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“It’s so easy to do nothing, 
When you’re busy night and day...”

-John Kay-
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GENERAL INTRODUCTION
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The migration of cells is one of the fundamental processes in developmental biology. During animal 
development, many cells move from their place of birth towards distinct positions where they will 
exert their function. Neural crest cell migration is a well-known example of long-range cellular 
movements that occurs during embryogenesis, and contributes to the formation of a variety of 
different tissues (Theveneau and Mayor, 2012). Moreover, gastrulation depends on large cohorts 
of cells that need to reorganize and move in a synchronized manner in order to give rise to the 
three main germ layers (Solnica-Krezel and Sepich, 2012). Cell migration also plays important 
roles in various processes later in life, including tissue homeostasis and the immune response. Not 
surprisingly, aberrant cell motility may result in multiple developmental abnormalities and is the 
driving force behind cancer cell invasion and metastasis. Therefore, investigating how cells know 
when to start moving, where to go, and when to stop, is of therapeutical relevance. 
 Motile cells display several general features. They are highly polarized with a leading edge 
that sends out membrane protrusions, and a retracting trailing edge. Actin polymerization is the main 
force that pushes membrane forward in the leading edge while actomyosin contractility promotes 
tail retraction (Lauffenburger and Horwitz, 1996; Ridley et al., 2003). Furthermore, migrating cells 
connect to the underlying substrate by integrin-mediated adhesions that are established, reinforced 
and detached in a proper spatiotemporal manner (Parsons et al., 2010; Wolfenson et al., 2009). The 
tight coordination of these processes forms the basis of cellular motility. 

A wide variety of extracellular stimuli can instruct cells to migrate in the proper direction 
in vivo. These stimuli can be either permissive, where a uniformly distributed signal can promote 
directional persistence, or instructive, where the formation of a directional gradient is necessary 
to provide directionality. Both in vivo and in vitro studies have identified several different modes 
of cellular guidance. Cells may move in response to gradients of chemical signals (chemotaxis), 
substrate adhesion (haptotaxis), electric fields (electrotaxis) or mechanical signals (durotaxis) (Lo 
et al., 2000; Petrie et al., 2009; Plotnikov et al., 2012; Zhao, 2009). During animal development, cells 
likely integrate information from multiple guidance systems to travel towards precisely defined 
positions. 

In recent years, the role of Wnt signaling pathways in the control of cell migration has 
gained increasing attention. Wnt signaling pathways are among the highly conserved signaling 
pathways that are used repeatedly during animal development. Wnt/β-catenin signaling (commonly 
referred to as “canonical Wnt/β-catenin signaling”) is the best-characterized Wnt pathway. In this 
pathway, binding of Wnt ligands to Frizzled receptors results in stabilization of the β-catenin protein 
that, together with TCF/Lef transcription factors, modulates target gene transcription. Canonical 
Wnt signaling is deregulated in various cancer types, most notably colon cancer (Clevers and Nusse, 
2012). Furthermore, a plethora of non-canonical Wnt signaling pathways have been identified. By 
definition, non-canonical Wnt signaling does not depend on β-catenin. However, downstream 
signaling components vary greatly depending on the cellular and developmental context (Clark et 
al., 2012; Kikuchi et al., 2011; Niehrs, 2012). Non-canonical Wnt signaling pathways have been shown 
to guide many cell migration events, including gastrulation movements (Roszko et al., 2009), neural 
crest cell migration (De Calisto et al., 2005) and cardiac precursor cell migration (Yue et al., 2008) 
and it is thought to promote metastasis of melanoma cells (O’Connell et al., 2010; Witze et al., 2008). 

In this thesis, the migration of the bilateral pair of Q neuroblasts in C. elegans is used as a 
model to study Wnt signaling and cell migration in vivo. During the first hours of larval development, 
the Q neuroblasts on both the left and right lateral side of the worm migrate in opposite directions 
along the anteroposterior axis. At the end of the first larval stage, cells of the Q neuroblast lineage 
occupy well-defined final positions where they differentiate into sensory neurons and interneurons 
(Chalfie and Sulston, 1981; Sulston and Horvitz, 1977). During their migration, Q neuroblasts rely on 
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multiple guidance mechanisms. While the initial steps of Q neuroblast migration are independent 
of Wnt signaling (Chapman et al., 2008; Honigberg and Kenyon, 2000; Middelkoop et al., 2012), later 
stages of migration rely on both canonical and non-canonical Wnt signaling pathways (Harris et al., 
1996; Maloof et al., 1999; Whangbo and Kenyon, 1999; Zinovyeva et al., 2008). Therefore, the nearly 
invariant migration trajectories of the Q neuroblasts provide an elegant and tractable system to 
study Wnt signaling and cell migration in vivo.

