnt pathway components have been shown to 
be involved in this pathway. The polarity of the ALM neuron is reversed 
in egl-20; cwn-1 double mutants, indicating that also in this case, polarity 
is specified by the concerted action of different Wnt proteins (Prasad and 
Clark, 2006). Interestingly, it has recently been shown that Wnt signaling 
regulates synapse formation in C. elegans. In the DA9 motor neuron, 
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synapse formation is inhibited by LIN-44 through a pathway that involves 
LIN-17/Frizzled and DSH-1/Disheveled (Klassen and Shen, 2007). The 
function of Wnt proteins in nervous system development is still largely 
unexplored, but it is clear from the above that Wnt proteins are required 
for both specifying the wiring as well as the synaptic connectivity of the 
nervous system. This is an exciting new area of research that will provide 
important insight into nervous system development and potential novel 
mechanisms of Wnt signaling.

Wnt proteins function as morphogens

A central question in biology is how developing tissues are patterned to 
form different cell types and structures. An important role in this process 
is played by secreted morphogens such as Wnt proteins, which provide 
positional information to cells in the tissue by forming a concentration 
gradient. Cells measure their position in this gradient by sensing the local 
concentration of Wnt and adopt a differentiation program that is specific to 
that particular concentration. To induce a precise and reproducible pattern, 
the shape and range of the Wnt concentration gradient needs to be tightly 
regulated. Studies on gradient formation of the Wnt protein Wg in the 
Drosophila wing imaginal disc have identified the main parameters that 
control the Wg gradient (Kicheva et al., 2007). The first parameter is the rate 
of diffusion of Wg, which is regulated by heparan sulphate proteoglycans 
(HSPGs) such as Dally and the Dally-like protein Dlp on the surface of cells 
in the gradient domain (Baeg et al., 2001; Lin, 2004; Strigini and Cohen, 
2000) and by the association of Wg with lipoprotein particles (Panakova et 
al., 2005). The second parameter is degradation of Wg, which is mediated 
by endocytosis and lysosomal degradation of Wg by cells in the gradient 
domain (Dubois et al., 2001). The final parameter is the rate of Wg secretion 
by the Wg producing cells along the dorsoventral boundary of the disc 
(Kicheva et al., 2007). The control of Wg production and secretion may be 
especially important, because in addition to regulating the concentration 
of Wg at the source of the gradient, it may also influence the diffusion 
of Wg by controlling the association of Wg with HSPGs and lipoprotein 
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particles. Although the mechanism of Wnt diffusion and degradation has 
been intensively studied, very little is still known about how Wnt secretion 
is mediated and regulated. In this second part of the introduction, I will 
give an overview of what is currently known about how a functional Wnt 
protein is produced and secreted.

Wnt proteins are lipid modified glycoproteins

The Wnt family consists of at least 19 members in mammals. Most Wnt 
proteins consist of around 350 amino acids and are approximately 40 kDa 
in size, except for the Drosophila Wnt proteins Wingless (Wg) and DWnt5, 
which are significantly larger (Miller, 2002). The Wnt protein sequence 
contains 23 to 25 cysteines that are highly conserved between species and 
form extensive disulfide bonds during protein folding (Tanaka et al., 2002). 
Despite the presence of charged residues in the Wnt protein sequence, 
mouse Wnt3a and Drosophila Wg were found to be hydrophobic proteins 
(Willert et al., 2003). This paradox was recently solved by the purification 
and biochemical characterization of Wnt proteins, which showed that Wnt 
contains two distinct lipid modifications (Takada et al., 2006; Willert et al., 
2003). 

Posttranslational modification of Wnt in the ER

The Wnt protein is extensively modified in the endoplasmic reticulum 
(ER). Wnt is first N-glycosylated at specific residues by the oligosaccharyl 
transferase complex (OST) at the ER membrane (Tanaka et al., 2002). The 
function of the N-glycosylation of Wnt is unclear. It has been shown that 
mutation of part or all of the N-glycosylation sites in mouse Wnt1 or 
enzymatic removal of the N-linked glycans of purified Wnt5a does not 
significantly affect their function in cell-culture based Wnt signaling assays 
(Burrus and McMahon, 1995; Kurayoshi et al., 2007; Mason et al., 1992), but 
a recent study suggests that there may be an effect on secretion when the 
N-glycosylation sites of Wnt5a are mutated (Kurayoshi et al., 2007). The 
purification and biochemical analysis of Wnt proteins has shown that Wnt 
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is also lipid modified. Mass spectrometry of purified Wnt3a revealed that 
the protein contains a palmitic acid chain (C16:0) at a conserved cysteine 
residue (C77) that is linked to the protein backbone via a thioester bond 
(Willert et al., 2003). Recently, it was reported that mouse Wnt3a also 
contains a palmitoleic acid (C16:1) at a conserved serine residue (S209) that 
is linked via an oxyester bond (Takada et al., 2006). Other Wnt proteins, 
such as mouse Wnt5a and Drosophila Wg and DWnt8, also contain lipid 
groups (Takada et al., 2006; Willert et al., 2003; Zhai et al., 2004), indicating 
that lipid modification is a common feature of Wnt proteins. The lipid 
modification of Wnt may be important for secretion as well as signaling 
activity. Palmitate groups can function as intracellular sorting signals 
(Bijlmakers and Marsh, 2003) and in the case of Wnt proteins, the palmitate 
groups may be required for sorting Wnt into polarized vesicles that target 
Wnt to specific microdomains at the cell membrane that are known as lipid 
rafts (Zhai et al., 2004). Indeed, when the modified serine (S209) is mutated 
in Wnt3a, the protein fails to be secreted and is retained in the ER (Takada 
et al., 2006). Mutation of the lipid modified cysteine (C77) of Wnt3a does 
not affect secretion, but severely inhibits Wnt3a signaling activity (Willert et 
al., 2003). In this case, lipid modification may be required after secretion, for 
example to concentrate Wnt at the membrane of target cells to increase the 
local concentration available for signaling. Alternatively, lipid modification 
may be required for the interaction of Wnt with lipoprotein particles 
(Panakova et al., 2005) or for the interaction of Wnt with its receptors 
Frizzled and LRP5/6.
 A central component in the Wnt modification pathway is the 
membrane-bound O-acyltransferase Porcupine (Kadowaki et al., 1996). 
Several studies suggest that it is required for lipid modification and 
secretion of Wnt. Thus, in Drosophila, Porcupine is required for the 
hydrophobicity and membrane targeting of Wg (Zhai et al., 2004). 
Furthermore, it was recently shown that Porcupine is required for the 
acylation of mouse Wnt3a at serine 209 (Takada et al., 2006). Mutation of 
Porcupine also affects the N-glycosylation of Wg in Drosophila (Tanaka et 
al., 2000) and under some conditions, overexpression of Porcupine leads to 
ectopic N-glycosylation of Wg. An explanation may be that the acylation 
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and N-glycosylation of Wnt are not independent processes. Thus, the 
Porcupine induced acylation may target Wnt to the ER membrane, where 
it becomes accessible to the OST complex for glycosylation. Clearly, many 
questions remain on how Wnt is modified and how these modifications 
affect its function.

A specialized Wnt secretion pathway

Several lines of evidence suggest that Wnt proteins are not simply secreted 
through the default secretory pathway (Coudreuse and Korswagen, 2007). 
First, the lipid modification of Wnt may function as a sorting signal that 
targets Wnt to specific membrane microdomains known as lipid rafts, 
which may be part of a polarized secretion pathway (Zhai et al., 2004). 
Second, high-resolution imaging of Wg in the Drosophila wing imaginal 
disc has shown that Wg localizes to multivesicular bodies and recycling 
endosomes, which may represent intermediate steps in a specialized 
secretory pathway (Pfeiffer et al., 2002; van den Heuvel et al., 1989). Third, 
the related, lipid modified signaling protein Hedgehog segregates away 
from secreted GFP into a specific secretory pathway (Gallet et al., 2003). 
Finally, it has recently been shown that Wnt secretion requires the specific 
Wnt binding protein Wntless (Banziger et al., 2006; Bartscherer et al., 2006; 
Goodman et al., 2006) and the function of an intracellular protein sorting 
complex called the retromer complex (Coudreuse et al., 2006; Prasad 
and Clark, 2006), which will be discussed in detail below. An important 
question is why Wnt requires a specialized secretory pathway. Although 
we can only speculate at this point, it is likely that one reason is the 
hydrophobic nature of the Wnt protein. Wnt may need a dedicated sorting 
receptor to be transported to the cell surface and a specialized mechanism 
for release to the extracellular environment. It has recently been shown that 
Wnt binds to lipoprotein particles, an association that may enable Wnt to 
diffuse more freely in the aqueous environment of the tissue (Panakova 
et al., 2005). Binding of Wnt to lipoprotein particles may take place within 
an endosomal compartment of Wnt producing cells (H. Sprong, personal 
communication) and the specialized secretory pathway of Wnt may be 
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specifically adapted to sort Wnt to this compartment. Another reason for a 
specialized secretion pathway is that it may enable Wnt producing cells to 
more precisely regulate Wnt secretion. As discussed above, the rate of Wnt 
secretion is one of the primary kinetic parameters that control the range of 
Wnt signaling in the tissue (Kicheva et al., 2007) and therefore it is likely 
that this process is highly regulated. 

The Wnt binding protein Wntless is required for Wnt secretion

Wntless (Wls), which is also known as Evenness interrupted (Evi) or 
Sprinter (Srt), was recently identified in Drosophila (Banziger et al., 2006; 
Bartscherer et al., 2006; Goodman et al., 2006). In the wing imaginal disc, 
Wls mutant clones display decreased expression of the Wg target genes 
achaete and distalless and show a characteristic wing margin phenotype. 
Importantly, only Wls mutant clones that span the stripe of Wg expressing 
cells at the dorsoventral boundary show a defect in Wg signaling, 
indicating that Wls is specifically required in Wg producing cells. Wls is 
highly conserved in evolution and there are close orthologs of Wls in C. 
elegans and mammals (Banziger et al., 2006; Bartscherer et al., 2006). In C. 
elegans, the first alleles of the Wls ortholog mig-14 were isolated almost 
a decade ago, but due to technical difficulties, the gene was not cloned 
(Harris et al., 1996; Thorpe et al., 1997). The function of MIG-14 in Wnt 
signaling has been most closely studied in the early embryo (Thorpe et al., 
1997). mig-14 mutants display a defect in endoderm development that is 
similar to the phenotype of mom-2/Wnt mutants. Blastomere reconstitution 
experiments showed that mig-14 is specifically required in the MOM-2/Wnt 
producing cell P2, demonstrating that also in C. elegans, Wls is necessary in 
Wnt producing cells.
 Several lines of evidence suggest that Wls is required for 
Wnt secretion. First, there is strong accumulation of Wg in the Wg 
producing cells of Wls mutant clones in the wing disc (Banziger et al., 
2006; Bartscherer et al., 2006; Goodman et al., 2006). Second, staining 
of extracellular Wg showed that the gradient of Wg is mostly absent in 
mutant clones (Banziger et al., 2006). Finally, experiments in human cells 
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showed that knock-down of Wls blocked the secretion of Wnt into the 
tissue culture medium (Banziger et al., 2006). The function of Wls in Wnt 
secretion is likely to be specific to Wnt, as signaling by the related, lipid 
modified signaling protein Hedgehog is not affected in Wls mutant clones 
(Goodman et al., 2006). 

Wls encodes a 562 amino acid protein with an amino-terminal 
signal sequence, seven predicted trans-membrane domains and an 
intracellular carboxy-terminal domain (Banziger et al., 2006; Bartscherer et 
al., 2006; Goodman et al., 2006). Although Wls does not contain a known 
Wnt binding domain, co-immunoprecipitation experiments showed that 
Wls interacts with Wnt in vivo. Wls has been reported to localize to the 
Golgi, endosomes and to the plasma membrane and models have been 
proposed in which Wls may function as a chaperone or sorting receptor for 
Wnt (Ching and Nusse, 2006; Coudreuse and Korswagen, 2007; Hausmann 
et al., 2007). As discussed below and in Chapter 4, we propose that Wls 
functions as a sorting receptor for Wnt that transports Wnt from the Golgi 
to the plasma membrane for release.

Function of the retromer complex in Wnt secretion

The first demonstration of a function of the retromer complex in Wnt 
signaling was the finding that in C. elegans, the retromer subunit VPS-35 is 
required for the EGL-20/Wnt dependent migration of the Q neuroblasts 
(Coudreuse et al., 2006) and for the Wnt dependent polarization of the ALM 
and PLM neurons (Prasad and Clark, 2006). Subsequent work showed 
that the retromer complex is specifically required in Wnt producing cells 
(Coudreuse et al., 2006; Prasad and Clark, 2006) and that its function in Wnt 
signaling is evolutionarily conserved (Coudreuse et al., 2006).

The retromer is a multi-protein complex that is involved in 
different intracellular sorting pathways (Seaman, 2005). One of the major 
functions of the retromer complex is the endosome to Golgi retrieval of 
specific sorting receptors. The best studied example is the retrieval of 
lysosomal enzyme sorting receptors such as Vps10p in yeast and the 
cation-independent mannose-6-phosphate (CI-MPR) receptor in vertebrates 
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(Arighi et al., 2004; Haft et al., 2000; Seaman et al., 1998). Vps10p transports 
the lysosomal enzyme carboxypeptidase Y (CPY) from the late Golgi to 
a late endosomal compartment, where the enzyme is released for further 
transport to the vacuole, the yeast equivalent of the lysosome. Next, the 
retromer complex transports Vps10p back to the late Golgi. In the absence 
of this recycling step, Vps10p is degraded in the vacuole and as a result, 
CPY is no longer transported to the prevacuolar compartment and is 
secreted instead. Another target of endosome to Golgi retrieval by the 
retromer complex is the Fet3p/Ftr1p iron transporter in yeast (Strochlic 
et al., 2007). The Fet3p/Ftr1p complex shuttles between the Golgi and 
the plasma membrane to mediate iron uptake and depending on the iron 
concentration, the yeast cell can choose to degrade or recycle the complex. 
Another target of the retromer  complex is the polymeric immunoglobulin 
receptor (pIg), which mediates the basal to apical transcytosis of IgA 
through epithelial cells (Verges et al., 2004). It is not clear, however, which 
part of pIg-IgA trafficking is mediated by the retromer complex. 

The retromer consists of a core complex of Vps35, Vps26 and 
Vps29 that directly binds to the cargo protein through a loosely defined 
consensus sequence (Seaman, 2007) and two accessory proteins, Vps5p 
and Vps17p. Vps5p and Vps17p contain C-terminal coiled-coil domains, 
which are required for dimerization and also contain a Phox homology (PX) 
domain (Ponting, 1996). The PX domain targets proteins to intracellular 
membranes by binding to phosphoinositides such as phosphatidylinositol 
3-phosphate (PtdIns3P), which functions as an important regulator of 
membrane trafficking (Krauss and Haucke, 2007). Although there is no 
closely related mammalian ortholog of Vps17p, there are two orthologs of 
Vps5p, the sorting nexins SNX1 and SNX2, which have interchangeable 
roles in retromer complex function. The sorting nexin accessory proteins 
play an important role in recruiting the core retromer complex to the 
endosomal membrane and may also assist in vesicle formation (Carlton 
and Cullen, 2005). In C. elegans, mutants of the different retromer subunit 
genes are viable. A likely explanation of the relatively mild effect of 
mutation of the retromer complex is that many of the lysosomal hydrolases 
are still correctly transported in the absence of retromer function, as has 
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been observed in yeast retromer mutants (Paravicini et al., 1992). Of the 
different retromer subunits, only mutation of the core subunit genes vps-
35, vps-26 and vps-29 produce a defect in Wnt signaling (Coudreuse et al., 
2006). Mutation of vps-5 (also known as snx-1) does not affect Wnt signaling 
(Coudreuse et al., 2006), indicating that it may function redundantly with 
other sorting nexins. 

An interesting aspect of the retromer mutant phenotype is that the 
effect on Wnt signaling is distance dependent (Coudreuse et al., 2006). 
Thus, short-range signaling of MOM-2/Wnt and LIN-44/Wnt is not, or 
only weakly affected in retromer mutants. Furthermore, EGL-20/Wnt 
responding cells that are located further from the source of EGL-20/Wnt 
are more strongly affected by loss of retromer function than cells that are 
positioned closer. Finally, and most importantly, the long-range EGL-20/
Wnt concentration gradient, that can be readily visualized in wild type 
animals, is absent in vps-35 mutants. Why does mutation of the retromer 
complex affect the range of Wnt signaling? One possibility is that retromer 
dependent sorting is required for a specific modification of Wnt that is 
necessary for long-range signaling. Another possibility is that the retromer 
complex is required for the binding of Wnt to lipoprotein particles, which 

Figure 5. Model of Wntless (Wls) 
and retromer function in Wnt secre-
tion. We propose that Wls binds 
Wnt in the Golgi and transports 
it to the cell surface for secretion. 
Next, Wls is internalized through 
AP-2 and clathrin mediated endo-
cytosis and is returned to the Golgi 
through a retromer dependent 
recycling pathway.
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has been shown to be important for long-range Wg gradient formation in 
the Drosophila wing imaginal disc (Panakova et al., 2005). Finally, mutation 
of the retromer complex may reduce the rate of Wnt secretion from Wnt 
producing cells. Such a reduction in Wnt secretion will also strongly 
affect long-range Wnt signaling, because less Wnt is available to form 
a concentration gradient (Kicheva et al., 2007). Although none of these 
possibilities can be excluded at this point, our recent results (see Chapter 
4) suggest that Wnt secretion is one of the processes that is affected in 
retromer mutants.

Retromer dependent recycling of Wntless

Since the retromer complex has such an important function in endosome to 
Golgi retrieval of sorting receptors, we reasoned that disruption of a similar 
recycling pathway might be at the basis of the Wnt phenotype of retromer 
mutants, but potential targets of this pathway were unknown. Since Wls 
may function as a specific trafficking receptor for Wnt, we investigated 
if Wls is a target of the retromer complex. As discussed in Chapter 4, 
we found that this is indeed the case. Thus, Wls is degraded in retromer 
mutants and becomes limiting for Wnt signaling. Furthermore, we show 
that the retromer dependent recycling of Wls is part of a larger transport 
pathway that mediates the retrieval of Wls from the plasma membrane. 
Based on our results, we propose a model in which Wls transports Wnt 
from the Golgi to the plasma membrane for release (Fig. 5). Next, Wls 
is internalized through AP-2 and clathrin mediated endocytosis and is 
recycled back to the Golgi by a retromer dependent sorting pathway. Of 
course many important questions still remain. For instance, it is not known 
at what stage in the trafficking cycle Wnt binds to Wls and it is also not 
clear how Wnt is released. It is likely that this part of the pathway is much 
more complex, as it may involve re-internalization of Wnt, for example to 
enable binding of Wnt to lipoprotein particles (Fig. 5). Further study of Wnt 
and Wls trafficking will reveal how Wnt is secreted and how this process is 
regulated to produce the very precise and reproducible gradients that are 
so important during development.
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Outline of the thesis

The main focus of my work has been the mechanism of EGL-20/Wnt signaling 
in C. elegans. During my thesis research, I have studied how functional EGL-
20/Wnt is produced and how signaling by EGL-20/Wnt is regulated.

In Chapter 2, we use the EGL-20/Wnt dependent migration of the Q 
neuroblasts in C. elegans as an assay to study Wnt signaling and cell migration. 
We performed a forward genetic screen, which resulted in the identification 
of several new genes that are required for the correct migration of the Q 
neuroblasts. One of these genes, mig-21, encodes a novel thrombospondin 
repeat containing protein that is required for the initial polarization of the Q 
neuroblasts.

In Chapter 3, we study a novel Axin-like protein called AXL-1. We show 
that AXL-1 functions redundantly with PRY-1/Axin in canonical Wnt/β-
catenin signaling. In addition, we show that AXL-1 has a specific function in 
excretory cell development.

In Chapter 4, we show that the Wnt binding protein Wls is a target of the 
retromer complex. Our results suggest that the retromer dependent recycling 
of Wls is part of a larger pathway that retrieves Wls from the cell membrane. 
Based on these results, we propose a model in which Wls cycles between the 
Golgi and the plasma membrane to mediate Wnt secretion.