Scope of this thesis
Throughout this thesis, we will focus on the first steps of Q neuroblast polarization and migration. 
Although this initial phase of Q cell migration is independent of Wnt signaling, we show that during 
this phase canonical Wnt/ß-catenin signaling is robustly activated in one of the two Q neuroblasts 
(QL). We also show that proper initial Q neuroblast polarization is crucial to ensure a left/right 
asymmetric Wnt signaling response. Furthermore, our detailed genetic analysis provides a basic 
genetic framework to explain the guidance mechanisms underlying  initial Q neuroblast migration. 

In Chapter 1 the development and migration of Q neuroblasts will be introduced. We will first discuss 
the control of the symmetric and asymmetric divisions that Q neuroblasts undergo during their 
migration. Furthermore, chapter 1 provides an overview of the currently known components that 
are required for the proper migration of the Q neuroblasts and discusses the genetic mechanisms 
that underlie the left/right asymmetry of Q cell migration. 

In Chapter 2 we focus on the activation of canonical Wnt signaling, specifically in the left Q 
neuroblast. By using single molecule Fluorescent In Situ Hybridization (smFISH) (Raj et al., 2008), 
to visualize single mRNA transcripts, we found that the expression of multiple Wnt receptors, and 
the Wnt target gene mab-5, is dynamically regulated. Moreover, we identified both positive and 
negative transcriptional feedback loops within the Wnt pathway in QL neuroblasts that, together, 
control robust target gene activation to an invariable level. 

Chapter 3 describes a novel gene, mig-21, that controls the initial, Wnt independent, left/right 
asymmetry of Q neuroblast migration. mig-21 encodes a transmembrane protein that contains 
two extracellular thrombospondin repeats. In mig-21 mutants the persistent directionality of 
Q neuroblast polarization is lost, resulting in a random migration direction. By performing both 
genetic analysis and smFISH experiments, we show that posterior initial polarization sensitizes Q 
neuroblasts for the activation of canonical Wnt/ß-catenin signaling.

In Chapter 4 we demonstrate a role for the C. elegans Fat-like cadherins cdh-3 and cdh-4 in the 
control of initial Q cell polarization and migration. By performing single cell resolution time-lapse 
imaging, we show that both cdh-3 and cdh-4 are necessary for the formation and maintenance of a 
protrusive front that is persistently oriented along the anteroposterior axis. Furthermore, we show 
that both Fat cadherins are dynamically expressed in Q neuroblasts and that they likely function in 
a linear genetic pathway. 

The initial Wnt independent left/right asymmetry of Q neuroblast migration is controlled by several 
transmembrane proteins. In Chapter 5 we provide a basic genetic framework, composed of six 
genes encoding transmembrane proteins, that underlies the control of initial Q cell polarization and 
migration. By analyzing single and compound mutants, we found that several genetic pathways act 
cooperatively to ensure the robust directional migration of Q neuroblasts along the anteroposterior 
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axis.

In Chapter 6 we provide a summarizing discussion where the various themes of this thesis are put 
in perspective. In this chapter we also discuss different models that can explain our findings and that 
may serve as general paradigms for future studies.
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Abstract

During the first stage of larval development, the Q neuroblasts and their descendants migrate to 
well-defined positions along the anteroposterior body axis, where they differentiate into sensory 
neurons and interneurons. The two Q neuroblasts are initially present at similar positions on the 
left and right lateral side, but this symmetry is broken when the Q neuroblast on the left side (QL) 
polarizes towards the posterior and the Q neuroblast on the right side (QR) towards the anterior. 
This left/right asymmetry is maintained when the descendants of the two Q neuroblasts migrate 
to their final positions in the posterior and anterior. The mechanisms that establish this asymmetry 
and control the migration of the Q descendants along the anteroposterior axis are surprisingly 
complex and include interplay between Wnt signaling pathways, homeotic genes and the basic cell 
migration and polarity machinery. Here, we will give an overview of what is currently known about 
the mechanisms that mediate and control the development and migration of the Q neuroblasts and 
their descendants.
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1. Introduction

During late embryogenesis and early larval development, several neuronal cells migrate along the 
anteroposterior body axis (Hedgecock et al., 1987; Silhankova and Korswagen, 2007; Sulston and 
Horvitz, 1977). Among these are the Q neuroblasts and their descendants, which differentiate into 
distinct sensory neurons and interneurons. 

The migration of the Q neuroblasts commences when the left Q neuroblast QL and the 
right Q neuroblast QR – which are initially present at similar positions within the lateral row of seam 
cells on the left and right side of the animal – polarize and migrate in opposite directions (Figures 
1, 2 and Movies 1, 2) (Honigberg and Kenyon, 2000; Sulston and Horvitz, 1977). During this phase, 
QL migrates a short distance towards the posterior to a position dorsal of the seam cell V5, while QR 
migrates towards the anterior to a position above the seam cell V4. After this initial migration, the Q 
neuroblasts divide into the equally sized daughter cells Q.a and Q.p that migrate further along the 
anteroposterior axis. During this migration, Q.a divides once and Q.p twice to generate a total of 
three descendants that migrate towards well-defined positions in the posterior (QL descendants) 
or anterior (QR descendants) to differentiate into the sensory neurons PVM and PQR, AVM and AQR 
and the interneurons SDQR and SDQL (Figures 1, 4 and Movies 3, 4) (Chalfie and Sulston, 1981; 
Sulston and Horvitz, 1977). In addition, two descendants (Q.aa and Q.pp) are formed that undergo 
apoptosis. 

The two phases of the migration are controlled by distinct mechanisms. The initial phase, 
in which the left/right asymmetry is established and the Q neuroblasts polarize and migrate a 
short distance in opposite directions, requires the netrin receptor UNC-40 and the transmembrane 
proteins MIG-21 and DPY-19 (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan 
and Lundquist, 2012). This phase is terminated when the Q neuroblasts undergo their first division. 
In the second phase, a complex interplay between Wnt signaling pathways, homeotic genes and 
the basic cell migration and polarity machinery maintains the left/right asymmetry in migration 
direction and guides the Q neuroblast descendants to their final positions along the anteroposterior 
body axis (Harris et al., 1996; Honigberg and Kenyon, 2000; Maloof et al., 1999; Whangbo and 
Kenyon, 1999; Zinovyeva et al., 2008).

The migration of the Q neuroblasts provides an excellent model to study various basic 
questions in developmental biology and cell biology. First, it is one of the few examples of left/right 
asymmetry in the largely bilateral C. elegans body plan (Hedgecock et al., 1987; Sulston and Horvitz, 
1977). Since the Q neuroblasts are identical with respect to their initial position, morphology and 
cell lineage, a key question is how this left/right asymmetry is established. Second, the guidance of 
neuronal precursor cells along the anteroposterior axis and the role of Wnt proteins in this process 
appears to be an evolutionarily conserved mechanism in nervous system development (Silhankova 
and Korswagen, 2007). Finally, the Q neuroblasts undergo both symmetric and asymmetric cell 
divisions during their migration, providing an in vivo system to study these processes in motile cells. 

The migration of the Q neuroblasts has been intensively studied over the past two 
decades. Important insight into the role of homeotic genes in establishing left/right asymmetry 
in Q cell migration was gained from pioneering studies by the group of Cynthia Kenyon (Salser 
and Kenyon, 1992). With the development of GFP markers that label the Q neuroblast descendants 
in living animals (Chalfie et al., 1994), it became possible to perform large scale forward genetic 
screens for mutants that disrupt Q cell migration (Ch’ng et al., 2003). These screens and the 
subsequent analysis of the mutated gene products have generated a wealth of information on the 
molecular mechanisms that are involved. Here, we will give an overview of these mechanisms. We 
will first discuss the Q neuroblast lineage and the mechanisms that establish the initial left/right 
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Figure 1. Q cell lineage and schematic overview of their migration. (A) Both Q neuroblasts undergo an identical 
pattern of symmetric and asymmetric cell divisions generating two cells that undergo apoptosis (Q.aa and Q.pp) 
and three cells that after completing their migration differentiate into specific sensory neurons and interneurons. 
(B) At the time of hatching (0 hr) both Q neuroblasts are located within the two lateral rows of seam cells (V1-V6) 
at a position located between V4 and V5. During L1 development the Q cell on the right lateral side (QR) will 
migrate anteriorly while the left Q cell (QL) migrates posteriorly. After approximately 4 hours, QL is positioned 
above V5 while QR lies above V4. This initial short range migration is followed by the first cell division (4-5 hours). 
The Q descendants (Q.d) migrate further along the anteroposterior axis.  During their long range migration, Q.a 
and Q.p undergo one and two additional cell divisions, respectively. Different cells in the Q lineage migrate with 
different velocities. Values in B indicate migration speed in μm/hr (Ou and Vale, 2009). At the end of L1, three QL.d 
and three QR.d occupy well-defined final positions and differentiate into neurons. Body axes are as indicated. 
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asymmetry in Q neuroblast migration. In the second part, we will discuss how the Q neuroblast 
descendants are guided towards their final destinations and how the two phases of Q cell migration 
are interconnected.