Chapter 5 is an appendix to Chapter 4, where we describe an initial analysis 
of the subcellular localization of MIG-14/Wls in C. elegans body wall muscle 
cells.
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Abstract

During the early larval development of C. elegans, the Q neuroblasts and 
their descendants migrate left-right asymmetrically. On the left side of the 
animal, QL and its daughter cells migrate towards the posterior, whereas 
on the right side, QR and its descendants migrate towards the anterior. A 
key regulator of the left-right asymmetric migration of the Q neuroblasts 
is the homeodomain containing protein MAB-5. The expression of mab-5 
is regulated by a complex mechanism that involves the initial polarization 
and migration of the Q neuroblasts and a later mechanism that requires 
the Wnt EGL-20. To further investigate how the asymmetric migration 
of the Q neuroblasts is regulated, we performed a large-scale forward 
genetic screen for mutants in which the stereotypic migration of the Q 
daughter cells is altered. We isolated a total of 74 mutations of which 41 
are new alleles of genes that have been previously shown to be involved 
in regulating Q neuroblast migration, including genes that encode 
components of the canonical EGL-20/Wnt pathway. In addition, we found 
three complementation groups that may represent new regulators of Q 
neuroblast migration and one complementation group that corresponds 
to the previously identified locus mig-21. We show that mig-21 encodes a 
novel thrombospondin repeat containing protein that is required for the 
initial polarization and migration of the Q neuroblasts.
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Introduction

A central question in developmental biology is how cells are instructed 
to migrate to specific destinations. An excellent model to study this 
question is the highly reproducible left-right asymmetric migration of the 
Q neuroblasts in C. elegans. The Q neuroblasts are generated at similar 
antero-posterior positions on the left and right side of the animal. Both Q 
neuroblasts generate an identical set of daughter cells, but the migration of 
these cells is opposite between the two sides (Fig. 1A, C). On the left side, 
the QL descendants (QL.d) migrate towards the posterior, whereas on the 
right side, the QR descendants (QR.d) migrate towards the anterior. 

A complex, two-step mechanism has been shown to specify the left-
right asymmetric migration of the Q neuroblasts and their descendants. 
The first step involves the initial left-right asymmetric polarization and 
migration of the Q neuroblasts. During this initial step, QL polarizes and 
migrates a short distance towards the posterior, whereas QR polarizes 
and migrates towards the anterior (Fig. 1C). Correct polarization depends 
on the Netrin receptor UNC-40/DCC (Chan et al., 1996), the novel 
transmembrane protein DPY-19 and the guanine nucleotide exchange factor 
UNC-73/Trio (Honigberg and Kenyon, 2000). The second step involves 
the homeobox gene mab-5, which is asymmetrically expressed between 
the two sides (Salser and Kenyon, 1992). After the initial polarization step, 
expression of mab-5 is turned on in QL and as a result, the migration of the 
QL.d is directed towards the posterior (Salser and Kenyon, 1992). mab-5 is 
not expressed in QR and the QR.d migrate in the default anterior direction. 
The expression of mab-5 is regulated by the Wnt protein EGL-20 (Maloof et 
al., 1999). EGL-20 triggers a canonical Wnt/β-catenin pathway in QL (Fig. 
1B) that includes the Frizzled proteins MIG-1 and LIN-17, the Dishevelled 
MIG-5 and the β-catenin BAR-1 (Harris et al., 1996), which interacts with 
the TCF transcription factor POP-1 to activate mab-5 expression (Korswagen 
et al., 2000). The EGL-20 signaling pathway is negatively regulated by the 
Axin-like proteins PRY-1 (Korswagen et al., 2002) and AXL-1 (Oosterveen et 
al., 2007) (see also Chapter 3). Mutation of these negative regulators leads 
to ectopic expression of mab-5 in QR and posterior migration of the QR.d. 
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 The two steps that control Q neuroblast migration are closely 
linked. In mutants that show random polarization of the Q neuroblasts, 
polarization towards the posterior strongly correlates with the subsequent 
posterior migration of its descendants (Du and Chalfie, 2001), indicating 
that polarization in this direction is required for the Q neuroblasts to 
respond to EGL-20/Wnt and to activate mab-5 expression. EGL-20 is 
expressed in the tail and forms a posterior to anterior concentration 
gradient (Coudreuse et al., 2006). Posterior polarization will therefore 
expose the Q neuroblast to a higher concentration of EGL-20, which led to 
the hypothesis that posterior polarization may be required to overcome a 
threshold for mab-5 activation. This is however not the case, as reversing 
the concentration gradient of EGL-20 does not reverse the migration 
direction of the QL and QR descendants (Whangbo and Kenyon, 1999). 
Therefore, EGL-20 has a permissive rather than an instructive function in 
Q neuroblast migration. It is still unclear how the direction of polarization 
is mechanistically linked to the ability of the cell to activate EGL-20/Wnt 
signaling and mab-5 expression. The main distinction between QL and QR 
appears to be their difference in sensitivity to Wnt (Whangbo and Kenyon, 
1999), indicating that polarization may lead to differences in the expression 
of Wnt pathway components such as for example the Frizzled receptors 
MIG-1 or LIN-17.

In this study we have performed a large scale genetic screen to 
identify mutants that show defects in the left-right asymmetric migration 
of the Q neuroblasts and their descendants. We have isolated a total of 74 
mutations of which 41 are new alleles of genes that have previously been 
shown to function in Q neuroblast migration, including genes that encode 
components of the canonical EGL-20/Wnt signaling pathway. Furthermore, 
we show that the previously identified loci qid-7 and qid-8 (Ch’ng et al., 
2003) are alleles of the Nck-interacting kinase ortholog mig-15. Importantly, 
we found three complementation groups that are likely to represent new 
regulators of Q neuroblast migration and one complementation group that 
corresponds to the uncloned gene mig-21. We show that mig-21 encodes a 
novel thrombospondin repeat containing protein that is required for the 

initial polarization of the Q neuroblasts. 
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Materials and methods

General conditions and strains
Strains were cultured using standard conditions (Brenner, 1974; Lewis 
and Fleming, 1995). Mutagenesis using ethyl-methane sulfonic acid (EMS) 
was as described (Brenner, 1974). All strains were maintained at 20°C. 
Newly identified mutations that were further analyzed were outcrossed 
at least three times as described (Ch’ng et al., 2003). In addition to the new 
mutations identified in this screen, other mutations mentioned in this study 
are: LG I, mig-1(n1354), mab-20(bx61), lin-17(n671), pop-1(hu9), unc-73 (e936), 
unc-40(e271), pry-1(mu38); LG II, egl-27(n170), mig-14(mu71), qid-5(mu245); 
LG III, mig-21(u787), ceh-20(ay9), mab-5(e1239), qid-6(mu252), ina-1(gm39); LG 
IV, egl-20(n585); LG V, unc-62(e644), sqt-3(sc63) and LG X, mig-13(mu225), 
bar-1(ga80), mig-15(rh326), mig-20(k148), qid-7(mu327), qid-8(mu342). The 
following transgenic strains were also used in this study: muIs32[(mec-7::
GFP, lin-15(+)] on LG II and muIs35[(mec-7::GFP, lin-15(+)] on LG V.

Genetic mapping with single nucleotide polymorphism (SNP)
Newly identified alleles were mapped to different linkage groups as 
described (Davis et al., 2005; Wicks et al., 2001). After a mutation was 
assigned to a specific chromosomal region, SNPs within the interval were 
tested to narrow down the region containing the mutation. The SNPs were 
chosen from a database at the Genome Sequencing Center of Washington 
University in St. Louis (Wicks et al., 2001). Single recombinant animals 
from crosses with the CB4856 marker strain were grown in a 96-well liquid-
culture format. The conditions for liquid culture were as described (Nollen 
et al., 2004) but tetracycline and IPTG were omitted from the medium. 
Single homozygous mutant F2 recombinants were picked to individual 
wells and grown for one week at 20°C. DNA lysate for PCR was prepared 
by sedimenting the animals on ice, after which the culture medium was 
removed and 10 µl of single worm lysis buffer was added.
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Complementation tests
To test complementation with genes known to affect Q neuroblast 
migration, reference alleles of such genes were first crossed with the muIs32 
marker transgene. The resulting strains were crossed with muIs32 carrying 
males to generate heterozygous males. These males were then crossed with 
strains containing the new alleles. To avoid scoring self-progeny, on male 
progeny of these crosses was scored, except in the case of X-linked genes, 
where hermaphrodites were scored. In case two mutations are in different 
genes, all male cross progeny will be wild type. When the mutations are 
allelic, in principle up to 50% of the male cross-progeny will show the 
mutant phenotype.

Transformation rescue experiments
After mutants were mapped to a small genetic region, transformation 
rescue experiments were performed with overlapping cosmids or yeast 
artificial chromosomes (YACs) spanning the interval. Cosmid DNA was 
extracted from 100 ml overnight culture using the Marligen plasmid 
midiprep system. At least three transgenic lines were generated for each 
combination of cosmids and YACs.
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Results

Genetic screen to identify mutants defective in Q neuroblast 
migration
The Q neuroblasts each generate three descendants that differentiate 
into neurons (Fig. 1A) (Sulston and Horvitz, 1977). The final positions of 
the Q cell descendants can be scored in living animals using differential 
interference contrast (DIC or Nomarski) microscopy. As this is a laborious 
process that requires the mounting of animals on agarose pads, we used a 
fusion of the tubulin encoding gene mec-7 to gfp as a marker to score the 
final positions of the Q cell descendants (Savage et al., 1989). The mec-7::
gfp transgene muIs32 is specifically expressed in the six mechanosensory 
neurons, which include ALML/R, PLML/R and the Q cell descendants 
AVM (QR.paa) and PVM (QL.paa) (Ch’ng et al., 2003). In wild type animals, 
AVM is anterior to the vulva and PVM posterior (Fig. 1C). In mutants that 
disrupt EGL-20 signaling, both AVM and PVM are in the anterior, whereas 
in mutants that constitutively activate EGL-20 signaling, both AVM and 
PVM are in the posterior. Furthermore, in mutants that affect the initial 
polarization of the Q neuroblasts, the final position of AVM and PVM is 
random between the two sides (although in unc-40/DCC and unc-73/Trio 
mutants, both cells mostly localize in the anterior as well). 

We screened a total of 12.800 EMS mutagenized genomes and 
isolated 74 mutations with a reproducible defect in Q cell migration. 
We categorized these mutations based on the final positions of the Q 
descendants. In category I mutants, both the QL and QR descendants 
localize in the anterior. This group contains 50 of the mutant alleles we 
identified. In category II mutants, both the QL and QR descendants localize 
in the posterior, which was the case for 12 mutant alleles. Finally, in 
category III mutants, the position of the QL and QR descendants is random. 
This group contains a total of 12 mutant alleles. Next, a rough genetic 
map position of the mutant alleles was established using single nucleotide 
polymorphism (SNP) mapping and bulked segregant analysis (Davis et 
al., 2005; Wicks et al., 2001). A total of 55 alleles were assigned to linkage 
groups. Due to low penetrance or pleiotrophic defects, the remaining 19 
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alleles were excluded from further analysis.
 To distinguish if the alleles isolated in the screen are allelic to genes 
known to affect Q cell migration, we performed complementation tests 
with mutations that show a similar Q cell migration phenotype and are 

Fig. 1.  Q neuroblast migration. (A) Diagram of the QL and QR lineages during the first 
stage of larval development. Each lineage generates three neurons. Crosses mark cells that 
undergo programmed cell death. The vertical axis represents time. (B) A canonical Wnt/β-
catenin pathway regulates mab-5 expression in the QL lineage. (C) Two step mechanism of 
Q cell migration. Dorsal view, anterior to the left. The Q neuroblasts first polarize left-right 
asymmetrically (top pane) and migrate a short distance (middle panel). The QL neuroblast 
now responds to EGL-20/Wnt and activates the expression of mab-5 (as indicated by the 
green color). The QL.d migrate towards the posterior, whereas the QR.d migrate towards the 
anterior (bottom panel). The final positions of AVM and SDQR (open squares) and PVM and 
SDQL (green squares) are indicated.
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located close to the mapped region of our alleles (Supplementary Table 
1). In this way, we identified a total of 41 new alleles of genes that have 
previously been shown to be involved in Q neuroblast migration (Table 1). 
These are the Wnt pathway components egl-20/Wnt (Maloof et al., 1999), 
mig-1/Fz (Pan et al., 2006), lin-17/Fz (Harris et al., 1996; Sawa et al., 1996), 
bar-1/β-catenin (Eisenmann et al., 1998) and mab-5 (Salser and Kenyon, 
1992), the guidance cue mig-13 (Sym et al., 1999), the Hox gene regulator 
ceh-20 (Van Auken et al., 2002) and the netrin receptor unc-40/DCC (Chan 
et al., 1996). In addition, we identified three new complementation groups 

Gene Reference 
allele LG New alleles

mig-1 n1354 I hu146, hu172, hu175

lin-17 n671 I hu132, hu160

unc-40 e271 I hu106, hu110, hu180 

mig-21 u787 III hu108, hu109, hu142, hu148, hu173

ceh-20 ay9 III hu123

mab-5 e1239 III hu107, hu141, hu139, hu163, hu164, hu167

egl-20 n585 IV hu99, hu104, hu105, hu119, hu120, hu131, hu140, 
hu143, hu156, hu165, hu168, hu170

unc-62 e644 V hu176

sqt-3 sc63 V hu157

mig-13 mu225 X hu121

bar-1 ga80 X hu102, hu138, hu144, hu150, hu154, hu155

Table 1. New alleles of genes that are required for Q cell migration. The assignment 
of alleles to genes is based on complementation tests with the reference alleles indicated 
(see Table S1 for results of the complementation tests). The exception is lin-17, where the 
assignment is based on the similarity in genetic map position and the shared defect in 
phasmid development (as determined by dye-filling experiments).
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(Table 2), one complementation group that corresponds to the uncloned 
gene mig-21 (Table 3) and one complementation group that corresponds to 
unc-62, a gene that had not previously been shown to affect Q neuroblast 
migration.

Three complementation groups identify new regulators of Q cell 
migration
The first complementation group (complementation group A) consists 
of two alleles, hu101 and hu105, that were mapped to the same region on 
chromosome I (Table 2) and do not complement each other (Supplementary 
Table 2). Both show a highly penetrant defect in QL.d migration (86% and 
100%, respectively) (Fig. 2) and complementation tests showed that they are 
not allelic to the nearby genes pop-1/Tcf or unc-40/DCC (Supplementary 
Table 3). To test whether hu101 and hu105 are alleles of lin-17/Fz, which 
also maps nearby, we assayed if these mutations are dye-filling defective. 
lin-17 is required for the development of the phasmid sensory organ in 
the tail, which can be visualized by the uptake of the lipophilic dye DiO 

Complementation 
group

Alleles Linkage 
group

Genetic location Closest SNP 
markers

A
hu101, 
hu151

I
-1.0361 ~ 
+2.96

D1007 ~ 
K07A12

B
hu159, 
hu174, 
hu179

II
-5.5701 ~ 
-5.3974

T08H4 ~ 
R03H10

C
hu117, 
mu245

II > +4.2 n.d.*

Table 2. Genetic map positions of new complementation groups. Genetic map positions 
were determined using SNP mapping (Wicks et al., 2001). *hu117 and mu245 are linked to 
the muIs32 transgene.
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(Herman et al., 1995). We found that hu101 and hu105 were fully dye-filling 
proficient, indicating that they are not alleles of lin-17. hu101 and hu105 
were mapped to a small region between -1.04 and +2.69 of chromosome I. 
This interval contains no other genes with known functions in Q neuroblast 
migration, indicating that these alleles mutate a novel gene involved in this 
process. The specific defect in QL.d migration indicates that this gene may 
encode a protein required for EGL-20/Wnt signaling.
 The second complementation group (complementation group B) 
consists of three alleles, hu159, hu174 and hu179, that were mapped to the 
same region on chromosome II (Table 2). All three alleles exhibit a nearly 
complete defect in the migration of the QL.d. (Fig. 2) and complementation 
tests showed that they are allelic to each other (Supplementary Table 2). We 
found that the mutations in this group were not allelic to egl-27, mig-14 or 

Fig. 2. Final positions of the QL 
descendants in wild type animals 
and mutants from the three new 
complementation groups. The final 
positions of QL.paa and QL.pap 
were scored with respect to the 
positions of the Vn.a and Vn.p 
lateral seam cell nuclei as indicated.
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qid-5. The locus was further mapped to a small region between -5.57 and 
-5.40 of chromosome II, which is covered by the cosmids T08H4, F56D3 
R03H10 and the yeast artificial chromosome Y54C5A. Transformation 
rescue experiments with the cosmids and YAC clone have so far been 
unsuccessful. This region does not contain genes known to be required for 
QL.d migration, indicating that this locus may encode a novel EGL-20/Wnt 
pathway component as well.
 The third complementation group (Complementation group C) is 
defined by the single allele hu117, which shows a nearly fully penetrant 
defect in QL.d migration (Fig. 2, Table 2). This allele was mapped to the 
right arm of chromosome II, close to where the marker transgene muIs32 is 
integrated. This region contains qid-5, which is defined by the single allele 
mu245 and shows a similar defect in QL.d migration (Ch’ng et al., 2003). 
Using a complementation test, we found that hu117 is a new allele of qid-5 
(Supplementary Table 2). It has been shown that qid-5 is required for mab-5 
expression in the QL neuroblast, indicating that qid-5 is required upstream 
of mab-5, possibly as part of the EGL-20/Wnt pathway (Ch’ng et al., 2003). 
The molecular identity of qid-5 remains to be determined. 

unc-62 encodes a Homothorax related protein
We found that the allele hu176 exhibits a random pattern of Q cell 
migration, with 27% of the animals showing anterior localization of 
the QL.d and 35% showing posterior localization of the QR.d (n>100). 
Interestingly, 8.5% of the animals contained additional mec-7::gfp expressing 
neurons. We genetically mapped hu176 to chromosome V in a small region 
between the SNP markers D2063 (-5.85) and Y61A9LA (-4.97). This region 
spans approximately 200 kb of genomic sequence. Transformation rescue 
experiments with cosmid clones in the region showed that hu176 could be 
rescued by T28F12 and H06N16, indicating that the gene mutated in hu176 
is within the region of overlap between these two cosmid clones. A gene 
in this region, T28F12.2, is the previously identified locus unc-62, which 
encodes an ortholog of Drosophila Homothorax (Hth) (Van Auken et al., 
2002), a member of the Meis family of Hox co-factors. Complementation 
tests showed that unc-62(e644) and hu176 are allelic (Supplementary Table 
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1). To confirm that hu176 is indeed an allele of unc-62, we sequenced the 
unc-62 genomic sequence in hu176 and found a G to A transition at the start 
codon of the T28F12.2e, T28F12.2b.1 and T28F12.2b.2 splice variants of unc-
62 (Fig. 3). 

mig-21 encodes a thrombospondin repeat containing protein
Of the category II alleles that show random migration of the Q descendants, 
7 alleles were mapped to a region between -1 and -13 on chromosome III. 
This region contains the uncloned locus mig-21, which has been shown to 
be required for the initial left-right asymmetric polarization and migration 
of the Q neuroblasts (Du and Chalfie, 2001). To determine whether our 
mutations are allelic to mig-21, we performed complementation tests with 
the only available mig-21 allele, u787. We found that hu108, hu109, hu142, 
hu148 and hu173 are allelic to mig-21(u787) (Supplementary Table 1). In a 
genome-wide RNAi screen for genes that affect Q cell migration, we found 
a gene, F01F1.13, that produces a similar defect in Q cell migration. As 
the extrapolated genetic map position of F01F1.13 is within the interval of 
mig-21 (F01F1.13 is at -1.44 on chromosome III), we sequenced the genomic 
region of this gene in the different mig-21 alleles. As shown in Fig. 4 and 

Fig. 3. unc-62 (T28F12.2) gene structure. hu176 is indicated by an asterisk. It changes the 
start codon of the T28F12.2e, T28F12.2b.1 and T28F12.2b.2 alternatively spliced transcripts. 
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Table 3, we identified mutations for two of the mig-21 alleles. hu142 changes 
a splice site, which is predicted to result in a truncated MIG-21 protein, 
whereas hu148 changes a Tryptophane at position 115 into a stop codon. 
MIG-21 encodes a 185 amino acid protein with two Thrombospondin type 
I (TSR) repeats and a potential carboxy-terminal trans-membrane domain 
(Fig. 4). Thrombospondin repeat containing proteins include Semaphorin 
5A and the netrin receptor UNC-5 (Adams and Tucker, 2000), which play 
an important role in regulating cell migration and axon guidance. Since 
MIG-21 is required for the initial polarization and migration of the Q 
neuroblasts, it may function together with the netrin receptor UNC-40 in 
this process.