2. The Q neuroblast lineage

During the first stage of larval development, QL and QR undergo a similar pattern of cell divisions 
(Hedgecock et al., 1987; Sulston and Horvitz, 1977). The first division generates daughter cells of 
equal size (Q.a and Q.p), while the second division is asymmetric, with Q.a generating a small anterior 
daughter (Q.aa) that goes into apoptosis and a larger posterior daughter (Q.ap) that differentiates 
into the sensory neuron PQR (in case of QL.ap) or AQR (QR.ap). In contrast, Q.p produces a small 
posterior daughter cell (Q.pp) that goes into apoptosis, while the larger anterior daughter (Q.pa) 
survives. Q.pa in turn undergoes a third round of symmetric cell division, generating the daughter 
cells Q.pap and Q.paa that differentiate into SDQL/R and P/AVM, respectively (Figure 1) (Sulston and 
Horvitz, 1977). The apoptotic corpses of Q.aa and Q.pp are cleared by the surrounding hypodermis, 
a process that is dependent on engulfment and autophagy related genes (Li et al., 2012; Zou et al., 
2012).
 An important regulator of the asymmetric divisions in the Q neuroblast lineage is the 
MELK (Maternal Embryonic Leucine zipper Kinase) ortholog pig-1, which belongs to the PAR-1/
Kin1/SAD-1 superfamily of serine/threonine kinases that regulate cell polarity in various contexts 
(Cordes et al., 2006; Drewes and Nurse, 2003; Kishi et al., 2005; La Carbona et al., 2004; Ou et al., 
2010). PIG-1 contains an N-terminal kinase domain and a C-terminal kinase associated domain, both 
of which are necessary for the function of PIG-1 in asymmetric cell division (Cordes et al., 2006; 
Chien et al., 2013). In pig-1 loss of function mutants, the Q.a and Q.p divisions generate equally sized 
daughter cells. Interestingly, Q.pp frequently fails to undergo apoptosis in pig-1 mutants and adopts 
the Q.pa fate, resulting in extra SDQL/R and P/AVM neurons. This ectopic differentiation cannot be 
solely explained by the lack of apoptosis since the Q.pp cell does not typically adopt a Q.pa fate 
in apoptosis defective mutants. However, blocking apoptosis in a pig-1 background, or in other 
mutants that display asymmetric Q.p division defects (see below), dramatically enhances the extra 
Q.pa phenotype. Together these results suggest that the increased Q.pp cell size favors the Q.pa 
fate (Cordes et al., 2006). Members of the PAR-1/Kin1/SAD-1 superfamily are phosphorylated and 
activated by the LKB1 kinase, which is part of a complex containing the pseudokinase STRAD and 
MO25 (Lizcano et al., 2004). The C. elegans orthologs of LKB1 (par-4), STRAD (strd-1) and one isoform 
of the MO25 ortholog mop-25 are also involved in the control of asymmetric Q.p cell division and 
mutants of these genes display similar phenotypes as observed in pig-1. Genetic analysis suggests 
that pig-1 functions in a linear pathway with par-4 and strd-1 (Chien et al., 2013). This conclusion 
is supported by the observation that a conserved threonine residue in the PIG-1 kinase domain 
(T169), which is phosphorylated by LKB1 in other systems (Lizcano et al., 2004), is necessary for PIG-1 
function in Q.p division as well (Chien et al., 2013).   

Another component that is necessary for asymmetric Q.p division is encoded by the gene 
cnt-2 (Singhvi et al., 2011). As in pig-1 mutants, the division of Q.p is symmetric in cnt-2 mutants, and 
double mutant analysis suggests that both genes function in a linear pathway. cnt-2 encodes an 
Arf GTPase activating protein (GAP) that belongs to the AGAP family. One of the proposed targets 
of cnt-2 is the ADP-ribosylation factor arf-1. The Q.p lineage defect of arf-1 mutants is however less 
severe as in cnt-2 mutants, indicating that CNT-2 has additional targets as well. Interestingly, CNT-2 
and ARF-1 are required for receptor mediated endocytosis and it was found that interference with 
endocytosis results in mild Q.p division defects (Singhvi et al., 2011). The role of endocytosis in Q.p 
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division and its relation to the action of pig-1 remains however to be established. 
Although both Q.a and Q.p divide asymmetrically, generate a daughter cell that undergoes 

apoptosis and require functional pig-1, the polarity of the two lineally equivalent cells is oriented 
oppositely. This indicates that Q.a and Q.p use different mechanisms to achieve polarity and 
asymmetric division. In Q.p, the mitotic spindle is displaced posteriorly from metaphase onwards, 
resulting in cleavage furrow formation posterior from the center of the cell and yielding a larger 
anterior daughter and a smaller posterior daughter. In Q.a, spindle asymmetry initiates much later, 
during anaphase, and this asymmetry increases progressively during mitosis (Ou et al., 2010). The 
non-muscle myosin II protein NMY-2 is a key component of the cell division machinery that localizes 
to the contractile ring of dividing Q.a and Q.p cells. In the case of Q.a, it was found that NMY-2 
also localizes to the anterior cortex during division. By performing chromophore-assisted laser 
inactivation (CALI), Ou and colleagues (Ou et al., 2010) elegantly showed that this polarized NMY-2 
distribution is essential for the asymmetric division of Q.a. The asymmetric distribution of NMY-2 
likely results in the generation of strong anterior cortical forces which in turn cause asymmetric 
distribution of the cytoplasm and polarized spindle positioning. NMY-2 is not asymmetrically 
localized in Q.p, indicating that mitotic spindle orientation and asymmetric division relies on a 
different mechanism (Ou et al., 2010).

3. The initial left/right asymmetric polarization and migration of the Q neuroblasts

The left/right asymmetry in Q cell migration commences shortly after hatching when QL and QR 
polarize in opposite directions. This initial polarization process is followed by a short-range migration 
(approximately 10-15 μm in a timeframe of 4-5 hours), where QL migrates posteriorly and QR 
migrates anteriorly (Figure 1, 2 and Movies 1, 2) (Sulston and Horvitz, 1977). Studies that examined 
the first steps of Q cell migration provided evidence that initial Q neuroblast migration (prior to the 
first Q cell division) and Q descendant migration are controlled by different mechanisms. 

3.1 Factors controlling the direction of initial Q neuroblast polarization and migration 
The direction of initial Q polarization and migration is randomized in unc-40 mutants. unc-40 encodes 
the C. elegans ortholog of DCC (Deleted in Colorectal Cancer) and is well known for its function 
in dorsoventral guidance of cells and axons, where it acts as a receptor for the conserved UNC-6/
netrin guidance cue (Chan et al., 1996; Wadsworth, 2002). Time-lapse analysis of Q cell migration has 
revealed that in unc-40 mutants the Q cells polarize in multiple directions, indicating that this process 
becomes variable in the absence of unc-40. Analysis of an UNC-40::GFP reporter gene showed that 
unc-40 is strongly expressed in the Q neuroblasts. Furthermore, Q cell specific expression of unc-
40 rescued the mutant phenotype, suggesting that it functions cell-autonomously (Honigberg and 
Kenyon, 2000; Sundararajan and Lundquist, 2012). Interestingly, unlike its well-characterized role in 
dorsoventral axon guidance, the function of UNC-40 in Q cell polarization neither depends on UNC-
6/netrin nor on the putative co-receptor UNC-5 (Honigberg and Kenyon, 2000). 
 Loss of the thrombospondin repeat containing transmembrane protein MIG-21 results 
in similar defects as unc-40 (Du and Chalfie, 2001; Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012). In mig-21 mutants, QL and QR fail to persistently polarize in one direction 
and repeatedly change direction during the initial migration phase. It was shown that mig-21 is 
transiently expressed in the Q neuroblasts during the initial migration phase and that it functions 
cell-autonomously (Middelkoop et al., 2012; Sundararajan and Lundquist, 2012).
 Another gene involved in controlling initial Q cell migration is dpy-19 (Honigberg and 
Kenyon, 2000). dpy-19 encodes a predicted transmembrane protein with 13 hydrophobic regions 
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and shows homology to four mammalian DPY-19 like proteins, mDpy19L1 to L4 (Carson et al., 
2006). While unc-40 mutants have a variety of defects in other cell and axon migrations, dpy-19 only 
displays a Q neuroblast migration phenotype. As in unc-40 and mig-21 mutants, the direction of 
initial Q neuroblast polarization is random in dpy-19 mutants (Honigberg and Kenyon, 2000). The 
mammalian ortholog mDpy19L1 was shown to control radial migration of glutamatergic neurons, 
possibly pointing towards a conserved role of DPY-19 in neuronal migration (Watanabe et al., 2011). 
In addition, mDpy19L2 was found to localize to the inner nuclear membrane in sperm cells, where 
it controls acrosome maturation (Harbuz et al., 2011; Pierre et al., 2012). Whether a similar process 
occurs in cell migration remains to be determined. Analysis of mig-21 dpy-19 double mutants 
suggests that they function in a linear genetic pathway (Middelkoop et al., 2012). This conclusion 
is supported by the finding that DPY-19 functions as a C-mannosyltransferase that mannosylates 
the thrombospondin repeats of MIG-21, a modification that is necessary for the secretion of a 
recombinant soluble form of MIG-21 (Buettner et al., 2013). It has however not been demonstrated 
that this modification is also required for MIG-21 function in vivo.