Gene Allele Mutation

Migration defect (%)

QL.d anterior QR.d posterior

Wild type n.a. 0 0

mig-21 hu108 n.a. 64 4

mig-21 hu109 n.a. 68 2

mig-21 hu126 n.a. 59 10

mig-21 hu142 splice site 64 8

mig-21 hu148 W115Stop 68 10

mig-21 hu171 n.a. 63 5

mig-21 hu173 n.a. 62 4

Table 3. mig-21 alleles showing random-positioned Q.d. Mutations were identified in two 
of the mig-21 alleles. hu142 contains a mutation in a splice site that is predicted to result 
in a truncated protein. The hu148 allele contains a stop mutation at the beginning of the 
thrombospondin repeat region (see also Fig. 3). In each case, n=150.
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The previously identified loci qid-7 and qid-8 are alleles of mig-15/
NIK
In addition to the alleles isolated in our screen, we also obtained mutations 
that were isolated in a similar screen in the group of Cynthia Kenyon at 
the University of California in San Francisco (Ch’ng et al., 2003). qid-7 and 
qid-8 show a highly penetrant defect in the posterior migration of the QL.d. 
In addition, the QR.d and HSN neurons migrate a shorter distance into 
the anterior. qid-7 and qid-8 also display defects in egg-laying, movement, 
vulva development and body size. Both loci were mapped to chromosome 
X, qid-7 between -1.3 and 5.0 and qid-8 between 2.2 and 5.0 (Ch’ng et al., 
2003). This region contains mig-15, which encodes an ortholog of the Nck-
interacting kinase NIK, a member of the STE20/germinal center kinase 
(GCK) family (Poinat et al., 2002). To determine whether qid-7 and qid-8 
are alleles of mig-15, we sequence the mig-15 genomic region in the qid-7 
and qid-8 alleles mu327 and mu342. We found that mu327 contains a G to 
A transition that changes a Glycine at position 30 in the kinase domain 
into a Glutamic acid, whereas mu342 contains an A to G transition that 
changes a Serine at position 654 into a Glycine. Taken together, these results 
demonstrate that qid-7 and qid-8 are alleles of mig-15.

Fig. 4. MIG-21 is a thrombospondin repeat (TSR) containing protein. The position of the 
mutations in hu142 and hu148 is indicated. The domain structure of the TSR containing 
proteins UNC-5 and semaphorin 5A is shown as well.
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Discussion

In this study we have performed a forward genetic screen for mutants that 
affect the left-right asymmetric migration of the Q neuroblasts. We have 
isolated 74 mutations, 41 of which represent new alleles of genes that have 
previously been shown to function in this process. We have also identified 
three complementation groups that represent new regulators of Q cell 
migration. These mutants display a highly specific defect in the migration 
of the QL.d, suggesting that they function in the second, EGL-20/Wnt 
dependent part of the Q cell migration pathway. Epistatic analysis with 
EGL-20/Wnt pathway components and loss or gain-of-function alleles of 
mab-5 will establish at which steps in the pathway these genes are required. 
During the course of this study, three mutant loci were cloned.
 The first mutation that we cloned was hu176, which induces 
anterior localization of the QL.d and posterior localization of the QR.d. 
We found that hu176 is an allele of unc-62 that disrupts the translational 
start site of a specific subset of alternatively spliced transcripts. UNC-
62 is an ortholog of Homothorax(Hth)/Meis (Van Auken et al., 2002). In 
Drosophila and vertebrates, Hth/Meis interacts with Extradenticle/Pbx 
and functions as a co-factor for homeobox containing proteins (Rauskolb 
et al., 1993). During the cloning and subsequent analysis of hu176, a study 
on the function of unc-62 and the Extradenticle ortholog ceh-20 in Q cell 
migration was published by the group of Cynthia Kenyon (Yang et al., 
2005). This study showed that unc-62 and ceh-20 control Q cell migration 
independently of their function in Hox gene regulation. Instead, unc-62 
and ceh-20 are required for the Q neuroblasts to respond to the guidance 
molecule MIG-13, a novel transmembrane protein that is expressed in 
a graded manner along the antero-posterior body axis and is required 
for the anterior migration and positioning of the QR.d (Sym et al., 1999). 
An interesting difference between our results and the study by Yang et 
al. is that in contrast to unc-62(mu232), our unc-62(hu176) allele induces 
anterior localization of the QL.paa and QL.pap cells. Both alleles change 
the same initiation codon, indicating that the effect on QL.d migration is 
either caused by a second mutation in hu176 or is suppressed by a modifier 
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mutation in mu232. We favor the second possibility, because even in the 
presence of a second mutation that induces anterior migration of the QL.d, 
this anterior migration would still depend on the ability of the cells to 
respond to the MIG-13 guidance cue. Therefore, we speculate that UNC-62 
has additional functions in the regulation of Q cell migration.
 The second set of mutations that we cloned were the qid-7 and 
qid-8 loci identified in the group of Cynthia Kenyon (Ch’ng et al., 2003). 
Complementation tests and sequencing showed that qid-7 and qid-8 are 
alleles of mig-15, which encodes an ortholog of the Nck-interacting kinase 
NIK (Shakir et al., 2006). It has recently been shown that MIG-15 acts 
together with the Rac ortholog MIG-2 (Zipkin et al., 1997) in determining 
the direction and extent of Q descendant migration. mig-15 functions 
upstream of mab-5, but it is unclear whether it is required for the initial 
polarization and migration of QL or whether it interacts with the EGL-20/
Wnt pathway (Shakir et al., 2006).
 The final gene that we cloned is mig-21, a gene that is required for 
the initial polarization and migration of the Q neuroblasts. We found that 
mig-21 encodes a 185 amino acid protein with two thrombospondin type 
I (TSR) repeats and a potential carboxy-terminal trans-membrane domain 
(Fig. 4). The TSR repeat was first described in thrombospondin (TSP-
1), a protein that is secreted by the central nervous system and interacts 
with components of the extracellular matrix (Adams and Tucker, 2000). 
Later, TSR repeats were also identified in other proteins with functions in 
nervous system development. Thus, TSR repeats are present in F-spondin 
(Klar et al., 1992), in metalloproteases of the ADAMTS family (Kuno et 
al., 1997), and in guidance receptors such as semaphorin 5A (Kolodkin et 
al., 1993) and the netrin receptor UNC-5 (Leung-Hagesteijn et al., 1992). 
The TSR repeats of semaphorin A have been shown to interact with the 
glycosaminoglycan part of both chondroitin sulphate proteoglycans and 
heparan sulphate proteoglycans (Kantor et al., 2004). The chondroitin 
sulphate proteoglycans function as localized guidance cues that transform 
semaphorin 5A from an attractive to an inhibitory guidance cue for 
migrating axons. The presence of TSR repeats in MIG-21 suggests that 
it may also be part of a mechanism that translates guidance information 
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from the extracellular environment into the correct polarization of the Q 
neuroblasts.
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Supplementary Table 1.  
Results of complementation tests

Gene
Allele from 
screen

Q cell migration 
defective males 
(%)

Range (%) n

mig-1(n1354) hu146 23 20~25 56
hu172 20 16~28 45
hu175 23 17~28 79

unc-40(e271) hu106 10 0~45 49
hu110 38 38 13
hu180 17 10~27 47

mig-21(u787) hu108 42 36~50 43
hu109 33 33 15
hu142 47 43~50 64
hu148 38 27~42 42
hu173 38 23~50 58

ceh-20(ay9) hu123 8* 3~14 166
mab-5(e1239) hu107 38 33~42 57

hu139 59 41~90 27
hu141 13 5~20 >20
hu163 25 20~30 >20
hu164 28 28 18
hu167 61 42~77 46

egl-20(n585) hu99 40 30~50 >20
hu104 58 50~100 38
hu105 50 50 >20
hu119 50 50 >20
hu120 36 0~42 45
hu131 20 20 >20
hu140 5* 3~6 111
hu143 45 40~50 >20
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hu156 30 30 >20
hu165 43 17~50 28
hu168 47 33~50 36
hu170 4* 0~10 67

unc-62(e644) hu176 15§ 0~50 113
sqt-3(sc63) hu157 67 33~83 9
mig-13(mu225) hu121 46† 40~50 13
bar-1(ga80) hu102 100† 100 36(39)¶

hu138 100† 100 35(29)¶

hu144 90† 90 10(11)¶

hu150 100† 100 35(44)¶

hu154 78† 68~89 76(18)¶

hu155 98† 94~100 40(40)¶

Males heterozygous for a reference allele were crossed with mutant alleles from the screen. 
To avoid scoring of self progeny, the final positions of the Q descendants AVM and PVM 
were determined in F1 males. Exceptions were the X-linked genes mig-13 and bar-1, where 
the Q cells were scored in F1 hermaphrodites. *Requires further confirmation. §Abnormal 
migration of AVM and PVM is combined. †Results of the complementation tests present the 
number of scored hermaphrodites with Q cell migration defects divided by total number of 
scored hermaphrodites. ¶Total number of scored hermaphrodites. Total number of F1 males 
is shown between parentheses.

Supplementary Table 2. 
Complementation tests define three genetic loci 

Complementation 
group

Allele 1 Allele 2
Q cell migration 
defective males 
(%)

n

A hu101 hu151 17 54

B hu159 hu174 42 33

hu159 hu179 40 15

hu174 hu159 36 33
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hu179 hu159 40 15

C hu117 qid-5(mu245) 15 103

To avoid the scoring of self progeny, the final positions of the Q descendants AVM and PVM 
were determined in F1 males.

Supplementary Table 3. 
New complementation group are not allelic to known Q cell migration 
mutants

Complementation 
group

Alleles Reference 
alleles

Q cell migration 
defective males (%)

n

A hu101 pop-1(hu9) 0 50

hu151 unc-40(e271) 1 68

B hu159 egl-27(n170) 0 22

hu174 egl-27(n170) 0 24

hu174 mig-14(ga62) 0 61

hu179 egl-27(n170) 0 81

hu179 qid-5(mu245) 0 68

Males heterozygous for a reference allele were crossed with mutant alleles from the screen. 
To avoid scoring of self progeny, the final positions of the Q descendants AVM and PVM 
were determined in F1 males. In each case, n=150.
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Abstract

Axin is a central component of the canonical Wnt signaling pathway 
that interacts with the adenomatous polyposis coli protein APC and the 
kinase GSK3β to downregulate the effector β-catenin. In the nematode 
Caenorhabditis elegans, canonical Wnt signaling is negatively regulated 
by the highly divergent Axin ortholog PRY-1. Mutation of pry-1 leads to 
constitutive activation of BAR-1/β-catenin dependent Wnt signaling and 
results in a range of developmental defects. The pry-1 null phenotype 
is however not fully penetrant, indicating that additional factors may 
partially compensate for PRY-1 function. Here, we report the cloning and 
functional analysis of a second Axin-like protein, which we named AXL-1. 
We show that despite considerable sequence divergence with PRY-1 and 
other Axin family members, AXL-1 is a functional Axin ortholog. AXL-1 
functions redundantly with PRY-1 in negatively regulating BAR-1/β-
catenin signaling in the developing vulva and the Q neuroblast lineage. In 
addition, AXL-1 functions independently of PRY-1 in negatively regulating 
canonical Wnt signaling during excretory cell development. In contrast to 
vertebrate Axin and the related protein Conductin, AXL-1 and PRY-1 are 
not functionally equivalent. We conclude that Axin function in C. elegans is 
divided over two different Axin orthologs that have specific functions in 
negatively regulating canonical Wnt signaling.

Key words: Wnt signaling, Axin, C. elegans
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Introduction

The Wnt family of secreted signaling proteins is one of the principal 
regulators of animal development, with functions in cell-fate specification 
and regulation of cellular polarity and migration (for reviews, see Cadigan 
and Nusse, 1997; Huelsken and Behrens, 2002). In cells that respond to 
Wnt, an evolutionarily conserved signaling pathway transduces the Wnt 
signal into the activation of specific target genes. A central component 
of this canonical Wnt pathway is the effector β-catenin. In the absence 
of Wnt stimulation, a β-catenin destruction complex that includes Axin, 
the protein kinase GSK3β and the tumor suppressor gene product APC 
keeps cytoplasmic β-catenin levels low. Downregulation of β-catenin is 
mediated through phosphorylation by GSK3β, which targets β-catenin 
for ubiquitination by the F-box protein β-TrCP/Slimb and degradation by 
the proteasome. Binding of Wnt to its receptor Frizzled and co-receptor 
LRP/Arrow leads to inhibition of destruction complex function. Although 
the mechanism of this inhibition is still poorly understood, it is clear 
that it involves activation of the cytoplasmic protein Disheveled (Dsh) 
and binding of Axin to LRP/Arrow. As a result, hypo-phosphorylated 
β-catenin accumulates in the cytoplasm and enters the nucleus, where it 
interacts with TCF/LEF-1 transcription factors to activate Wnt target gene 
expression.
 Axin and the related protein Conductin (also know as Axin2 or 
Axil) (Behrens et al., 1998; Yamamoto et al., 1998) function as a scaffold 
that holds together the destruction complex. Axin family members directly 
interact with APC, GSK3β and β-catenin and thereby enable the efficient 
phosphorylation of β-catenin (Behrens et al., 1998; Hedgepeth et al., 1999; 
Ikeda et al., 1998; Kishida et al., 1998; Sakanaka et al., 1998). Axin proteins 
therefore have an important function in negatively regulating canonical 
Wnt signaling. This negative regulatory role is clearly demonstrated in 
Drosophila, zebrafish and mouse Axin mutants, which display a Wg/Wnt 
overactivity phenotype (Hamada et al., 1999; Heisenberg et al., 2001; van de 
Water et al., 2001; Willert et al., 1999; Zeng et al., 1997), as well as in certain 
human hepatocellular and colorectal carcinomas, where mutations in the 
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AXIN1 or AXIN2 genes induce constitutive β-catenin signaling (Liu et al., 
2000; Satoh et al., 2000). Axin is present at relatively low concentrations in 
the cell and is a rate limiting factor in destruction complex function (Lee et 
al., 2003). Overexpression of Axin therefore strongly inhibits Wnt signaling 
by enhancing the GSK3β mediated phosphorylation of β-catenin (Behrens 
et al., 1998; Ikeda et al., 1998; Kishida et al., 1998; Sakanaka et al., 1998; 
Yamamoto et al., 1998).

Axin is ubiquitously expressed and mutation of Axin in the mouse 
(the Fused locus) results in axial duplication and severe neurological defects 
(Zeng et al., 1997). Conductin, on the other hand, is expressed in a more 
limited spatial and temporal pattern and the mutant phenotype is restricted 
to defects in cranial development (Yu et al., 2005). Despite these differences 
in phenotype, Axin and Conductin are functionally interchangeable, as 
knock-in of the Conductin coding sequence at the Axin locus fully rescues 
the Axin mutant phenotype (Chia and Costantini, 2005). Interestingly, 
Conductin is a target of the canonical Wnt pathway and may function as a 
negative feedback inhibitor (Jho et al., 2002; Leung et al., 2002; Lustig et al., 
2002). 
 In C. elegans, canonical Wnt signaling is regulated by the Axin-
like protein PRY-1 (Korswagen et al., 2002; Maloof et al., 1999). PRY-1 
is only distantly related to other Axin and Conductin family members 
(Korswagen et al., 2002); apart from recognizable RGS and DIX domains 
(which are required for the interaction with APC and Dsh, respectively), it 
has no other obvious similarities with Axin proteins. Despite this sequence 
divergence, PRY-1 functionally interacts with C. elegans destruction 
complex components and negatively regulates signaling by the β-catenin 
BAR-1. Furthermore, PRY-1 can functionally interact with the vertebrate 
destruction complex, as PRY-1 overexpression rescues the zebrafish Axin 
mutation masterblind and inhibits Wnt signaling in mammalian cells 
(Korswagen et al., 2002).
 Canonical Wnt signaling in C. elegans regulates several important 
aspects of larval development (Eisenmann, 2005; Korswagen, 2002). During 
vulva development, for example, Wnt signaling is required for the vulval 
precursor cells to adopt the vulval fate. In the Q neuroblast lineage, Wnt 
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signaling regulates the migration of the Q daughter cells. Interestingly, the 
main target genes of the canonical Wnt pathway are Hox genes (Maloof 
et al., 1999). Mutation of pry-1 leads to constitutive activation of the Wnt 
pathway and induces a range of defects, including overinduction of vulval 
fate and misdirected migration of the Q daughter cells (Gleason et al., 
2002; Korswagen et al., 2002; Maloof et al., 1999). The phenotype of pry-
1 is however not fully penetrant and less severe than observed when a 
constitutively active, N-terminally truncated BAR-1/β-catenin protein is 
overexpressed (Gleason et al., 2002), suggesting that one or more additional 
negative regulators may compensate for PRY-1 function.

In this study, we describe a second Axin-like protein, AXL-1. We 
show that similarly to PRY-1, AXL-1 is a highly divergent, but functional 
Axin ortholog. Thus, AXL-1 physically interacts with the C. elegans 
destruction complex and inhibits Wnt1 induced reporter activation in 
mammalian cells. We demonstrate that AXL-1 and PRY-1 have redundant 
as well as non-overlapping functions during development. Interestingly, 
AXL-1 and PRY-1 are not functionally interchangeable, demonstrating 
that the function of Axin is divided over two distinct Axin orthologs in C. 
elegans.
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Materials and Methods

Nematode strains and culturing
General methods for culture, manipulation and genetics of C. elegans 
were as described (Lewis and Fleming, 1995). Unless indicated, strains 
were cultured at 20oC. Strains and mutations used in this study were 
Bristol N2 and LGI, axl-1(tm1095), axl-1(tm1322), pop-1(hu9) and pry-
1(mu38) (Korswagen et al., 2002; Maloof et al., 1999); LGII, muIs32[mec-7::
gfp] (Ch’ng et al., 2003); LGIV, egl-20(n585) (Maloof et al., 1999); LGX, 
bar-1(ga80) (Eisenmann et al., 1998); and unassigned, muIs2[mab-5::lacZ] 
(Salser and Kenyon, 1992) and huIs55[hs::axl-1; myo-2::gfp]. The following 
extra-chromosomal transgenes were used: huEx80[K02B12; myo-2::gfp], 
huEx82[pry-1::pry-1::gfp; myo-2::gfp]; huEx83[pry-1::axl-1::gfp; myo-2::gfp], 
huEx92[axl-1(+); myo-2::gfp], huEx120[axl-1(+); myo-2::gfp] and huEx102[vha-
1::axl-1; myo-2::gfp].

Interaction studies
AXL-1 (encoded by the predicted gene K02B12.4) was isolated as a PRY-1 
interacting protein in a yeast-two-hybrid screen using a mixed-stage C. 
elegans cDNA library (Walhout et al., 2000). A full-length axl-1 cDNA was 
amplified from the cDNA library and was shown to contain the trans-splice 
leader SL1, an 18 bp 5’ untranslated region (UTR) and a 103 bp 3’ UTR 
(GenBank accession number DQ185512). The axl-1 cDNA was cloned into 
the Gal4 activation domain containing vector pPC86 and was tested for 
interactions with other components of the BAR-1 destruction complex as 
described (Korswagen et al., 2002). 35S-methionine labeling of GSK3β and 
GST pull-down experiments were as described (Fraser et al., 2002).