In addition to dpy-19 and mig-21, loss of one of the isoforms of the LAR receptor tyrosine 
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0 hr

1 hr

2 hr

3 hr

4 hr

0 hr

1 hr

2 hr

3 hr

4 hr

Initial QL migration Initial QR migration

Figure 2. Initial Q cell polarization and migration. Figure shows representative still images from movie 1 (left 
panels, QL) and movie 2 (right panels, QR). Q cells and the seam cells express GFP-PH (Pleckstrin homology 
domain, marking the cell periphery) and H2B::GFP (marking the nuclei) under the control of a seam and Q cell 
specific promoter (Middelkoop et al., 2012; Wildwater et al., 2011). Arrows mark initial Q neuroblast protrusions 
that will grow over time towards the posterior (QL) or the anterior (QR). Dorsal is up, anterior is left. Movie is 
adapted from (Middelkoop et al., 2012). Scale bars depict 10 μm. 
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like phosphatase ptp-3 also affects the initial polarization of the Q neuroblasts (Sundararajan and 
Lundquist, 2012). ptp-3B encodes a transmembrane protein and has an extracellular domain with 
two fibronectin type III repeats and an intracellular domain with two tyrosine phosphatase domains. 
Q neuroblast specific expression of ptp-3B rescued the ptp-3 mutant phenotype, suggesting that ptp-
3 functions cell autonomously in the Q cells. Epistasis analysis suggests that unc-40 acts in parallel 
to dpy-19, mig-21 and ptp-3. In addition, the mig-21 single mutant phenotype was not enhanced by 
loss of ptp-3, indicating that ptp-3 functions in the mig-21 and dpy-19 containing branch of the initial 
Q cell migration pathway (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012). unc-40, ptp-3, dpy-19 and mig-21 all encode transmembrane proteins that could 
potentially function as guidance receptors. However, to date no secreted factor has been identified 
that controls the initial migration of the Q neuroblasts.

In addition to the proteins described above, Chapman and colleagues found that the Nck-
interacting kinase (NIK) ortholog MIG-15 also plays a role during the initial phase of Q neuroblast 
migration (Chapman et al., 2008). They found that mig-15 acts cell autonomously in the Q 
neuroblasts to control polarization and migration, a phenotype that strongly resembles that of unc-
40 and dpy-19 mutants. Vertebrate NIK and the Drosophila ortholog Misshapen have been shown 
to act in the JNK/MAPK pathway and have been implicated in the control of cell migration (Su et al., 
1998; Xue et al., 2001). Furthermore, tissue culture experiments have shown that NIK-mediated ERM 
phosphorylation mediates lammellipodia formation via actin reorganization (Baumgartner et al., 
2006). MIG-15 contains a STE20-like serine/threonine protein kinase domain, a proline-rich domain 
and a Citron-NIK homology (CNH) domain. Interestingly, Citron proteins interact with Rho GTPases 
and are thought to function as Rho effectors during cytokinesis (Madaule et al., 2000). Given that 
members of the Rho/Rac family are also required for Q neuroblast migration (see below), MIG-15 
could potentially function as an effector of Rho/Rac GTPases in Q cell migration. Genetic analysis 
indicates that the kinase domain (as well as sequences C-terminal of this domain) are necessary 
for MIG-15 to exert its function in Q cell migration (Chapman et al., 2008; Shakir et al., 2006). More 
recently, Mahmoudi and coworkers described a role for mammalian TNIK in Wnt signaling, where 
TNIK interacts directly with the TCF transcription factor Tcf4 to activate canonical Wnt/β-catenin 
signaling (Mahmoudi et al., 2009). Although mig-15 acts during initial Q polarization and migration, 
which is Wnt independent, a role in the subsequent Wnt dependent migration of the Q descendants 
cannot be excluded.  