Expression constructs and transgenic animals
A 7.7 kb PstI and SpeI fragment of the K02B12 cosmid containing the 
axl-1 gene along with 3 kb of upstream promoter sequence and 1.3 
kb of downstream sequence was cloned into pBluescript II (axl-1(+) 
genomic construct pPY01). The full-length axl-1 and pry-1 cDNA’s 
were fused to gfp and the 3’ UTR of unc-54 and were cloned into the 
pry-1 promoter containing vector pDC7. The full-length axl-1 cDNA 
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was cloned into the hsp16.2 vector pPD49.78 (pTO1). To express axl-1 
in the excretory cell, a 1.3 kb vha-1 promoter fragment was amplified 
using HindIII-vha1p AAGCTTGTTTGATTGATG and vha1p-BamHI 
GGATCCATACCTGAAACATC (Oka et al., 1997). The vha-1 promoter 
fragment was cloned into HindIII and BamHI digested pTO1 to replace 
the hsp16.2 promoter. Constructs were injected together with the myo-2::
gfp expression vector pPD96.48 as a transformation marker. The total 
DNA concentration was adjusted to 200 ng/µl using pBluescript II. Extra-
chromosomal transgenes were integrated using 40 Gy of γ-radiation from a 
137Cs source.

Transfection experiments
Full-length axl-1 cDNA was cloned into the pCDNA3.0 (Invitrogen) 
derived vector pGloMyc3. 293T cells were transfected using FuGENE6 
transfection reagent (Roche) with 10 ng of Wnt1 expression plasmid, 
100 ng of pTATATOP or the negative control pTATAFOP, 10 ng of the 
internal transfection control pTKRenilla and 5-300 ng of pGloMyc3-AXL-
1 or 300 ng of pGloMyc3-PRY-1 as described (Korswagen et al., 2002). 
DNA concentrations were normalized to 500 ng using pCS2-lacZ (van de 
Wetering et al., 1997). Luciferase assays were performed 48 hours after 
transfection as recommended by the manufacturer (Promega). Luciferase 
measurements were normalized for transfection efficiency using the renilla 
control.

Wheat-germ agglutinin staining
The excretory cell was stained using 100 µg/ml Texas Red conjugated 
wheat germ agglutinin (Molecular probes) as described (Hedgecock et al., 
1990).
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Results

AXL-1 is distantly related to PRY-1 and other Axin and Conductin 
family members
In a yeast-two-hybrid screen for proteins interacting with PRY-1, we 
identified a protein with limited sequence similarity to Axin that we 
named AXL-1 (for Axin-like protein). AXL-1 shows 20% overall amino-acid 
sequence identity to PRY-1 and 14-16% sequence identity to members of 
the Drosophila and vertebrate Axin and Conductin family. The similarity 
between AXL-1 and other Axin proteins is mainly within two domains (Fig. 
1A), a regulator of G-protein signaling (RGS) domain and a DIX domain, 
a conserved region that is found in both Axin and Disheveled (Zeng et al., 
1997). Axin proteins also contain binding domains for GSK3β and β-catenin 
(Behrens et al., 1998; Hedgepeth et al., 1999; Ikeda et al., 1998; Sakanaka et 
al., 1998; Smalley et al., 1999), but sequence comparisons did not identify 
such regions in AXL-1. The sequence divergence of AXL-1 is illustrated in a 
multiple sequence alignment dendrogram that also includes the unrelated 

Figure 1. The axl-1 gene encodes an Axin-like protein. (A) Domain structure of AXL-1. The 
percentage of amino acid sequence identity of the RGS and DIX domains of AXL-1 to the 
respective domains in PRY-1 and mouse Axin is indicated. (B) Multiple sequence alignment 
dendrogram of murine Axin and Conductin, Drosophila Axin, PRY-1, AXL-1 and the unre-
lated RGS domain containing protein EGL-10. The alignment was generated with CLUST-
ALW using default program parameters. Numbers on the dendrogram are bootstrap values. 
The scale bar indicates the evolutionary distance. (C) Gene structure of axl-1. Sequences 
deleted in tm1095 and tm3122 are indicated.
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RGS domain containing protein EGL-10 (Koelle and Horvitz, 1996). As 
shown in Figure 1B, AXL-1 does not cluster with Drosophila and vertebrate 
Axin proteins, but instead forms a separate branch with PRY-1, to which it 
is also only distantly related.

AXL-1 physically interacts with components of the BAR-1 
destruction complex
Axin forms the backbone of the β-catenin destruction complex. The RGS 
domain of Axin binds APC (Behrens et al., 1998; Kishida et al., 1998), 
defined regions are necessary for binding β-catenin and GSK3β (Behrens 
et al., 1998; Hedgepeth et al., 1999; Ikeda et al., 1998; Sakanaka et al., 1998) 
and the carboxy-terminal DIX domain and more internal sequences are 
required for Axin homodimerization and binding to Disheveled and LRP 
(Hsu et al., 1999; Kishida et al., 1999; Li et al., 1999; Mao et al., 2001; Smalley 
et al., 1999). We have previously shown that PRY-1 physically interacts with 
BAR-1/β-catenin, with the destruction complex components GSK-3/GSK3β 
and APR-1/APC and with MIG-5/Dsh (Korswagen et al., 2002). Since 
AXL-1 contains predicted RGS and DIX domains, we investigated whether 
AXL-1 can bind these proteins as well (Fig. 2). Using a yeast-two-hybrid 
assay, we found that AXL-1 interacts with BAR-1, but not with the adhesion 
specific β-catenin HMP-2 (Korswagen et al., 2000). AXL-1 also bound 

Figure 2. Yeast-two-hybrid assay 
showing specific interactions between 
AXL-1 and BAR-1/β-catenin, GSK-3/
GSK3β, MIG-5/Dsh and DSH-2/Dsh. 
Interactions of PRY-1 are shown for 
comparison. The intracellular domain 
of the cadherin HMR-1 was used as a 
negative control. HMR-1 specifically 
interacts with the adhesion-specific β-
catenin HMP-2 (Korswagen et al., 2002; 
Natarajan et al., 2001).
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GSK-3/GSK3β and the Disheveled orthologs MIG-5 and DSH-2. AXL-
1 did not interact, however, with APR-1/APC in yeast-two-hybrid and 
co-immunoprecipitation experiments (Fig. 2 and data not shown). These 
results suggest that AXL-1 can assemble a partial destruction complex that 
may enable the phosphorylation of BAR-1 by GSK-3. The activity of GSK-3 
in this complex may in turn be negatively regulated by MIG-5 or DSH-2. It 
is not clear why AXL-1 does not bind APR-1, as it contains the conserved 
RGS domain that is required for this interaction in other Axin family 
members. As will be discussed later, we propose that AXL-1 and PRY-1 
have functionally diverged. As a consequence, AXL-1 may have lost the 
requirement for interacting with APR-1/APC.

Figure 3. Interaction between AXL-1, PRY-1 and GSK3β. (A) Interaction between 35S-la-
beled GSK-3/GSK3β and GST-tagged Axin, AXL-1 and PRY-1. The GST-tagged Axin pro-
teins were pulled-down and co-precipitated GSK-3 was visualized by autoradiography. The 
Axin(L521P) mutation disrupts the Axin-GSK-3 interaction. (B) The FRAT1 derived peptide 
FRATtide (Thomas et al., 1999) inhibits the interaction between Axin, PRY-1 or AXL-1 and 
GSK3β. Note that higher FRATtide concentrations are required to inhibit PRY-1-GSK3β bind-
ing than AXL-1-GSK3β binding.
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AXL-1 and PRY-1 show different binding affinities for GSK3β
AXL-1 and PRY-1 bind GSK-3 and human GSK3β with high affinity in vitro 
(Fig. 3A). This allowed us to compare the binding of AXL-1, PRY-1 and 
human Axin to GSK3β. We found that the binding of AXL-1 and PRY-1 to 
human GSK3β was inhibited by FRATtide (Fig. 3B), a peptide fragment of 
FRAT1 that binds to GSK3β and specifically prevents the interaction with 
Axin (Thomas et al., 1999). This demonstrates that despite the lack of a 
recognizable interaction domain, AXL-1 and PRY-1 bind GSK3β in a similar 
fashion as other Axin and Conductin family members. Interestingly, higher 
concentrations of FRATtide were required to inhibit PRY-1/GSK3β binding 
than AXL-1/GSK3β binding (Fig. 3B), indicating that PRY-1 has a higher 
affinity for GSK3β than AXL-1.

Overexpression of AXL-1 inhibits Wnt1 induced TCF reporter 
activity
Axin is a rate limiting factor in the destruction complex (Lee et al., 2003) 
and overexpression of Axin can strongly inhibit Wnt signaling (Behrens 

Figure 4. Overexpression of AXL-1 inhibits Wnt1 induced TCF reporter activity in 293T 
cells. Black bars represent activation of the TCF reporter TOP, white bars the negative 
control FOP (van de Wetering et al., 1997). Overexpression of PRY-1 similarly inhibits TCF 
reporter activity. Independent duplicate experiments are shown. Numbers represent the 
amount (ng) of AXL-1 or PRY-1 expression construct that was transfected.
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et al., 1998; Ikeda et al., 1998; Kishida et al., 1998; Sakanaka et al., 1998; 
Zeng et al., 1997). This inhibition of signaling is mediated by enhanced 
phosphorylation of β-catenin by GSK3β and is independent of APC, as 
N-terminally truncated versions of Axin that lack the RGS domain retain 
inhibitory activity (Behrens et al., 1998; Sakanaka et al., 1998; Willert et 
al., 1999). To further investigate the potential function of AXL-1 as an 
Axin in Wnt signaling, we tested whether overexpression of AXL-1 can 
inhibit Wnt1 induced signaling in mammalian cells. As shown in Figure 4, 
overexpression of AXL-1 in 293T cells resulted in a clear, dose-dependent 
inhibition of Wnt1 induced TCF reporter activity. This inhibition was 
similar to the decrease in TCF reporter activity observed with PRY-1 and 
shows that AXL-1 can functionally interact with mammalian GSK3β and 
β-catenin. Taken together, these results show that despite the extensive 
sequence divergence, AXL-1 is a functional Axin ortholog.

AXL-1 functions redundantly with PRY-1 in canonical Wnt 
signaling
To investigate the function of AXL-1 in canonical Wnt signaling in C. 
elegans, we studied two potential axl-1 null mutations (isolated by S. 
Mitani, National Bioresource Project for the Nematode, Japan). The first 
allele, tm1095, has a 717 bp deletion that removes part of exon 3 as well as 
exons 4, 5 and 6 and is predicted to encode a truncated protein that only 
contains the first 124 amino acids of AXL-1 (Fig. 1C). The second allele, 
tm1322, has a 748 bp deletion that removes part of exon 3. Removal of the 
exon 3 splice acceptor in tm1322 most likely results in splicing of exon 2 to 
exon 4, leading to an in-frame deletion of 40 amino-acids. Both alleles have 
similar phenotypes (data not shown). We focused on tm1095, as this allele 
is most likely to be a null. We investigated the function of axl-1 in two of 
the best characterized developmental processes that depend on canonical 
Wnt signaling: the induction of vulval fate and the migration of the Q 
neuroblasts.
 In C. elegans, the vulva is generated from a set of ventral epidermal 
cells termed the vulva precursor cells (VPCs) (Sternberg and Horvitz, 1986). 
Initially, six VPCs are present, but only three of these (P5.p to P7.p) are 
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induced to form the vulva. The remaining VPCs fuse with the hypodermal 
syncytium hyp7 that surrounds the mid body. Induction of vulval fate 
is mediated by a signal from the anchor cell in the somatic gonad, and 
involves activation of a conserved receptor tyrosine kinase/Ras signaling 
pathway that leads to P6.p adopting the primary vulval fate (Kornfeld, 
1997; Sundaram and Han, 1996). Lateral signaling mediated by LIN-12/
Notch in turn induces the secondary vulval fate in P5.p and P7.p. Together, 
the three induced VPCs generate the 22 cells that form the vulva. In 
addition to the signal from the anchor cell, Wnt signaling is also required 
for vulval fate induction, most likely by upregulating the expression of 
the Hox gene lin-39 (Eisenmann et al., 1998). Mutations in components 
of the canonical Wnt pathway result in either under or overinduction of 
vulval fate. Thus, in bar-1/β-catenin mutants, VPCs often fail to be induced 
and instead fuse with the hypodermal syncytium (Eisenmann et al., 
1998). In pry-1 mutants, on the other hand, additional VPCs are induced, 
which results in the generation of multiple ectopic vulva like structures 
(Gleason et al., 2002). We found that axl-1(tm1095) mutants show a normal 

Genotype % Wild 
type

% Over 
induced

% Under 
induced

Induced 
VPCs n

Wild type 100 0 0 3.0 ± 0.0 50

axl-1(tm1095) 100 0 0 3.0 ± 0.0 50

pry-1(mu38) 46 54 0 3.6 ± 0.7 50

axl-1(tm1095) pry-
1(mu38) 4 96 0 4.4 ± 0.4 50

bar-1(ga80) 28 0 72 2.2 ± 0.5 50

axl-1(tm1095) pry-
1(mu38); bar-1(ga80) 36 0 64 2.0 ± 0.9 50

Table 1. Genetic interactions between axl-1 and pry-1 in vulva development. Vulval 
induction was scored at 20oC as described  (Gleason et al., 2002).  The average number of 
induced VPCs is shown with standard deviation. axl-1(tm1095) significantly enhances the 
excess vulval induction induced by pry-1(mu38) (p<0.001, Student’s t-test).



83

AXIN-LIKE PROTEINS

induction of vulval fates (Table 1). However, mutation of axl-1 resulted in 
a striking enhancement of the pry-1 null phenotype, with an average of 4.4 
VPCs adopting the induced fate in axl-1 pry-1 double mutants compared 
to 3.6 in pry-1(mu38) single mutants. This phenotype is similar to the 
strong overinduced phenotype observed in animals that overexpress a 
constitutively active N-terminally truncated BAR-1/β-catenin protein 
(Gleason et al., 2002) and suggests that the Wnt pathway is only fully 
activated in the absence of both pry-1 and axl-1. Indeed, the overinduced 
phenotype of the axl-1 pry-1 double mutant was completely suppressed 
by a null mutation in bar-1. PRY-1 and AXL-1 may thus have partially 
redundant functions in downregulating BAR-1/β-catenin signaling in the 

Genotype
% QL 
descendants in 
posterior

% QR 
descendants in 
posterior

Wild type 100 0

pry-1(mu38) 100 35

axl-1(tm1095) 100 0

axl-1(tm1095) pry-1(mu38) 100 100

bar-1(ga80) 1 0

mab-5(e1239) 1 0

pry-1(mu38); bar-1(ga80) 0 0

axl-1(tm1095); bar-1(ga80) 4 0

axl-1(tm1095) pry-1(mu38); bar-1(ga80) 7 0

axl-1(tm1095) pry-1(mu38); mab-5(e1239) 0 0

axl-1(tm1095) pry-1(mu38); egl-20(n585) 100 100

Table 2. Genetic interactions between axl-1 and pry-1 in Q daughter cell migration. The 
final positions of QL.paa (PVM) and QR.paa (AVM) were scored in L4 larvae and young 
adults using a mec-7::gfp reporter transgene. Final positions were scored as anterior or 
posterior to the vulva. In each case, n=150. 
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VPCs.
Next, we investigated the function of axl-1 in the Wnt dependent 

migration of the Q neuroblasts. During early larval development, two 
Q neuroblasts are present at similar anteroposterior positions on the left 
and right side of the animal (Sulston and Horvitz, 1977). As a result of a 
difference in sensitivity to the Wnt ortholog EGL-20, a canonical BAR-

Genotype % QL descendants 
in posterior

% QR descendants 
in posterior

Wild type 100 0

pry-1(mu38) 100 35

axl-1(tm1095) 100 0

axl-1(tm1095) pry-1(mu38) 100 100

Phs::axl-1* 95 0

axl-1(+)† 91 0

axl-1(tm1095) pry-1(mu38); axl-1(+)† 91 12

Ppry-1::pry-1‡ 11 0

Ppry-1::axl-1‡ 97 0

axl-1(tm1095) pry-1(mu38); Ppry-1::
pry-1 25 0

axl-1(tm1095) pry-1(mu38); Ppry-1::
axl-1 93 38

Table 3. Rescue of the axl-1 Q daughter cell migration phenotype. The final positions of 
QL.paa (PVM) and QR.paa (AVM) were scored in L4 larvae and young adults using a mec-
7::gfp reporter transgene. Final positions were scored as anterior or posterior to the vulva. 
In each case, n>100. *Heat-shock promoter directed expression of axl-1. †The axl-1 genomic 
clone pPY01. ‡pry-1 promoter directed expression of pry-1 or axl-1. Similar results were 
obtained using independent transgenic lines.
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1/β-catenin dependent pathway is only activated in the left Q neuroblast 
(QL) (Whangbo and Kenyon, 1999). This leads to the expression of 
the EGL-20 target gene mab-5 and the subsequent migration of the QL 
daughter cells (QL.d) towards the posterior (Salser and Kenyon, 1992). 
The Q neuroblast located on the right side (QR) does not activate mab-5 
expression and the QR.d migrate in the default anterior direction. Mutation 
of pry-1 constitutively activates the EGL-20/Wnt pathway, which leads 
to ectopic expression of mab-5 in QR and posterior migration of the QR.d 
(Korswagen et al., 2002; Maloof et al., 1999). We found that in axl-1(tm1095) 
mutants, the QR.d localized at their normal positions in the anterior (Table 
2), showing that loss of axl-1 is not sufficient to activate Wnt signaling in 
the Q neuroblast lineage. However, axl-1 strongly enhanced the mutant 
phenotype of pry-1. Thus, in pry-1(mu38) single mutants, 35% of the animals 
showed posterior localization of the QR.d, whereas in axl-1 pry-1 double 
mutants, all animals showed this phenotype. To confirm that the enhanced 
posterior migration of the QR.d is the result of the tm1095 mutation, we 
tested whether a transgene containing the wild type axl-1 gene can rescue 
this phenotype. We found that this is indeed the case, as the axl-1 transgene 
fully rescued the enhanced QR.d migration phenotype of the axl-1 pry-1 
double mutant (Table 3). 

Similar to what we observed in the VPCs, axl-1 may enhance 
the pry-1 induced posterior migration of the QR.d by further activating 
BAR-1/β-catenin signaling. Such enhanced signaling would increase 
the ectopic expression of mab-5 in the QR.d, and as a consequence, the 
posterior migration of these cells. To investigate this possibility, we first 
tested whether the enhanced posterior migration of the QR.d in the axl-
1 pry-1 double mutant is dependent on bar-1 and mab-5. We found that 
the posterior migration of the QR.d was indeed fully suppressed by null 
mutations in these genes (Table 2). As expected, the axl-1 pry-1 double 
mutant phenotype was not suppressed by mutation of egl-20/Wnt. Next, 
we tested whether the frequency of animals showing ectopic expression 
of mab-5 in the QR.d (assayed using a mab-5::lacZ reporter that has 
been shown to closely mimic endogenous mab-5 expression (Salser and 
Kenyon, 1992) is increased in axl-1 pry-1 double mutants. We found that 
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this is indeed the case. Thus, whereas  27% of pry-1(mu38) single mutants 
showed ectopic expression of mab-5 in the QR daughter cells QR.a and 
QR.p, this percentage was increased to 89% in axl-1 pry-1 double mutants 
(in both cases, n>75). Taken together, these results show that also in the Q 
neuroblast lineage, AXL-1 functions partially redundantly with PRY-1 in 
negatively regulating BAR-1/β-catenin signaling.