3.2 Cytoskeletal remodeling during initial Q cell migration
 Cell motility is facilitated by the dynamic remodeling of the actin cytoskeleton. The main regulators 
of actin dynamics are members of the Rho/Rac like family of small GTPases that oscillate between 
GTP and GDP bound states. The C. elegans genome contains three Rho/Rac-like GTPases: ced-10/
Rac1, rac-2/Rac1 and mig-2/RhoG (Lundquist, 2006; Lundquist et al., 2001; Zipkin et al., 1997) (for a 
detailed overview of small GTPases in C. elegans see http://dx.doi.org/10.1895/wormbook.1.67.1). 
Genetic analysis revealed that ced-10 and mig-2 redundantly control initial Q cell migration, with 
loss of both ced-10 and mig-2 severely affecting the ability of the Q cells to send out membrane 
protrusions and thereby impair the extent of their migration (Dyer et al., 2010). 

The guanine nucleotide exchange factor (GEF) UNC-73/Trio also plays an important role 
in Q cell migration. Although less severe, the phenotype of unc-73 is similar to that of ced-10; mig-2 
double mutants. unc-73 is expressed in the migrating Q neuroblasts and their descendants from 
the moment of initial neuroblast migration (Dyer et al., 2010; Hedgecock et al., 1987; Honigberg 
and Kenyon, 2000; Steven et al., 1998). unc-73 encodes a protein with two Dbl homology domains 
(DH-1 and DH-2) that are separated by a pleckstrin homology domain (PH-1), an SH3 domain 
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and a putative PEST sequence. Furthermore, another PH domain (PH-2), an Ig-like domain and a 
fibronectin type III domain are located downstream of the DH-2 domain (Steven et al., 1998). In 
vitro analysis has shown that recombinant UNC-73 containing the DH-1 and PH-1 domains has GEF 
activity for MIG-2 and CED-10 but not for RHO-1 and CDC-42 (Kubiseski et al., 2003; Wu et al., 2002). 
In addition, recombinant UNC-73 containing the DH-1, PH-1 and SH3 domains can promote GDP/
GTP exchange on human Rac1 but not on human Cdc42 or Rho, indicating that unc-73 encodes a 
well conserved GEF that specifically activates Rac GTPases (Figure 3) (Steven et al., 1998). 

When the genetic and biochemical data are combined, it is likely that unc-73 acts as a 
GEF that functions upstream of mig-2 and ced-10. However, the Q cell migration phenotype of unc-
73 null mutants is not as severe as that of ced-10; mig-2 double mutants, suggesting that other 
Rac GEFs may act in parallel to unc-73 (Dyer et al., 2010; Shakir et al., 2006). Recently, another DH 
domain protein encoding gene, pix-1, was shown to display defects similar to unc-73 (Dyer et al., 
2010). Double mutant analysis suggests that unc-73 and pix-1 function in parallel. Furthermore, pix-
1 was shown to enhance the mig-2 but not the ced-10 phenotype, indicating that pix-1 and ced-10 
function in a linear pathway. Based on these findings, a model has been proposed in which unc-73 
activates both ced-10 and mig-2, while pix-1 activates ced-10 as part of a parallel pathway (Figure 3) 
(Dyer et al., 2010). 
 Importantly, unlike the genes described in section 3.1, loss of genes involved in cytoskeletal 
remodeling do not affect the direction of Q cell migration. 

UNC-73/Trio PIX-1

MIG-2/RhoGGTPGDP MIG-2/RhoG CED-10/Rac1GTPGDP CED-10/Rac1

Cytoskeletal remodeling in Q cells

Figure 3. Two parallel pathways 
control cytoskeletal remodeling 
in migrating Q neuroblast 
descendants. MIG-2/RhoG and 
CED-10/Rac1 cycle between 
active, GTP bound, and inactive, 
GDP bound, states. Both CED-
10 and MIG-2 contribute to 
the migration. The guanine 
nucleotide exchange factors 
UNC-73/Trio and PIX-1 were 
shown to act upstream of MIG-
2 and CED-10. Genetic evidence 
suggests that PIX-1 only 
activates CED-10, while UNC-73 
activates both MIG-2 and CED-
10. 