Genotype % Animals with ectopic excretory cell 
processes*

Wild type 1

pry-1(mu38) 2

axl-1(tm1095) 12

bar-1(ga80) 1

pop-1(hu9) 1

axl-1(tm1095); K02B12† 0

axl-1(tm1095); axl-1(+)‡ 0

axl-1(tm1095); Pvha-1::axl-1¶ 0

axl-1(tm1095); Pvha-1::pry-1¶ 3

axl-1(tm1095) pry-1(mu38) 10

axl-1(tm1095); bar-1(ga80) 1

axl-1(tm1095) pop-1(hu9) 1

Table 4. Mutation of axl-1 induces ectopic branching of the excretory cell canals. Animals 
were synchronized by bleaching and were grown at 25oC. The excretory cell processes were 
stained in adult animals using Texas red conjugated wheat germ agglutinin. In each case, 
n=150. †Rescue using the axl-1(+) containing cosmid K02B12. ‡The axl-1(+) genomic clone 
pPY01. ¶Excretory cell specific expression of axl-1 or pry-1 using the promoter of the vha-1 
gene (Oka et al., 1997)
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AXL-1 functions independently of PRY-1 in excretory cell 
development
Further examination of the axl-1 mutant phenotype revealed defects in 
the development of the excretory cell processes (Fig. 5) and in axonal 
migration (data not shown). The excretory cell extends tubular processes 
along the left and right lateral sides of the animal (Fig. 5A) and has an 
essential function in osmoregulation and detoxification (Buechner, 2002). 
The outgrowth of the excretory cell processes (which are also referred to as 
excretory canals) is directed by similar cues and mechanisms as neuronal 
guidance and migration. We found that in 12% of axl-1(tm1095) mutants 
the excretory canals formed ectopic branches (Table 4, Fig. 5C). Usually a 
single branch was generated that runs parallel to the excretory canal. The 
formation of ectopic branches was rescued by a transgene containing the 
wild type axl-1 genomic sequence. In addition, the phenotype was rescued 

Figure 5. Mutation of axl-1 induces defects in excretory cell development. (A) Schematic 
drawing of the excretory cell. The excretory cell projects two processes (excretory canals) 
that are positioned along the lateral sides of the animal. Left lateral view. The left excretory 
cell process is indicated in red. (B) Wheat germ agglutinin staining of the left excretory cell 
process in a wild type adult animal. (C) axl-1(tm1095) mutant showing an ectopic excretory 
cell process. The site of branching and the two processes are indicated by closed and opened 
arrowheads, respectively.
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by excretory cell specific expression of axl-1 (using the promoter of the 
vha-1 gene), demonstrating that AXL-1 functions cell-autonomously in 
excretory cell development. Mutation of pry-1 did not induce significant 
excretory canal branching and pry-1(mu38) did not enhance the axl-1 
phenotype. Excretory cell specific expression of pry-1 did however rescue 
the axl-1 phenotype, indicating that PRY-1 can substitute for AXL-1, but 
only when it is expressed in the excretory cell. The ectopic branching of the 
excretory canals in axl-1 mutants was fully suppressed by loss of function 
mutations in bar-1 or pop-1/Tcf (Table 4). Taken together, these results show 
that AXL-1 functions in a BAR-1/β-catenin dependent Wnt pathway that 
regulates excretory cell development. Furthermore, the suppression of the 
axl-1 phenotype by bar-1 and pop-1 demonstrates that AXL-1 can negatively 
regulate BAR-1 signaling, and that it can do so independently of PRY-1.

AXL-1 and PRY-1 are not functionally interchangeable
Several lines of evidence suggest that AXL-1 and PRY-1 are not functionally 
equivalent. First, as discussed above, AXL-1 and PRY-1 show different 
binding affinities for GSK3β and only PRY-1 binds the APC related protein 
APR-1. Second, we found that AXL-1 is much less effective in inhibiting 
Wnt pathway activity in C. elegans than PRY-1. Overexpression of Axin 
inhibits Wnt signaling by enhancing GSK3β-mediated phosphorylation 
of β-catenin (Behrens et al., 1998; Ikeda et al., 1998; Kishida et al., 1998; 
Sakanaka et al., 1998; Zeng et al., 1997). We have previously shown 
that overexpression of PRY-1 strongly inhibits EGL-20/Wnt pathway 
activity and mab-5 expression, resulting in anterior migration of the QL.d 
(Korswagen et al., 2002). Overexpression of AXL-1 also induced anterior 
migration of the QL.d, but to a much lesser extent than observed with 
PRY-1 overexpression. Thus, overexpression of axl-1 using a transgene 
containing multiple copies of the wild type axl-1 genomic sequence, 
resulted in only mild inhibition of EGL-20/Wnt pathway activity (9% of the 
QL.d localized in the anterior) (Table 3), whereas a similar pry-1 transgene 
fully inhibited signaling (Korswagen, 2002). To control for potential 
differences in promoter activities of axl-1 and pry-1, we expressed the axl-1 
and pry-1 cDNA using the pry-1 promoter, which is highly expressed in the 
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early Q neuroblast lineage (Korswagen, 2002). Again, overexpression of axl-
1 affected QL.d migration to a much lesser extent than overexpression of 
pry-1 (3% versus 89% of QL.d localized in the anterior, respectively) (Table 
3). Furthermore, pry-1 promoter directed expression of axl-1 in axl-1 pry-
1 double mutants only partially restored the wild type, anterior directed 
migration of the QR.d, whereas expression of pry-1 fully rescued this 
phenotype (Table 3). Taken together, these results show that PRY-1 is a more 
effective inhibitor of canonical Wnt signaling than AXL-1. This difference in 
activity may explain the dominance of PRY-1 in negatively regulating Wnt 
signaling in the VPCs and the Q neuroblast lineage.



90

CHAPTER 3

Discussion

Members of the Axin and Conductin family negatively regulate Wnt 
signaling by assembling a destruction complex that downregulates the 
effector β-catenin. In C. elegans, Wnt pathway activity is similarly regulated 
by the highly divergent Axin family member PRY-1 (Korswagen et al., 
2002). In this study, we describe a second Axin-like protein, AXL-1. Like 
PRY-1, AXL-1 is only distantly related to Axin and Conductin at the 
sequence level. We demonstrate that despite this sequence divergence, 
AXL-1 is a functional Axin ortholog. Our results show that canonical 
Wnt signaling in C. elegans is regulated by two Axin orthologs that have 
redundant as well as non-overlapping functions during development. 

AXL-1 is a functional Axin ortholog
AXL-1 shows only limited sequence similarity to PRY-1 and other Axin and 
Conductin proteins. Our results demonstrate that despite this sequence 
divergence, AXL-1 is a functional Axin ortholog. First, in a yeast-two-
hybrid assay, AXL-1 physically interacted with BAR-1/β-catenin, the 
destruction complex component GSK-3/GSK3β, and with MIG-5/Dsh and 
DSH-2/Dsh. AXL-1 also interacted with human GSK3β in GST pull-down 
experiments. Furthermore, we found that AXL-1 binds PRY-1 in a yeast-
two-hybrid assay. This interaction may involve the carboxy-terminal DIX 
domain and more internal sequences of AXL-1 and PRY-1, as these regions 
are required for binding between mammalian Axin proteins (Hedgepeth 
et al., 1999; Hsu et al., 1999; Kishida et al., 1999). Second, the binding 
between AXL-1 and human GSK3β was inhibited by FRATtide, a peptide 
fragment of FRAT1 that binds to the Axin interaction domain of GSK3β 
(Thomas et al., 1999), demonstrating that AXL-1 and Axin bind GSK3β 
in a similar manner. Third, overexpression of AXL-1 strongly inhibited 
Wnt1 induced TCF reporter activity in mammalian cells, indicating that 
AXL-1 can interact with vertebrate destruction complex components and 
enhance the downregulation of β-catenin. Finally, AXL-1 was shown to 
function redundantly with PRY-1 in negatively regulating BAR-1/β-catenin 
signaling in the VPCs and the Q neuroblasts, and independently of PRY-1 
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in the excretory cell. A question that remains is how AXL-1 has retained this 
functionality with such major sequence divergence. The structural basis 
of the interaction between human Axin and APC, GSK3β and β-catenin 
is known (Dajani et al., 2003; Ha et al., 2004; Spink et al., 2000; Xing et al., 
2003; Xing et al., 2004). It will be interesting to see how the AXL-1 sequence 
fits in these structural models.
 In contrast to PRY-1 and other Axin proteins, AXL-1 does not bind 
APR-1/APC. This is surprising, because APC is an essential component of 
the destruction complex (Korinek et al., 1997; Morin et al., 1997; Rubinfeld 
et al., 1997). APC has a number of repeated sequence motifs that mediate 
binding to Axin and β-catenin. These include SAMP repeats that are 
required for Axin binding (Behrens et al., 1998) and so-called 15 and 20 
amino-acid repeats that are necessary for the interaction with β-catenin 
(Rubinfeld et al., 1993; Su et al., 1993). It has recently been shown that the 
binding of β-catenin to APC is regulated by phosphorylation and a model 
has been proposed in which APC cycles between unphosphorylated and 
phosphorylated forms to control the rate of β-catenin processing by the 
destruction complex (Ha et al., 2004; Xing et al., 2003; Xing et al., 2004). 
The domain structure of APC is highly conserved between Drosophila and 
vertebrate APC orthologs. APR-1, in contrast, lacks recognizable 15 and 
20 amino-acid repeats. We found that a fragment of APR-1 that lacks the 
N-terminal Armadillo repeats, but retains all other sequences (including 
the SAMP repeats which are within the same region as the β-catenin 
binding motifs in other APC proteins) fails to interact with BAR-1 in 
yeast-two-hybrid assays (Korswagen et al., 2000). Interestingly, significant 
binding was however observed with an N-terminal fragment of APR-1 
that contains the Armadillo repeats (Natarajan et al., 2001), indicating 
that APR-1 and BAR-1 may interact in a novel fashion. Studies on the role 
of APR-1 in canonical Wnt signaling in C. elegans have been hampered 
by the essential functions of APR-1 in Wnt/mitogen activated protein 
kinase (MAPK) signaling and ventral closure in the embryo (Hoier et al., 
2000; Rocheleau et al., 1997). Despite these difficulties, potential functions 
of APR-1 in canonical Wnt signaling have been uncovered. It has been 
shown that knock-down of apr-1 by tissue specific RNAi in the VPCs 
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leads to a reduction in the expression of the Wnt target gene lin-39 and a 
concomitant decrease in the number of VPCs that adopt an induced vulval 
fate, indicating an unexpected positive requirement for APR-1 in Wnt 
signaling (Hoier et al., 2000). Another study demonstrates, however, that 
knock-down of apr-1 enhances the overinduced vulval phenotype of pry-
1, suggesting that APR-1 collaborates with PRY-1 in negatively regulating 
canonical Wnt signaling in the VPCs (Gleason et al., 2002). Clearly, further 
studies are required to determine the exact function of APR-1 in canonical 
Wnt signaling in C. elegans. Interesting in this respect is our observation 
that APR-1 binds to PRY-1, but not to AXL-1 (Korswagen et al., 2002). We 
speculate that PRY-1 and AXL-1 form distinct, APR-1 dependent and APR-
1 independent destruction complexes that may have specific functions in 
negatively regulating Wnt signaling.

Function of AXL-1 and PRY-1 in canonical Wnt signaling
Canonical, BAR-1/β-catenin dependent Wnt signaling controls several 
aspects of larval development (Eisenmann, 2005; Korswagen, 2002). 
Important examples are the induction of vulval fate in the VPCs and the 
control of the left/right asymmetric migration of the Q neuroblast daughter 
cells. Interestingly, Wnt signaling mediates these functions by controlling 
the expression of Hox genes. Thus, in the VPCs, multiple Wnts function 
redundantly to regulate the expression of the Hox gene lin-39 (Gleason 
et al., 2006), whereas in the QL neuroblast, the Wnt EGL-20 controls the 
expression of the Hox gene mab-5 (Maloof et al., 1999). In pry-1 mutants, lin-
39, mab-5 and the Hox gene egl-5 are expressed far outside of their normal 
expression domains, which leads to defects in vulval induction, Q daughter 
cell migration and other phenotypes, such as defects in the formation of the 
postdeirid sensillum and the generation of multiple ray like structures in 
males (Maloof et al., 1999). The penetrance of these phenotypes is however 
incomplete and in the case of the VPCs, the overinduced phenotype of 
pry-1 has been shown to be less severe than observed with a constitutively 
active N-terminally truncated BAR-1/β-catenin protein (Gleason et 
al., 2002), indicating that another negative regulator may partially 
compensates for PRY-1 function. Our results indicate that this additional 
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negative regulator is AXL-1. Thus, mutation of axl-1 strongly enhances the 
phenotype of pry-1. Furthermore, the phenotype of the axl-1 pry-1 double 
mutant is fully suppressed by a null mutation in bar-1. Because mutation of 
axl-1 alone does not affect vulval induction and Q daughter cell migration, 
genetic epistasis using the axl-1 pry-1 double mutant does not conclusively 
show that axl-1 functions upstream of bar-1. We found, however, that axl-
1 functions genetically upstream of bar-1 in the excretory cell (see below) 
and by inference, we therefore conclude that AXL-1 functions in parallel 
with PRY-1 in negatively regulating BAR-1 signaling in the VPCs and the Q 
neuroblasts. 
 In addition to a redundant function with PRY-1 in the VPCs and 
the Q neuroblast lineage, AXL-1 also has a specific function in excretory 
cell development. The excretory cell forms two long tubular canals along 
the length of the animal that play an important role in osmoregulation 
and detoxification (Buechner, 2002). We found that in axl-1 mutants, the 
excretory canals form ectopic branches. The axl-1 phenotype was fully 
suppressed by mutations in bar-1 and the TCF/LEF-1 ortholog pop-1, 
demonstrating that AXL-1 functions upstream of BAR-1 and POP-1 in an 
as yet uncharacterized canonical Wnt pathway that is involved in excretory 
canal development. This function is independent of PRY-1, as pry-1 mutants 
did not show significant ectopic branching of the excretory canals and also 
did not enhance the axl-1 induced phenotype. We found, however, that 
ectopic expression of pry-1 in the excretory cell rescued the axl-1 phenotype. 
AXL-1 may thus function independently of PRY-1 because pry-1 is normally 
not expressed in the excretory cell. Using a functional fusion of the pry-
1 gene with the coding sequence of green fluorescent protein (GFP), we 
indeed found that pry-1 is not expressed in the excretory cell (Korswagen et 
al., 2002) and data not shown). We also attempted to study the expression 
pattern of axl-1, but different reporter transgenes failed to show detectable 
expression in cells that are affected by loss-of axl-1 function (data not 
shown), indicating that axl-1 may be expressed at low levels.

Functional diversification of AXL-1 and PRY-1
Although there is considerable overlap in the functions of AXL-1 and PRY-
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1 in canonical Wnt signaling, the two proteins are clearly not functionally 
equivalent. At the molecular level, there is a significant difference in 
the affinity of AXL-1 and PRY-1 for GSK3β. Furthermore, AXL-1 and 
PRY-1 differ in their ability to bind the APC-related protein APR-1. At 
the functional level, there is a major difference in activity between AXL-
1 and PRY-1. Thus, when both proteins are expressed using the same 
promoter, PRY-1 is a more potent inhibitor of Wnt signaling than AXL-1. 
This difference is in contrast to the functional similarity between Axin 
and Conductin in vertebrates, where knock-in of the Conductin coding 
sequence at the Axin locus fully rescues the Axin null phenotype (Chia 
and Costantini, 2005). There are several interesting differences between 
the C. elegans Wnt pathway and the established canonical Wnt pathway 
of Drosophila and vertebrates (Korswagen, 2002). Most notable is the 
utilization of separate β-catenin-like proteins for Wnt signaling and cellular 
adhesion (Korswagen et al., 2000; Natarajan et al., 2001). Our results 
show that AXL-1 and PRY-1 represent another example of such functional 
diversification of Wnt pathway components in C. elegans.
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Summary

Wnt proteins are secreted signaling molecules that play a central role in 
development and adult tissue homeostasis. We have previously shown 
that Wnt signaling requires retromer function in Wnt producing cells. The 
retromer is a multiprotein complex that mediates the endosome to Golgi 
transport of specific sorting receptors. Here, we demonstrate that the Wnt 
binding protein MIG-14/Wls is a target of the retromer complex. MIG-
14/Wls is a conserved transmembrane protein that is specifically required 
in Wnt producing cells for the secretion of Wnt. In the absence of retromer 
function, MIG-14/Wls is degraded in lysosomes and becomes limiting for 
Wnt signaling. We show that retromer dependent recycling of MIG-14/Wls 
is part of a trafficking pathway that retrieves MIG-14/Wls from the plasma 
membrane. We propose that MIG-14/Wls cycles between the Golgi and the 
plasma membrane to mediate Wnt secretion. Regulation of this transport 
pathway may enable Wnt producing cells to control the range of Wnt 

signaling in the tissue.
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Introduction

During the development of complex multicellular organisms, uniform 
fields of cells are organized to form different cell types and anatomical 
structures. An important role in this process is played by secreted 
morphogens such as Wnt proteins, which provide positional information to 
cells in the tissue by forming a concentration gradient (Cadigan, 2002). To 
induce a precise and reproducible pattern, the shape and range of the Wnt 
gradient needs to be tightly regulated. Studies on the Wnt protein Wingless 
(Wg) in the Drosophila wing imaginal disc have shown that the main kinetic 
parameters that control the Wg gradient are the rate of Wg production and 
the rate of Wg diffusion and degradation (Kicheva et al., 2007). Although 
much attention has been focused on how Wnt spreading and degradation 
is regulated (Baeg et al., 2001; Lin, 2004; Piddini et al., 2005; Strigini and 
Cohen, 2000), the mechanism of Wnt production and secretion is still 
poorly understood (Coudreuse and Korswagen, 2007; Hausmann et al., 
2007).
 Purification and biochemical characterization of secreted Wnt has 
revealed that Wnt proteins are glycosylated and lipid modified (Takada 
et al., 2006; Willert et al., 2003). The lipid modifications are most likely 
attached in the endoplasmic reticulum by the membrane bound O-
acyltransferase Porcupine and are required for secretion and signaling 
activity (Kadowaki et al., 1996; Takada et al., 2006; Zhai et al., 2004). Several 
lines of evidence suggest that Wnt is not secreted via the default secretory 
pathway. First, the lipid modification of Wnt has been reported to function 
as a sorting signal that targets Wnt to specialized membrane microdomains 
known as lipid rafts, which may partition Wnt into a specific secretory 
pathway (Zhai et al., 2004). Second, Wnt localizes to multivesicular bodies 
and recycling endosomes, which may represent intermediate steps in a 
specialized secretory route (Pfeiffer et al., 2002; van den Heuvel et al., 
1989). Finally, it has recently been shown that Wnt secretion depends on 
the Wnt binding protein Wntless (Wls, also known as Evenness interrupted 
or Sprinter) (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 
2006). Wls is a highly conserved multi-pass transmembrane protein that 
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is specifically required in Wnt producing cells for Wnt secretion. Based on 
these properties, it has been proposed that Wls functions as a chaperone 
or sorting receptor for Wnt (Ching and Nusse, 2006; Coudreuse and 
Korswagen, 2007; Hausmann et al., 2007).
  In the nematode C. elegans, the Wnt EGL-20 is produced by a 
group of cells in the tail and forms a concentration gradient along the 
anteroposterior body axis (Coudreuse et al., 2006; Whangbo and Kenyon, 
1999). Among the targets of EGL-20 are the Q neuroblasts and their 
descendants, that migrate in opposite directions on the left and right side of 
the animal (Harris et al., 1996). EGL-20 activates a canonical Wnt/β-catenin 
pathway in the left Q neuroblast (QL) that induces the expression of the 
Hox gene mab-5 and thereby directs the migration of the QL descendants 
(QL.d) towards the posterior (Salser and Kenyon, 1992). In mutants that 
disrupt EGL-20 signaling, mab-5 is not expressed and as a consequence, the 
QL.d migrate in the opposite, anterior direction. We have previously shown 
that an intracellular protein sorting complex, called the retromer complex, 
is required for the EGL-20 dependent migration of the QL descendants 
(Coudreuse et al., 2006). Tissue-specific rescue and mosaic analysis 
demonstrated that the retromer complex is specifically required in EGL-20 
producing cells (Coudreuse et al., 2006; Prasad and Clark, 2006) and knock 
down studies in Xenopus tropicalis showed that the function of the retromer 
complex in Wnt signaling is evolutionarily conserved.
 The retromer consists of a core-complex of Vps35, Vps26 and 
Vps29 that mediates cargo-recognition and the sorting nexin accessory 
proteins SNX1 and SNX2, that are required for membrane association 
(Seaman, 2005). Studies in yeast and mammalian cells have shown that the 
retromer complex mediates the retrieval of specific sorting receptors such 
as the carboxypeptidase Y receptor Vps10p and the cation-independent 
mannose-6-phosphate (CI-MPR) receptor from late endosomes to the trans-
Golgi network (Arighi et al., 2004; Haft et al., 2000; Seaman et al., 1998). In 
addition, the retromer complex functions in the endocytic recycling of the 
Fet3p-Fet1p iron receptor in yeast (Strochlic et al., 2007) and in the basal to 
apical transcytosis of the polymeric-immunoglobulin receptor-IgA complex 
in polarized epithelial cells (Verges et al., 2004).
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The function of the retromer complex in intracellular protein 
trafficking suggests that it mediates a specific transport step in Wnt 
producing cells that is directly or indirectly required for Wnt signaling. 
Here, we show that the Wnt binding protein MIG-14/Wls is a target of 
the retromer complex. In the absence of retromer complex function, MIG-
14/Wls is degraded in lysosomes and becomes limiting for Wnt signaling. 
Our results indicate that the retromer-dependent sorting step is part of a 
transport pathway that retrieves MIG-14/Wls from the plasma membrane. 
Regulation of MIG-14/Wls transport and stability may enable Wnt 
producing cells to control the rate of Wnt secretion and the range of Wnt 
signaling in the tissue.

  



105

MIG-14/WLS  RECYCING

Results

mig-14 is expressed in Wnt producing cells
The C. elegans Wls ortholog MIG-14 has an essential function in Wnt 
signaling, as is demonstrated by the wide range of Wnt phenotypes that 
can be observed in mig-14 mutants (Eisenmann and Kim, 2000; Harris 
et al., 1996; Thorpe et al., 1997). Like Wls in Drosophila and mammalian 
cells, MIG-14 is specifically required in Wnt producing cells. This has been 
demonstrated by mosaic analysis in the early embryo (Thorpe et al., 1997) 
and is supported by our observation that the EGL-20/Wnt dependent 
migration of the QL daughter cells (QL.d) can be restored in mig-14 mutants 
by specific expression of mig-14 in EGL-20 producing cells (Table S1). To 
further investigate the function of MIG-14 in Wnt signaling, we determined 
the spatial and temporal expression pattern of mig-14 by fusing the mig-
14 promoter and coding sequence to gfp. This fusion rescues the mig-14 
null phenotype, demonstrating that the mig-14::gfp transgene is expressed 
correctly and that the MIG-14::GFP fusion protein remains functional (data 
not shown). At the comma stage, during larval development and in adult 
animals, mig-14 is mainly expressed in the posterior part of the animal (Fig. 
S1A, B). We found that the expression of mig-14 overlaps with the known 
expression patterns of C. elegans Wnt genes. Thus, mig-14 is expressed in the 
tail hypodermis (Fig. S1C), which expresses the Wnt gene lin-44 (Herman 
and Horvitz, 1994), in cells in the anal region that express egl-20/Wnt 
(Whangbo and Kenyon, 1999) and in posterior body wall muscle cells that 
express cwn-1/Wnt (Gleason et al., 2006). In addition, mig-14 is strongly 
expressed in the stomatointestinal muscle, the M mesoblast cell and its 
descendants, the CAN neurons, the developing vulva, the pharynx and 
in the pharyngeal intestinal valve (Fig. S1A, D, E). mig-14 is also weakly 
expressed in a small subset of head neurons, in the ventral nerve cord and 
in the seam cells, but is undetectable in the main body hypodermis and the 
intestine.
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Mutation of the retromer complex enhances the Wnt phenotype of 
mig-14
We have previously shown that EGL-20/Wnt signaling requires retromer 
function in EGL-20 producing cells (Coudreuse et al., 2006). The shared 
site of action and similarity in phenotype of mig-14 and retromer mutants 
suggests a functional relationship in the regulation of Wnt signaling. To 
investigate this possibility, we tested whether mig-14 and retromer mutants 
genetically interact. The null phenotype of mig-14 is embryonic lethal, but 
the hypomorphic alleles mig-14(mu71) and mig-14(ga62) are viable and 
show a range of postembryonic Wnt phenotypes (Eisenmann and Kim, 
2000; Harris et al., 1996). We found that double mutants of mig-14(mu71) 
or mig-14(ga62) with vps-35(hu68) are mostly sterile. Double mutants 
with vps-29(tm1320), which has a much weaker Wnt phenotype than vps-
35(hu68) (Coudreuse et al., 2006), are however viable and produce sufficient 
progeny for analysis. As mig-14(mu71) and mig-14(ga62) single mutants 
already show a strong defect in the EGL-20/Wnt dependent migration 
of the QL descendants (Table S1), we used the polarization of the PLM 
mechanosensory neurons, which is mediated by multiple, redundantly 

% PLM polarity defect

wild type 0

vps-29(tm120) 1 ± 2

mig-14(mu71) 0

mig-14(mu71); vps-29(tm120) 29 ± 13

mig-14(ga62) 35 ± 5

mig-14(ga62); vps-29(tm120) 67 ± 9

Table 1. Genetic interaction between mig-14 and vps-29 in PLM polarity. The polarity of 
the PLM neuron was scored using the mec-7::gfp expressing transgene muIs35 as described 
(Hilliard and Bargmann, 2006). Data are represented as mean +/- SD (n>100).
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Golgin-97
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Figure 1. Subcellular localization of MIG-14 and Wls. (A) Expression of mig-14::gfp (huIs71) 
in the posterior half of an early L1 larva (top panel). The boxed area shows the mesoblast 
cell M, which is magnified in the bottom panel. The outline of the M cell is indicated by 
arrowheads. MIG-14::GFP localizes to the plasma membrane and to distinct intracellular 
punctae. Scale bar is 4 µm. (B) HeLa cells grown on glass coverslips were transfected with 
Wls-GFP and fixed to determine the intracellular localization of Wls-GFP. Bars, 20 mm. 
Images are representative of at least 3 independent experiments. Dashed box is magnified 
and represented in the right panel. The white arrows indicate plasma membrane localization 
of Wls at the junction with an adjacent cell. (C) HeLa cells grown on glass coverslips were 
transfected with Wls-GFP, fixed and stained for endogenous Golgin-97, EEA1, Vps26, 
caveolin-1 or AP-2a. Bars, 10 mm. Images are representative of at least 3 independent 
experiments. Dashed boxes are magnified and represented in the lower panels. White 
arrows indicate co-localization of Wls with EEA1, Vps26 or AP-2α.
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acting Wnts, as an assay for Wnt signaling (Hilliard and Bargmann, 2006; 
Prasad and Clark, 2006). In wild type and in most vps-29(tm1320) or mig-
14(mu71) single mutants, the PLM neurons show a normal polarity (Table 
1). In mig-14(mu71); vps-29 double mutants, however, about a third of the 
animals show either reversal or loss of PLM polarity. We observed a similar 
synergistic effect on PLM polarity in mig-14(ga62); vps-29 double mutants. 
Taken together, these results demonstrate that reduction of retromer 
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Figure 2. MIG-14 and Wls protein levels are reduced in the absence of retromer function. 
(A, B) MIG-14::GFP (huIs71) in wild type and vps-35(hu68). Images were taken using 
identical camera settings. (C) Western blot analysis of MIG-14::GFP (huIs71) protein levels 
in wild type, vps-35(hu68) and vps-29(tm1320) mutants. α-tubulin is used as a loading 
control. The ratio between MIG-14::GFP and tubulin levels is shown. (D) Western blot 
detection of endogenous human Wls in HEK293 cells stably expressing a doxycycline 
inducible Vps35 siRNA construct (Coudreuse et al., 2006). HEK293 cells were stimulated 
or not with doxycycline and additionally transfected with a control siRNA oligonucleotide 
or a combination of Vps26 siRNA and Vps35 siRNA oligonucleotides for more efficient 
knock down of retromer expression. Bands corresponding to Wls are ~ 55 kDa, bands 
corresponding to Vps35 are ~ 90 kDa. α-tubulin was used as a control for equal loading. 
The ratio between Wls or Vps35 and tubulin is shown. Representative results of at least 3 
independent experiments are shown.
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function strongly enhances the Wnt phenotype of hypomorphic mig-14 
alleles. These experiments do not distinguish, however, between a function 
of mig-14 and the retromer complex in a shared or in parallel genetic 
pathways.

Human Wls co-localizes with the retromer complex at the Golgi 
and endosomes
Wls localizes to the plasma membrane in Drosophila wing imaginal 
disc cells (Bartscherer et al., 2006) and to the Golgi and endosomes in 
mammalian Vero cells (Banziger et al., 2006). We found that in C. elegans, 
MIG-14 localizes to the cell periphery as well as to distinct intracellular 
punctae (Fig. 1A). To further investigate the subcellular distribution of 
Wls and to determine whether Wls and the retromer complex co-localize, 
we expressed a human Wls-GFP fusion protein in HeLa cells. Wls-GFP 
localizes to the cell periphery (Fig. 1B), indicating that Wls is present at 
the plasma membrane (although localization to docked secretory vesicles 
cannot be excluded). Furthermore, Wls-GFP localizes to the endoplasmic 
reticulum (as indicated by the perinuclear staining), to the Golgi and to 
endosomal structures, including EEA1 positive early endosomes (Fig. 1B, 
C). In agreement with other studies, we found that the retromer complex 
localizes to endosomes (Fig. 1C) (Arighi et al., 2004; Seaman, 2004). 
Importantly, staining of endogenous Vps26 in cells that express Wls-GFP 
showed that Wls and the retromer complex co-localize on endosomes (Fig. 
1C).

MIG-14/Wls is targeted to lysosomes in retromer mutants
One of the principle functions of the retromer complex is the endosome to 
Golgi retrieval of sorting receptors such as Vps10p in yeast and the CI-MPR 
receptor in mammalian cells (Arighi et al., 2004; Haft et al., 2000; Seaman 
et al., 1998). In the absence of retromer function, Vps10p and the CI-MPR 
receptor are transported to lysosomes and degraded. To investigate if 
MIG-14 is also a target of retromer dependent sorting, we tested whether 
the subcellular localization or stability of MIG-14 is affected in retromer 
mutants. As shown in Fig. 2B, there is a striking reduction in MIG-14::GFP 
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Figure 3. MIG-14 is targeted to lysosomes in the absence of VPS-35 function. (A) 
Subcellular localization of MIG-14::GFP (huIs72, green) and the lysosomal marker LMP-1::
mCherry (red) in posterior body wall muscle cells of adult animals. Images show a single 
muscle cell. Scale bar is 10 µm. MIG-14::GFP and LMP-1::mCherry do not co-localize in 
control animals treated with empty vector (open arrow heads). Co-localization between 
MIG-14::GFP and LMP-1::mCherry in vps-35 RNAi treated animals is shown by closed arrow 
heads. (B) HeLa cells grown on glass coverslips were transfected with Wls-GFP and control 
siRNA or siRNAs directed against Vps35 and Vps26, fixed and stained for endogenous 
CD63. Scale bar is 10 mm. (C) HeLa cells were treated with 100 nM Bafilomycin A for 30 
min, before cells were lysed to detect endogenous Wls. The ratio between Wls and tubulin is 
shown. Representative results of two independent experiments are shown.



111

MIG-14/WLS  RECYCING

protein levels in vps-35(hu68) mutants. Western blot analysis showed that 
MIG-14 protein levels are also reduced in vps-29(tm1320) mutants (Fig. 2C), 
but there is a marked difference in the extent of this reduction. We have 
previously shown that mutation of vps-35 produces a stronger defect in 
EGL-20/Wnt signaling than mutation of vps-29 (Coudreuse et al., 2006). 
This difference is reflected in the effect on MIG-14 protein levels, indicating 
that the reduction in MIG-14 correlates with the Wnt phenotype of retromer 
mutants. To examine if human Wls is also a target of the retromer complex, 
we knocked down Vps35 and Vps26 in human embryonic kidney (HEK293) 
cells and assayed the effect on endogenous Wls levels. Using a polyclonal 
antiserum that recognizes human Wls on Western blot, we found that 
knock down of both Vps35 and Vps26 induces a significant reduction in 
endogenous Wls protein levels (Fig. 2D). These results demonstrate that the 
function of the retromer complex in MIG-14/Wls recycling is evolutionarily 
conserved.

To investigate why MIG-14/Wls protein levels are reduced, we 
tested whether in the absence of retromer function, MIG-14 is targeted 
to lysosomes. mig-14 is expressed in posterior body wall muscle cells, 
which are relatively large cells that are ideally suited for the imaging of 
subcellular structures. To visualize lysosomes, we used a fusion of the 
lysosomal protein LMP-1 with mCherry. As shown in Fig. 3A, there was 
almost no overlap between MIG-14::GFP and LMP-1::mCherry in control 

Figure 4. Overexpression of mig-14 rescues EGL-20/Wnt signaling in vps-35 mutants. vps-
35(hu68) mutants carrying a hs::mig-14 transgene were heat-shocked for 10 minutes at 33oC 
at the early L1 stage (+ HS). The final positions of the QL descendants (QL.d) was scored 
using the mec-7::gfp expressing transgene muIs32. vps-35(hu68) was also combined with 
the mig-14::gfp expressing transgene huIs71. Data from two independent experiments are 
represented as mean +/- SD (in each case, n=60).
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Figure 5. MIG-14 is a target of AP-2 mediated endocytosis. (A) dpy-23 is required in EGL-
20/Wnt producing cells. The final positions of the QL.d were scored in dpy-23(e840) and 
in dpy-23(e840) animals carrying a transgene expressing dpy-23 from the egl-20 promoter. 
In both cases, muIs32 (mec-7::gfp) was present as a marker. Data from six independent 
experiments are represented as mean +/- SD (in each case, n=100). (B) MIG-14::GFP (huIs71) 
expression in animals treated with control, dpy-23 or apa-2 RNAi. Knock-down of dpy-23 or 
apa-2 results in accumulation of MIG-14::GFP at the cell membrane. This effect is especially 
clear in the relatively large body wall muscle cells (examples are indicated by arrowheads). 
The dotted line indicates the EGL-20/Wnt producing cells which express a higher level of 
MIG-14::GFP. Although these are relatively small cells, cell membrane accumulation of MIG-
14::GFP can still be observed in dpy-23 and apa-2 RNAi treated animals. Scale bar is 20 µm. 
(C) Quantification of the effect of AP-2 RNAi on the subcellular distribution of MIG-14::GFP. 
Diffuse localization of MIG-14::GFP throughout the cell is indicated in green, enhanced cell 
membrane localization is indicated in blue and strong accumulation of MIG-14::GFP at the 
cell membrane (such as in the examples in panel B) is indicated in red. In all cases n>100, 
except apa-2 (n=58).
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animals. In vps-35(RNAi) animals, however, most of the MIG-14::GFP 
protein that remains is localized to LMP-1::mCherry positive structures. 
To investigate whether human Wls is also targeted to lysosomes, we 
performed co-localization experiments with Wls-GFP and the lysosomal 
marker CD63 in HeLa cells. As shown in Fig. 3B, there is a strong increase 
in co-localization between Wls and CD63 when Vps35 and Vps26 are 
knocked down, demonstrating that in the absence of retromer function, 
human Wls localizes to lysosomes as well. To test if Wls is degraded 
in lysosomes, we treated HeLa cells with the V-type ATPase inhibitor 
Bafilomycin A, which prevents the endosomal acidification that is required 
for the maturation of lysosomal proteases and blocks transport from late 
endosomes to lysosomes (van Weert et al., 1995). We found that treatment 
with Bafilomycin A results in a significant increase in Wls protein levels 
(Fig. 3C). These results are consistent with the hypothesis that in the 
absence of retromer function, MIG-14 is degraded in lysosomes

Reduction of MIG-14 protein levels limits Wnt signaling in 
retromer mutants
The strong reduction in MIG-14 protein levels in retromer mutants suggests 
that MIG-14 may become limiting for Wnt signaling. To investigate this 
possibility, we tested whether overexpression of MIG-14 can rescue Wnt 
signaling in retromer mutants. To overexpress MIG-14, we generated a 
transgene that expresses mig-14 under the control of an inducible heat-
shock promoter (Stringham et al., 1992). vps-35(hu68) animals and vps-35; 
hs::mig-14 animals raised at the non-inducing temperature show a fully 
penetrant defect in the EGL-20/Wnt dependent migration of the QL 
daughter cells (Fig. 4). When mig-14 expression is induced by a brief heat 
pulse before EGL-20 signaling commences at the early L1 larval stage, 
about a third of the animals show a wild type pattern of QL daughter cell 
migration. In addition to heat-shock promoter induced overexpression, we 
found that overexpression of mig-14 from its own promoter also restores 
EGL-20/Wnt signaling in vps-35 mutants (Fig. 4). These data support the 
hypothesis that the Wnt phenotype of retromer mutants is a result of the 
reduction in MIG-14 protein levels.
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Human Wls co-localizes with the AP-2 adaptin complex but not 
with caveolin
The localization of human Wls to early endosomes (Fig. 1C) suggests 
that Wls may be internalized from the plasma membrane. To investigate 
this possibility, we tested whether Wls co-localizes with the AP-2 adaptin 
complex or caveolin. AP-2 is a heterotetrameric complex that selects specific 
transmembrane proteins for clathrin-mediated endocytosis (Bonifacino 
and Traub, 2003), whereas caveolin is part of an alternative, clathrin-
independent endocytosis pathway (Razani and Lisanti, 2001). We found no 
overlap between endogenous caveolin-1 and Wls-GFP in HeLa cells (Fig. 
1C). However, staining of endogenous AP-2α showed clear co-localization 
between Wls and the AP-2 complex at distinct punctae (Fig. 1C), indicating 
that Wls may be internalized through AP-2 and clathrin-mediated 
endocytosis.

Figure 6. MIG-14 and Wls protein levels are increased in the absence of AP-2 mediated 
endocytosis. (A) Western blot detection of MIG-14::GFP in wild type animals treated with 
control, apa-2 or apb-1 RNAi. The ratio between MIG-14::GFP and tubulin levels is shown. 
(B) Western blot detection of MIG-14::GFP (huIs71) in vps-29(tm1320) animals treated with 
control, apa-2 or apb-1 RNAi. (C) Western blot detection of endogenous human Wls in HeLa 
cells transfected with control siRNA or siRNA directed against AP2-a. Bands corresponding 
to Wls are ~ 55 kDa, bands corresponding to AP2-a are 112 kDa. α-tubulin was used 
as a control for equal loading. The ratio between Wls or AP2-α and tubulin is shown. 
Representative results of at least three independent experiments are shown.
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EGL-20/Wnt signaling requires AP-2 mediated internalization of 
MIG-14
Further evidence of a function of AP-2 mediated endocytosis in Wnt 
producing cells is provided by the mutant phenotype of dpy-23, which 
encodes the µ-subunit of the C. elegans AP-2 complex (G. Garriga, personal 
communication). dpy-23(e840) mutants are viable and show a highly 
penetrant defect in the EGL-20/Wnt dependent migration of the QL 
daughter cells (QL.d) (Fig. 5A). To investigate if dpy-23 function is required 
in EGL-20 producing cells, we tested whether specific expression of wild 
type dpy-23 from the egl-20 promoter can restore EGL-20 signaling in dpy-
23(e840) mutants. As shown in Fig. 5A, expression of dpy-23 in EGL-20 
producing cells is sufficient to rescue the migration of the QL daughter 
cells in dpy-23(e840) mutants. This demonstrates that AP-2 function is 
specifically required in EGL-20 producing cells.

To examine whether MIG-14 is a target of AP-2 mediated 
endocytosis, we tested the effect of RNAi mediated knock down of 
different AP-2 subunits on the subcellular localization of MIG-14::GFP. 
In control animals, MIG-14 was visible throughout the cell and at the 
plasma membrane (Fig. 5B, C). However, in animals that were treated 
with RNAi against the AP-2 subunits dpy-23, apa-2, aps-2 or the shared 
AP-2 and AP-1 subunit apb-1 (Boehm and Bonifacino, 2001), there was a 
striking accumulation of MIG-14 on the cell membrane, indicating that 
internalization of MIG-14 is impaired in the absence of a functional AP-2 
complex.

Inhibition of AP-2 mediated endocytosis increases MIG-14/Wls 
protein levels
We found that inhibition of AP-2 function results in an increase in MIG-14/
Wls protein levels. Thus, MIG-14 protein levels were increased when AP-
2 function was disrupted by apa-2 or apb-1 RNAi (Fig. 6A). Furthermore, 
human Wls protein levels were increased when AP-2 function was 
inhibited by siRNA mediated knock down of AP-2α in HeLa cells (Fig. 
6C). Blocking AP-2 function may increase MIG-14/Wls protein levels by 
preventing its degradation. This degradation may result from incomplete 
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recycling by the retromer complex, as shown by the increase in Wls protein 
levels when lysosomal degradation is inhibited (Fig. 3C). We propose that 
blocking AP-2 function prevents MIG-14/Wls degradation because AP-2 
mediated internalization occurs before the retromer dependent recycling 
of MIG-14/Wls. When internalization is blocked, the balance between 
de novo synthesis and degradation of MIG-14/Wls is shifted, resulting 
in the observed increase in MIG-14/Wls protein levels. An important 
prediction of this model is that inhibition of MIG-14 internalization should 
also increase MIG-14 protein levels in the absence of retromer function. 
We found that this is indeed the case. As shown in Fig. 6B, apa-2 or apb-1 
RNAi similarly increased MIG-14 protein levels in a vps-29(tm1320) mutant 
background. We conclude that MIG-14/Wls is first internalized through 
AP-2 mediated endocytosis and is then recycled by the retromer complex.
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Discussion

Wnt proteins are lipid modified signaling molecules that can form 
long-range concentrations gradients to pattern developing tissues. A 
fundamental question is how the hydrophobic Wnt protein is secreted 
and released at the cell membrane. It has recently been shown that the 
Wnt binding protein Wls is required for Wnt secretion (Banziger et al., 
2006; Bartscherer et al., 2006; Goodman et al., 2006). Wls is a multi-pass 
transmembrane protein that may function as a specific chaperone or 
sorting receptor for Wnt (Coudreuse and Korswagen, 2007; Hausmann et 
al., 2007). We have previously shown that an intracellular protein sorting 
complex called the retromer is required in Wnt producing cells, but the 
target of retromer dependent trafficking in Wnt signaling was unknown 
(Coudreuse et al., 2006). In this study, we show that Wls and its C. elegans 
ortholog MIG-14 are recycled by the retromer complex. Our results indicate 
that retromer-dependent trafficking is part of a transport pathway that 
retrieves MIG-14/Wls from the plasma membrane. We propose a model in 
which MIG-14/Wls cycles between the trans-Golgi network and the plasma 
membrane to mediate Wnt secretion. Regulation of MIG-14/Wls transport 
and stability may enable Wnt producing cells to fine-tune the rate of Wnt 
secretion and the range of Wnt signaling in the tissue.

A retromer and AP-2 dependent MIG-14/Wls transport pathway
The retromer complex is involved in the intracellular transport of cargo 
molecules such as sorting receptors for lysosomal enzymes (Arighi et 
al., 2004; Haft et al., 2000; Seaman et al., 1998), the yeast iron transporter 
Fet3p-Fet1p (Strochlic et al., 2007) and the mammalian polymeric-
immunoglobulin receptor (Verges et al., 2004). Our results demonstrate 
that MIG-14/Wls is also a target of the retromer complex. Thus, mutation 
of the retromer complex strongly enhances the Wnt phenotype of weak 
mig-14 mutations. Furthermore, in both C. elegans and human cells, MIG-
14 and Wls protein levels are strongly reduced in the absence of retromer 
function. The retromer complex is part of a specific endosome to Golgi 
retrieval pathway for cargo proteins such as Vps10p in yeast and the CI-
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MPR receptor in mammalian cells (Arighi et al., 2004; Haft et al., 2000; 
Seaman et al., 1998). In the absence of retromer function, Vps10p and 
the CI-MPR receptor are degraded in lysosomes. Since MIG-14 is also 
targeted to lysosomes in retromer mutants, it is likely that the retromer 
complex functions in a similar endosome to Golgi retrieval step of MIG-
14/Wls in Wnt producing cells. Cargo recognition by the retromer 
complex is mediated by the Vps35 subunit, which directly binds to the 
cargo protein (Arighi et al., 2004; Nothwehr et al., 2000). Studies on the 
retromer dependent transport of the CI-MPR receptor have shown that 
the interaction with cargo depends on a highly conserved W/F-L-M/
V tri-peptide motif in the target protein (Seaman, 2007). Interestingly, 
such a motif (F-L-M) is also present at the end of the third intracellular 
domain of MIG-14/Wls. Although we have not been able to demonstrate 
an interaction between MIG-14/Wls and the retromer complex in co-
immunoprecipitation experiments, the presence of a conserved retromer 
sorting motif and the co-localization between human Wls and the retromer 
on endosomes suggests that MIG-14/Wls may be a direct target of the 
retromer complex.

In addition to retromer dependent recycling, MIG-14/Wls is also 
a target of AP-2 adaptin mediated endocytosis. Wls co-localizes with the 
AP-2 complex in human cells, and in C. elegans, knock down of the AP-
2 complex results in accumulation of MIG-14 at the cell membrane. The 
internalization of MIG-14/Wls occurs before retromer dependent recycling, 
indicating that the internalization and recycling steps are part of a transport 
pathway that retrieves MIG-14/Wls from the plasma membrane. Based 
on the function of the retromer complex in endosome to Golgi trafficking, 
we propose that this pathway transports MIG-14/Wls from the plasma 
membrane to the trans-Golgi network.

MIG-14/Wls trafficking and Wnt secretion
Wls is specifically required for Wnt secretion, but it is not known how it 
functions in this process. Several models have been proposed, including 
a role of Wls in Wnt folding and maturation and a function of Wls as a 
specific sorting receptor for Wnt (Ching and Nusse, 2006; Coudreuse and 
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Korswagen, 2007; Hausmann et al., 2007). The subcellular localization 
of Wls at the Golgi, endosomes and the plasma membrane and the 
requirement of MIG-14/Wls transport for Wnt signaling favors the latter 
possibility. We therefore propose a model in which MIG-14/Wls transports 
Wnt from the Golgi to the plasma membrane for release. To maintain 
sufficient levels of MIG-14/Wls in the Golgi, MIG-14/Wls is recycled from 
the plasma membrane through an AP-2 and retromer complex dependent 
pathway. In the absence of the first, AP-2 dependent step, MIG-14/Wls is 
trapped on the plasma membrane. When the second, retromer dependent 
recycling step is disrupted, MIG-14/Wls is transported to lysosomes and 
degraded. In both cases, only a limited pool of MIG-14/Wls is available 
in the Golgi to mediate Wnt transport and secretion. As predicted by this 
model, overexpression of mig-14 rescues the Wnt phenotype of retromer 
mutants. Although this model explains the function of AP-2 mediated 
endocytosis and retromer dependent recycling in Wnt signaling, the 
function of MIG-14/Wls in Wnt transport and release remains to be 
established. It is not known at what stage in the trafficking cycle Wnt binds 
to MIG-14/Wls and it is also not clear how Wnt is released. It is likely 
that this part of the pathway is much more complex, as it may involve re-
internalization of Wnt, for example to enable binding of Wnt to lipoprotein 
particles, which has been shown to be critical for Wg gradient formation in 
the Drosophila wing imaginal disc (Panakova et al., 2005).

MIG-14/Wls and regulation of the Wnt concentration gradient
An important aspect of the retromer mutant phenotype is that the effect 
on Wnt signaling in C. elegans increases with distance (Coudreuse et al., 
2006). Thus, short-range signaling of EGL-20 and other Wnt proteins is less 
affected in retromer mutants than long-range signaling. Furthermore, the 
EGL-20 concentration gradient, that can be readily visualized in wild type 
animals, cannot be detected in vps-35 mutants. We initially favored a model 
in which the retromer complex is required for the formation of a specific 
long-range acting pool of Wnt, for example by enabling the interaction 
of Wnt with lipoprotein particles (Coudreuse and Korswagen, 2007; 
Coudreuse et al., 2006). Our current results suggest that the effect on the 
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range of Wnt signaling may also be a consequence of the decrease in MIG-
14 protein levels. According to our model, the decrease in MIG-14 will lead 
to a reduction in the rate of Wnt secretion. The rate of Wnt secretion is one 
of the main kinetic parameters that shape the Wnt concentration gradient 
(Kicheva et al., 2007). A reduction in the rate of secretion will produce a 
shallower gradient and will result in the observed defects in long-range 
Wnt signaling. As MIG-14 is decreased but not eliminated in the absence of 
retromer function, Wnt secretion will only be partially affected, explaining 
why short range signaling by EGL-20 and other Wnt proteins is not, or 
only weakly affected in retromer mutants. Our results demonstrate that 
regulation of MIG-14/Wls transport and stability provides Wnt producing 
cells with a mechanism to control the range of Wnt signaling in the tissue.
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Experimental procedures

Nematode strains and culturing
General methods for culture, manipulation and genetics of C. elegans were 
as described (Lewis and Fleming, 1995). Unless indicated, strains were 
cultured at 20oC. Strains and mutations used in this study were Bristol N2 
and LGII, mig-14(mu71) (Harris et al., 1996), mig-14(ga62) (Eisenmann and 
Kim, 2000), vps-35(hu68) (Coudreuse et al., 2006), muIs32[mec-7::gfp] (Ch’ng 
et al., 2003), huIs72[mig-14::gfp; dpy-20(+)], LGIII, vps-29(tm1320) (Coudreuse 
et al., 2006), LGV, muIs35[mec-7::gfp] (Ch’ng et al., 2003), LGX, dpy-23(e840) 
(Hodgkin, 1983) and unassigned, huIs71[mig-14::gfp; dpy-20(+)].

Expression constructs and transgenic animals
A 15 kb PstI fragment containing the promoter and genomic sequence 
of mig-14 was isolated from the cosmid R06B9 and sub-cloned into 
pBluescript. In pKN2, an XmaI gfp containing fragment from pPD107.45 
was cloned in a unique AgeI site in the seventh intron of mig-14, resulting 
in an in frame insertion of GFP in the second intracellular loop of MIG-
14. pKN2 contains the endogenous mig-14 3’ untranslated region (UTR). 
pKN2 was injected with the co-injection marker pMH86 (containing the 
wild type dpy-20 gene) in dpy-20(e1282). The resulting extra-chromosomal 
array was integrated using 40 Gy of γ-radiation from a 137Cs source, and 
gave rise to the stable transgenic line huIs71. This transgene fully rescues 
the mig-14(or78) null phenotype (data not shown). In pKN3, the mig-
14 genomic sequence was cloned in pPD95.81 to generate a C-terminal 
fusion with GFP. The resulting transgenic line is huIs72. The two mig-14::
gfp reporters show a similar expression pattern. The mig-14, dpy-23 and 
lmp-1 cDNA was amplified from mixed stage C. elegans cDNA. The mig-
14 cDNA was cloned into the hsp16-2 containing vector pPD49.78. For 
tissue specific rescue experiments, mig-14 or dpy-23 cDNA was cloned into 
pPD95.81 containing either the egl-20 or ric-19 promoter (Coudreuse et al., 
2006). The lmp-1 cDNA was fused in frame with mCherry encoding cDNA 
(Shaner et al., 2004) in the myo-3 promoter vector pPD95.86. RNAi in C. 
elegans was performed by feeding using clones from the Ahringer or Vidal 
libraries (Kamath et al., 2003; Rual et al., 2004). A human Wls cDNA clone 



122

CHAPTER 4

(DKFZp686K06169Q) was obtained from imaGene, Germany. Mismatches 
with human Wls (GeneBank accession numbers DQ323735) were corrected 
by PCR. An XhoI and XmaI fragment containing human Wls was cloned 
into the corresponding sites of the pEGFP-N2 vector (Clontech).

Antibodies
A mouse monoclonal antibody to golgin-97 was purchased  from Molecular 
Probes, a mouse monoclonal antibody to EEA1 was from BD Transduction 
Laboratories. A mouse monoclonal antibody to CD63 was from Sanquin, 
The Netherlands. A rabbit polyclonal antibody to caveolin-1 was from 
Santa Cruz Biotechnology. A rabbit polyclonal antibody to hVps26 (Haft 
et al., 2000) was a kind gift from Dr. J.S. Bonifacino. The rabbit polyclonal 
antibody to Wls was generated by Eurogentec. In brief, two rabbits were 
immunized with two peptides corresponding to the predicted C-terminal 
part of Wls (CASKYSFINDNAASGI) and to the predicted intracellular 
loop of Wls (FTSPKTPEHEGRYYEC). After four immunization procedures, 
antiserum from the final bleed was collected and purified against each of 
the peptides.

Cell culture and transfection
HeLa cells and HEK293 cells were maintained in RPMI 1640 medium 
(GIBCO) containing 10% heat-inactivated FCS (GIBCO), 2 mM L-
glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Both cell 
lines were cultured at 37ºC and 5% CO2. Sixteen hours after plating, 
HeLa cells were transfected with control siRNA (siCONTROLTM Non-
Targeting siRNA#1, Dharmacon, Chicago, IL, U.S.A.) or siRNA againstChicago, IL, U.S.A.) or siRNA against) or siRNA against 
AP-2a (Motley et al., 2003) (AAGAGCAUGUGCACGCUGGCCA,, 
Dharmacon) using Oligofectamine (Invitrogen) according to manufacturer 
instructions. The cells were transfected three times with 24-hours 
intervals. The samples were analysed by Western blot 48 hours after the 
last transfection. HEK293 cells stably transfected with different pools of 
Vps35 siRNA constructs cloned into the pTER vector were stimulated 
with doxycycline to induce Vps35 siRNA expression (Coudreuse et 
al., 2006). Forty eight hours after stimulation cells were additionally 
transfected with a combination of siRNA against Vps26 (He et al.,siRNA against Vps26 (He et al., 
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2005)  (AAUGAUGGGGAAACCAGGAAA, Dharmacon) and siRNA 
against Vps35 (Coudreuse et al., 2006) (CUGUAGGGAUGCUUUGGCU, 
Dharmacon) to induce more efficient knock down of retromer expression. 
The samples were analyzed by Western blot 48 hours after transfection.

Western blot analysis
Cells were lysed in Laemmli sample buffer and incubated for 10 minutes at 
95°C. Cell lysates were separated on 10% SDS-PAGE gels and transferred 
onto PVDF membranes (BioRad).  Vps35 was detected with a goat 
polyclonal antibody to Vps35 (Abcam),  adaptin-a was detected with 
mouse monoclonal antibody to adaptin-a (BD Transduction Laboratories) 
and tubulin was detected with a mouse monoclonal antibody to a-
tubulin (Clone DM 1A; Sigma). To quantify MIG-14::GFP protein levels, 
synchronized L1 larvae were lysed in 2 volumes of 10 mM Tris pH 8, 150 
mM NaCl and 0.1% NP-40 containing protease inhibitors (Roche). In case of 
the AP-2 RNAi experiments, synchronized egg populations were hatched 
on dsRNA expressing bacteria and grown until the L4 stage before the 
animals were collected for Western blot analysis. Densitometric analysis 
was performed on scanned images using GeneTools (Syngene, Cambridge, 
UK) analysis software.

Immunofluorescence
Sixteen hours after plating on glass coverslips, HeLa cells were transfected 
with plasmid containing Wls-GFP (Wls-pEGFP, 1mg) using FuGENE 
Transfection Reagent (Roche). Twenty four hours after transfection cells 
were fixed in 0.1 M Phosphate Buffer containing 4% formaldehyde for 10 
minutes on ice and permeabilized with 0.1% Triton X-100 for 5 minutes. 
Thereafter, cells were incubated with 0.5% BSA for 30 minutes followed 
by incubation with the indicated primary antibodies and subsequent 
incubation with a chicken-anti-mouse-Ig or chicken-anti-rabbit-Ig antibody 
labeled with Alexa 594 (Molecular Probes). Images were recorded with a 
Bio-Rad Radiance 2100MP confocal and multiphoton system (Zeiss/Bio-
Rad). 
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Supplemental data 

Figure S1. Expression pattern of mig-14::gfp (huIs71). 

(A) Expression of mig-14 in L1 larva. 
mig-14 is expressed in the posterior part 
of the animal and in the pharynx (ph). 
(B) Expression of mig-14 in comma stage 
embryo. (C) Expression of mig-14 in the 
tail hypodermis. (D) Expression of mig-14 
in the CAN neurons and the sex myoblast 
descendants. (E) Expression of mig-14 in 
the L4 stage vulva. 
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Table S1. Tissue specific rescue of mig-14.

Expression
% wild type QL.d migration

mig-14(mu71) mig-14(ga62)

Non-transgenic 0 0

Pegl-20::mig-14::gfp EGL-20 
producing cells 35 30

Pric-19::mig-14::gfp neurons 0 0

The final position of the QL descendants was scored using the mec-7::gfp expressing 
transgene muIs35 as a marker (n>100).
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Abstract

MIG-14/Wls is a Wnt binding protein that is required for the secretion of 
Wnt from Wnt producing cells. Based on our previous work (see Chapter 
4), we propose a model in which MIG-14/Wls functions as a sorting 
receptor that transports Wnt from the Golgi to the plasma membrane 
for release. Next, MIG-14/Wls is internalized through AP-2 mediated 
endocytosis and is recycled back to the Golgi through a retromer complex 
dependent pathway. To further study the intracellular trafficking of MIG-14 
in C. elegans, we have generated a panel of fluorescently tagged markers for 
different intracellular compartments. Here, we report a first analysis that 
shows localization of MIG-14 to different endosomal compartments and the 
Golgi.
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Introduction

The Wnt binding protein MIG-14/Wls may function as a specific sorting 
receptor for Wnt. Based on our previous work (see Chapter 4), we propose 
a model in which MIG-14/Wls shuttles between the Golgi and the plasma 
membrane to mediate Wnt secretion. To further study the intracellular 
trafficking of MIG-14 in C. elegans, fluorescently labeled markers for 
different intracellular compartments are required. Work from several 
groups has led to the identification of proteins that can be used as markers 
for the endoplasmic reticulum, the Golgi, early and late endosomes, 
recycling endosomes and lysosomes (reviewed in Grant and Sato, 2005). 
Colocalization studies with such markers will enable us to determine in 
which intracellular compartments MIG-14 is present. Furthermore, it will 
allow us to study how the distribution of MIG-14 is affected in different 
mutant backgrounds. Here, we report the generation of a panel of marker 
transgenes that fluorescently label early and late endosomes, recycling 
endosomes and the Golgi. In agreement with our model, MIG-14 localizes 
to early and late endosomes and the Golgi. Interestingly, MIG-14 localizes 
to recycling endosomes as well, suggesting that MIG-14 may also shuttle 
between early endosomes and the plasma membrane.



133

SUBCELLULAR LOCALIZATION OF MIG-14

Materials and methods

Expression constructs and generation of transgenic lines 
The cDNA of different rab genes, mannosidase and lmp-1 was fused in 
frame with mCherry encoding cDNA (Shaner et al., 2004) in the myo-3 
promoter vector pPD95.86. All constructs were injected at 20 ng/µl in 
dpy-20(e1282). As a coinjection marker, 50 ng/µl of the wild type dpy-
20 containing construct pMH86 was used to rescue the Dpy phenotype. 
Extrachromosomal transgenes were integrated by irradiation with 40 Gy of 
γ-radiation from a 137Cs source.

Confocal analysis
Animals were anesthetized with 30 mM sodium azide in M9 buffer 5 
minutes before confocal analysis. Images were recorded with a Bio-Rad 
Radiance 2100MP confocal and multiphoton system (Zeiss/Bio-Rad).
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Results and discussion

Generation of fluorescently-tagged subcellular markersmarkers
To study the subcellular localization of MIG-14, we generated a set of 
transgenes that express fusions of marker proteins with the monomeric 
red fluorescent protein mCherry. As markers for different subsets 
of endosomes, we used the Rab proteins RAB-5, RAB-7 and RAB-11 
(Bonifacino and Rojas, 2006). RAB-5 was selected for labeling early 
endosomes (Bucci et al., 1992; Gorvel et al., 1991; Sonnichsen et al., 2000), 
RAB-7 for late endosomes (Lombardi et al., 1993) and RAB-11 for recyclingfor recyclingrecycling 
endosomes (Casanova et al., 1999; Ren et al., 1998; Sonnichsen et al., 2000). 
Mannosidase (MANS) was used as a Golgi selective marker and LMP-1 
was used as a marker for lysosomes (Rolls et al., 2002). The results with the 
LMP-1 marker are discussed in Chapter 4. 

mig-14 is strongly expressed in posterior body wall muscle cells 
(see Fig. 1 and S1, Chapter 4). These are relatively large cells that are 
ideally suited for detailed co-localization studies. The different markers 
were therefore specifically expressed in body wall muscle cells using the 
promoter of the muscle myosin gene myo-3 (Fire and Waterston, 1989). 
Body wall muscle cells consist of three parts: a contractile filament lattice, 
a non-contractile muscle body and muscle arms that provide connectivity 
with the nervous system (Fig. 1). The non-contractile body (also known as 
the muscle belly) contains the nucleus and other cellular organelles. We 
therefore focused our analysis to this part of the muscle cell. In this study, 
we describe the subcellular localization of MIG-14 in wild type animals. 
Future studies will address how the subcellular localization of MIG-14 
changes in different mutant backgrounds.

MIG-14 localizes to RAB-5 positive early endosomes
As discussed in chapter 4, the AP-2 adaptin complex is required for MIG-
14 internalization. During the initiation of endocytosis, the AP-2 complex 
selects plasma membrane proteins for internalization. After the formation 
of a clathrin coated pit, an endocytic vesicle containing the selected 
plasma membrane proteins is formed. Next, the endocytic vesicle fuses 
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with an early endosome in a process that requires the Rab GTPase RAB-
5 (Olkkonen and Stenmark, 1997). As expected, we found that MIG-14 
co-localizes with mCherry::RAB-5 positive early endosomes (Fig. 2A). 
Indeed, most of the mCherry::RAB-5 positive endosomes also contained 
MIG-14::GFP. These results are consistent with our model that MIG-14 is 
internalized from the plasma membrane. 

MIG-14 localizes to RAB-7 positive late endosomes
To investigate whether MIG-14 is transported to late endosomes, we 
studied colocalization between MIG-14::GFP and the late endosomal 
marker mCherry::RAB-7. As shown in Fig. 2B, a subset of the mCherry::
RAB-7 positive late endosomes also contain MIG-14::GFP. The retromer 
complex may transport MIG-14 from this late endosomal compartment to 
the Golgi. 

MIG-14 localizes to the Golgi
Human Wls localizes to the Golgi in HeLa cells (see chapter 4). To 
investigate whether MIG-14 also localizes to the Golgi, we performed 
colocalization studies with the Golgi marker MANS::mCherry. As shown 
in Fig. 2C, we found extensive colocalization between MIG-14::GFP and 
MANS::mCherry, indicating that MIG-14 localizes to the Golgi as well.

MIG-14 localizes to RAB-11 positive recycling endosomes
We found that MIG-14::GFP also localizes to RAB-11 positive recycling 
endosomes (Fig. 2D). Recycling endosomes mediate the retrieval of specific 
plasma membrane proteins from early endosomes to the plasma membrane 
(reviewed in van IJzendoorn, 2006). These results suggest that in addition 
to retrieval of MIG-14 to the Golgi, as proposed in our model, MIG-14 may 
also be recycled to the plasma membrane. An interesting possibility is that 
Wnt is still bound to MIG-14 in recycling endosomes, as the Drosophila Wnt 
protein Wg can be found in this endosomal compartment in Wg producing 
cells (Pfeiffer et al., 2002).
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Fig. 2. Colocalization between MIG-14::GFP and different intracellular markers in adult 
body wall muscle cells. (A) Colocalization of MIG-14::GFP with the early endosomal 
marker mCherry::RAB-5. (B) The late endosomal marker mCherry::RAB-7. (C) The Golgi 
marker MANS::mCherry. (D) The recycling endosome marker mCherry::RAB-11. Examples 
of colocalization are indicated by arrowheads.

Fig. 1. Structure of a body wall muscle cell. 
The cell consists of a myofilament lattice 
on top of a non-contractile body called the 
muscle belly. This part contains the nucleus, 
mitochondria and organelles. All images in 
Fig. 2 derive from this region. Diagram is from 
Wormatlas (URL www.wormatles.org).
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The Wnt signaling pathway is essential for many important developmental 
processes and therefore it is not surprising that its regulation is complex. 
Most studies in the Wnt field have focused on how binding of Wnt to 
its receptors trigger different intracellular signaling cascades. The recent 
finding that the retromer complex and Wls play an important role in Wnt 
signaling has turned our attention to an area that is much less understood, 
which is the mechanism of Wnt secretion and gradient formation.

The role of the retromer complex in Wnt producing cells

Pervious studies in yeast have shown that the retromer complex is required 
for endosome to Golgi recycling (Seaman et al., 1998). In vertebrates, 
the retromer complex also functions in the basal to apical transcytosis 
of the polymeric immunoglobulin receptor-IgA complex (Verges et al., 
2004). Genetic screens in C. elegans showed that the retromer complex 
is involved in Wnt signaling (Coudreuse et al., 2006; Prasad and Clark, 
2006). Mutations in the retromer complex subunit genes vps-35, vps-29 
and vps-26 induce a strong defect in signaling by the Wnt protein EGL-
20. In Xenopus and mammalian tissue culture cells, inhibition of retromer 
function results in strongly reduced Wnt target gene expression and TCF 
reporter induction (Coudreuse et al., 2006), demonstrating that the function 
of the retromer complex in Wnt signaling is evolutionarily conserved. 
Further mechanistic insight into the function of the retromer complex in 
Wnt signaling came from studies on the long-range concentration gradient 
that is formed by EGL-20/Wnt. EGL-20 is produced by a group of cells in 
the tail and spreads toward the anterior in a graded manner. In retromer 
mutants, EGL-20/Wnt was still produced as in wild type animals, but the 
long-range concentration gradient was strongly reduced, indicating that the 
retromer complex is required for gradient formation. Tissue specific rescue 
experiments conclusively showed that the retromer complex is required in 
EGL-20/Wnt producing cells, indicating that it functions in Wnt producing 
cells to facilitate Wnt gradient formation (Coudreuse and Korswagen, 2007; 
Coudreuse et al., 2006).
 Around the same time, the Wnt binding protein Wls was identified 
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in Drosophila (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 
2006). Wls encodes a conserved transmembrane protein that is required in 
Wnt producing cells for Wnt secretion. Based on genetic experiments in C. 
elegans and colocalization studies in human cells (described in Chapter 4), 
we propose that the retromer complex regulates Wnt gradient formation 
by interacting with the putative sorting receptor Wls. We found that Wls 
protein levels are strongly reduced in retromer mutants, indicating that it 
may become limiting for Wnt secretion. It has recently been shown that the 
rate of Wnt secretion is one of the primary kinetic parameters that control 
Wnt gradient formation (Kicheva et al., 2007). A reduction in the rate of 
Wnt secretion is expected to induce a shallower gradient, which would 
provide an explanation of the Wnt phenotype of retromer mutants in C. 
elegans. Indeed, we found that overexpression of Wls could fully rescue the 
Wnt phenotype of retromer mutants. Similar to the function of the retromer 
complex in yeast, the retromer complex may recycle Wls from endosomes 
to the Golgi apparatus to prevent lysosomal degradation. Indeed, when 
retromer function is inhibited, Wls is targeted to lysosomes. The retromer 
complex may thus influence Wnt gradient formation by recycling the 
putative Wnt sorting receptor Wls.
 Although both MIG-14/Wls and the retromer complex are required 
in Wnt producing cells, the null phenotypes of retromer and mig-14/Wls 
mutants are different. Retromer mutants are mainly defective in EGL-
20/Wnt signaling, whereas mig-14 null mutants disrupt all Wnt signaling. 
Since the Wnt phenotype of mig-14 null mutants is much more severe than 
that of retromer mutants, it is likely that Wnt secretion is not completely 
blocked in retromer mutants. Indeed, a low level of MIG-14/Wls is still 
present in vps-35 mutants. This low level of MIG-14/Wls may be sufficient 
to provide enough Wnt for short-range signaling functions, explaining the 
relatively subtle effect of retromer mutations on MOM-2 and LIN-44 Wnt 
signaling.
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The role of AP-2/clathrin-mediated endocytosis in Wnt producing 
cells

We found that AP-2 and clathrin-mediated endocytosis is required in Wnt 
producing cells for Wls internalization. Previous studies have shown a role 
of endocytosis in Wnt receiving cells. It has been shown that the Drosophila 
Wnt protein Wg localizes to intracellular punctae in Wg receiving cells 
(Couso et al., 1994; van den Heuvel et al., 1989). When endocytosis is 
blocked, these punctae are not observed any more and extracellular Wg 
was found to accumulate on the surface of cells in the disc (Bejsovec and 
Wieschaus, 1995; Strigini and Cohen, 2000). Similarly, overexpression of 
dominant negative Rab5 or the dynamin ortholog shibire (Shi), which 
cleaves the endocytic vesicle from the membrane (Seto and Bellen, 2006), 
resulted in a reduction of Wg target gene expression and accumulation of 
extracellular Wg (Rives et al., 2006; Seto and Bellen, 2006). These studies 
suggest that endocytosis is required for internalization of Wnt and possibly 
also for signaling by the Wnt-receptor complex.
 The function of endocytosis has also been studied in Wnt producing 
cells. It has been shown that Wg is internalized in Wg producing cells in 
the Drosophila embryo (Pfeiffer et al., 2002). GFP tagged Wg colocalized 
with the endocytosis marker rhodamin-dextran in internalized vesicles 
in Wg expressing cells. Fluorescence time-lapse microscopy revealed 
that these apically located endocytic Wg vesicles were recycled to the 
plasma membrane, indicating that Wg producing cells may continuously 
take up and release the Wg protein (Pfeiffer et al., 2002). Furthermore, it 
was recently shown that the small GTPase Rab5, which is required for 
the fusion of endocytic vesicles with early endosomes, is required in Wg 
producing cells for Wg gradient formation in the wing disc. Overexpression 
of dominant-negative Rab5 in Wg producing cells results in a strong 
reduction in extracellular Wg staining and Wg target gene expression 
(Rives et al., 2006; Seto and Bellen, 2006). Finally, it has been shown that 
overexpression of dominant-negative Shi in Wg producing cells results in 
reduced Wg target gene expression. However, in this case, Wg expression 
is also reduced at the transcriptional level, suggesting that dynamin may 
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have additional functions in the regulation of Wnt secretion. 
What is the function of endocytosis in Wnt producing cells? An 

obvious possibility is that endocytosis is required for the internalization 
of MIG-14/Wls, possibly in combination with Wnt. As we found that the 
AP-2 complex is required in Wnt producing cells to internalize MIG-14/
Wls, Rab5 may facilitate Wnt signaling in the same manner. Rab5 may 
be required for fusion between MIG-14/Wls positive endocytic vesicles 
and early endosomes. It will be interesting to investigate whether the 
targeting of MIG-14/Wls to endocytic vesicles and EGL-20/Wnt signaling 
is disrupted when RAB-5 function is inhibited. 

A second function of endocytosis in Wnt producing cells may be 
to enable the association of Wnt with lipoprotein particles, which has 
been shown to be important for long-range Wnt signaling in Drosophila 
(Panakova et al., 2005). In the Drosophila wing imaginal disc, at least 
part of the pool of Wg is associated with lipoprotein particles. These 
lipoprotein particles are synthesized by the fat body, after which they 
diffuse throughout the animal. Wnt may interact with lipoprotein particles 
within the extracellular environment. However, a recent study has shown 
that binding of Wnt to lipoprotein particles may also take place within 
Wnt producing cells (H. Sprong, personal communication). An interesting 
possibility is that the Wnt-Wls complex is internalized together with 
lipoprotein particles. Wnt may bind to the lipoprotein particles within an 
endosomal compartment, after which the Wnt-lipoprotein particle complex 
is resecreted through a recycling endosomal pathway.

A model of retromer and Wls mediated Wnt secretion – remaining 
questions

Based on our findings, we propose the following model for Wnt secretion. 
The journey of Wnt proteins begins in the endoplasmic reticulum, where 
they interact with Porcupine to receive post-translational modifications. 
After being transported to the Golgi apparatus, Wnt proteins enter the 
secretory pathway. This pathway is however more complex than the default 
secretory pathway, because it requires the conserved transmembrane 



145

 DISCUSSIONS

protein Wls. We propose that Wls interacts with Wnt in the Golgi, from 
where it transports Wnt to the plasma membrane. Wnt may be directly 
released or a more complicated pathway may be followed, where the Wnt-
Wls complex is internalized together with lipoprotein particles, after which 
the Wnt-lipoprotein particle complex is resecreted. Finally, Wls is recycled 
back to the Golgi to maintain efficient Wnt secretion.
 Of course many important questions still remain. First, it is not 
known at what stage in the trafficking cycle Wnt binds to Wls. This will 
need to be established by detailed colocalization studies of Wnt and Wls 
in both C. elegans and tissue culture cells. Second, it is not clear how the 
hydrophobic Wnt protein is released. Once Wnt reaches the cell surface, 
it may bind to heparan sulphate proteoglycans on the surface of cells in 
the gradient domain. Alternatively, Wnt may be reinternalized to allow 
binding to lipoprotein particles, as discussed above. Finally, it needs to be 
established whether in wild type animals, MIG-14/Wls is a rate limiting 
factor for Wnt secretion. Further study of Wnt and Wls trafficking will 
reveal how Wnt is secreted and how this important process is regulated.
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Fig. 1. A model of Wnt secretion. (A) In 
wild type animals, MIG-14/Wls shuttles 
between the Golgi and the plasma 
membrane to mediate Wnt secretion. 
Retrieval of MIG-14/Wls from the plasma 
membrane to the Golgi requires AP-2 
dependent endocytosis and retromer 
dependent recycling. A potential function 
of internalization and resecretion in the 
binding of Wnt to lipoprotein particles is 
shown as well. (B) In retromer mutants, 
MIG-14/Wls is targeted to lysosomes and 
degraded. As a consequence, Wnt secretion 
is strongly reduced. (C) In the absence of 
AP-2 function, MIG-14/Wls accumulates 
on the plasma membrane, leading to a 
reduction in Wnt secretion.
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Wnt proteins are a highly conserved family of signaling molecules that 
play a central role during development and in adult tissue homeostasis. 
Wnt proteins regulate a variety of biological processes, ranging from cell 
proliferation and cell fate determination to cell migration, axon guidance and 
synapse formation. To mediate these functions, Wnt proteins trigger different 
intracellular signal transduction pathways. We have used the nematode 
Caenorhabditis elegans as a model system to study the mechanism of Wnt 
signaling. The advantage of this relatively simple model organism is that it 
enables us to study Wnt signaling at single cell resolution. In chapter 2 we 
describe a genetic screen for mutants that affect the EGL-20/Wnt dependent 
migration of the Q neuroblasts. As part of this study, we describe three new 
loci that may encode novel components of the canonical Wnt/β-catenin 
pathway. In chapter 3, we describe the function of the Axin-like protein 
AXL-1 in this pathway. We show that AXL-1 functions redundantly with the 
Axin-like protein PRY-1 in Q neuroblast migration and vulva development 
and independently of PRY-1 in a canonical Wnt/β-catenin pathway that is 
required for excretory cell development. Even though their functions partially 
overlap, AXL-1 and PRY-1 are not equivalent. We have previously shown that 
the functions of β-catenin are distributed over different β-catenin proteins in 
C. elegans. Our results suggest that AXL-1 and PRY-1 may represent another 
example of such functional diversification. In addition to studying signaling 
downstream of Wnt, we have also investigated the still poorly understood 
mechanism of Wnt secretion. Our group has previously shown that an 
intracellular protein sorting complex, called the retromer, is required in Wnt 
producing cells. One of the known functions of the retromer complex is the 
retrograde transport of specific membrane proteins from endosomes to the 
Golgi. In chapter 4, we show that the recently identified Wnt binding protein 
Wntless is a target of retromer dependent sorting. In the absence of retromer 
function, Wntless is degraded in lysosomes and becomes limiting for Wnt 
signaling. Future studies will determine how sorting and secretion of Wnt 
is mediated by Wntless and how this process is regulated by the retromer 
complex.
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Wnt eiwitten vormen een evolutionair geconserveerde familie van signaal 
transductie moleculen die een belangrijke rol spelen tijdens de embryonale 
ontwikkeling en bij het in stand houden van weefsels in volwassenen. 
Wnt eiwitten reguleren een verscheidenheid aan biologische processen, 
variërend van cel deling en differentiatie tot cel migratie, axon migratie 
en synaps vorming. Wij gebruiken de nematode Caenorhabditis elegans als 
een model systeem om meer inzicht te verkrijgen in het mechanisme van 
Wnt signalering. Het voordeel van dit relatief simpele model organisme 
is dat Wnt signalering op het niveau van enkele cellen bestudeerd kan 
worden. In hoofdstuk 2 van dit proefschrift beschrijven we een genetische 
screen voor mutanten die de EGL-20/Wnt afhankelijke migratie van de Q 
neuroblasten verstoren. Met behulp van deze screen hebben we drie loci 
gevonden die mogelijk coderen voor nieuwe componenten in de Wnt/β-
catenine signalerings cascade. In hoofdstuk 3 beschrijven we het Axin eiwit 
AXL-1. We laten zien dat AXL-1 gemeenschappelijk functioneert met het 
Axin eiwit PRY-1 tijdens de migratie van de Q neuroblasten en tijdens vulva 
ontwikkeling, maar onafhankelijk van PRY-1 als onderdeel van een Wnt/
β-catenine signaal transductie cascade in de ontwikkeling van de excretie 
cel. Ondanks dat een deel van de functies van AXL-1 en PRY-1 overlappen, 
zijn er ook duidelijke verschillen. We hebben in het verleden aangetoond 
dat de functies van β-catenine verdeeld zijn over verschillende β-catenine 
eiwitten in C. elegans. Onze resultaten suggereren dat dit ook het geval is 
voor Axin. Naast het mechanisme van Wnt signalering, hebben we ook 
bestudeerd hoe Wnt wordt uitgescheiden door Wnt producerende cellen. 
Onze groep heeft gevonden dat een intracellulair eiwit transport complex, 
het zogenaamde retromer complex, een belangrijke rol speelt in dit proces. 
Een van de bekende functies van het retromer complex is het transport 
van transmembraan eiwitten van endosomen naar het Golgi. In hoofdstuk 
4 tonen we aan dat het recentelijk geïdentificeerde Wnt bindende eiwit 
Wntless wordt getransporteerd door het retromer complex. Remming van 
dit transport leidt tot afbraak van Wntless in lysosomen en een defect in Wnt 
signalering. Toekomstig onderzoek zal verder inzicht verschaffen in de rol 
van Wntless en het retromer complex in Wnt secretie.
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摘要

Wnt家族是由控制發育和成熟組織內的平衡的保留��conserved)������

白質所組成。生物體內許多種機制，包括細胞增殖、細胞命運、細胞

移動、軸突導引及突觸的形成，都是由Wnt所調控。Wnt藉由控制各

式不同的訊息傳遞途徑來控制這些複雜的機制。本論文中，我們利用

線蟲Caenorhabditis elegans作為模型以研究Wnt的��傳導。這個相

對簡單的生物模型具有解析度至單一細胞的優點。在第二章裡我們

描述一個遺傳篩選，尋找EGL-20/Wnt��傳導所控制的Ｑ神經母細

胞��neuroblasts)移動突�。��包括篩選��個��是���的��移動突�。��包括篩選��個��是���的��

座。第�章描述一個類似Axin的蛋白質AXL-1在EGL-20/Wnt途徑裡的

功�。我們發現AXL-1和另一個Axin相似的蛋白質PRY-1在功�上有部

份重複。兩個��都控制Ｑ神經母細胞的移動和陰門的發育，但只有

AXL-1控制排泄細胞的發育。雖然他們在功�上有所重複，但並不�

互相取代。之前在線蟲裡的研究也指�β-catenin的許多功�是由各種

不同β-catenin的蛋白質所提供，AXL-1和PRY-1的��顯示功�多樣化

上的相似性。除了研究���傳導的����，我們也���前��多���傳導的����，我們也���前��多傳導的����，我們也���前��多

未知的Wnt分泌過程。我們之前研究發現在Wnt製造細胞內所需的蛋

白質選別複合物retromer complex。其主要功�是將特別的膜蛋白質從

內小體�endosomes)運�����體�運�����體��Golgi)。在第�章裡我們描述��。在第�章裡我們描述��

發現的Wnt�合蛋白質Wntless是retromer complex運輸的�標之一。�。�

retromer功�喪失時，Wntless會在溶體��lysosomes)裡��解，並�制裡��解，並�制，並�制

Wnt的��傳導。至於Wntless如何控制Wnt蛋白質的選別及分泌，以

及retromer complex如何運�Wntless將需更進一步的分析。
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