4. Migration of the Q neuroblast descendants

After the initial migration, both Q neuroblasts divide and give rise to descendants that migrate 
further along the anteroposterior axis. Like the initial migration, Q descendant migration occurs 
in opposite directions, with the QL.d migrating towards the posterior and the QR.d towards the 
anterior (Figure 1, 4, Movies 3, 4). However, migration of the Q cell descendants depends on a 
different set of regulatory mechanisms and the initial left/right asymmetry components appear to 
be largely dispensable during this latter part of the Q cell migration process. 
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4.1 Canonical Wnt/β-catenin signaling induces posterior migration of the QL.d through the Hox 
gene mab-5
As reviewed in the Wormbook chapter “Wnt signaling” (Eisenmann, 2005), genetic analysis has 
shown that canonical Wnt/β-catenin signaling plays an important role in the control of QL.d 
migration. Briefly, during initial Q cell migration, canonical Wnt/β-catenin signaling is activated in 
QL but not in QR. This canonical Wnt signaling cascade, which includes EGL-20/Wnt, LIN-17/Fz, MIG-
1/Fz, MIG-5/Dvl, PRY-1/Axin, AXL-1/Axin, GSK-3/GSK3β, BAR-1/β-catenin and POP-1/Tcf ultimately 
results in expression of the Hox gene mab-5 in QL (Harris et al., 1996; Herman, 2001; Korswagen 
et al., 2002; Korswagen et al., 2000; Maloof et al., 1999; Oosterveen et al., 2007; Salser and Kenyon, 
1992; Silhankova and Korswagen, 2007; Walston et al., 2006; Whangbo and Kenyon, 1999) (see also 
(Eisenmann, 2005) for a more detailed overview of Wnt signaling in C. elegans). Expression of mab-
5 was shown to be both necessary and sufficient for posterior migration of Q descendants. Apart 
from EGL-20, the other C. elegans Wnts appear to be dispensable for QL.d migration (Zinovyeva et 
al., 2008).
 egl-20 is expressed in a group of cells in the tail region and exerts its function via long-
range signaling. EGL-20 is distributed in an anteroposterior gradient and formation of this gradient 
is necessary for QL to express mab-5 (Figure 5) (Coudreuse et al., 2006; Whangbo and Kenyon, 1999). 
As in other organisms, EGL-20 gradient formation requires a specialized Wnt secretion machinery 
which includes the Wntless ortholog MIG-14 and the retromer complex (Banziger et al., 2006; 
Bartscherer et al., 2006; Coudreuse et al., 2006; Prasad and Clark, 2006; Harterink et al., 2011b). 
 
4.2 Non-canonical Wnt signaling controls the anterior migration of the QR.d
The role of EGL-20 in Q cell migration is not restricted to the activation of mab-5 in QL. In egl-20 
mutants, the final position of the QR.d is shifted posteriorly. QR.d migration was shown to be BAR-
1/β-catenin independent, indicating that this function of EGL-20 is mediated via a non-canonical 
Wnt signaling pathway (Whangbo and Kenyon, 1999). Since EGL-20 is synthesized in the tail region 
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Figure 4. Q.d migration. Figure shows representative still images from movie 3 (left two columns, QL.d) and 
movie 4 (right two columns, QR.d). Arrows mark QL.a migrating over QL.p. At the 100 min time point QL.a 
displays a metaphase plate while QR.a has just divided in a small anterior daughter (QR.aa) and a larger posterior 
daughter (QR.ap). Markers as in fig. 2, dorsal is up, anterior is left, scale bars depict 10 μm. 
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and forms an anteroposterior gradient (Coudreuse et al., 2006; Whangbo and Kenyon, 1999), it is 
tempting to speculate that EGL-20 acts as a repellent that drives migration of the QR.d towards the 
anterior. However, an argument against this hypothesis is the observation that anterior expression 
of egl-20 partially rescues the QR.d migration phenotype of egl-20 mutants (Whangbo and Kenyon, 
1999). 
 Another Wnt homolog, cwn-1, is also expressed in the tail region during late embryogenesis 
and early L1 development (Figure 5) (Gleason et al., 2006; Harterink et al., 2011a; Pan et al., 2006). 
Similar to loss of egl-20, cwn-1 mutants display a QR.d undermigration phenotype. Furthermore, loss 
of cwn-2, a Wnt gene that is expressed more anteriorly, also results in subtle undermigration of the 
QR.d (Figure 5) (Gleason et al., 2006; Harterink et al., 2011a; Kennerdell et al., 2009; Song et al., 2010; 
Zinovyeva and Forrester, 2005; Zinovyeva et al., 2008). cwn-2 enhances the cwn-1 and the egl-20 
phenotype, while a cwn-1; egl-20 cwn-2 triple mutant shows the most severe QR.d undermigration 
phenotype (Zinovyeva et al., 2008). Together, these findings demonstrate that multiple Wnts 
function partially redundantly in controlling the anterior migration of the QR.d. The other C. elegans 
Wnt genes, mom-2 and lin-44, do not appear to be involved in the control of Q cell migration even 
though they are expressed during larval development (Figure 5) (Harterink et al., 2011a; Zinovyeva 
et al., 2008).
 As expected, the C. elegans Frizzleds are essential for QR.d migration. However, when 
single mutants were examined, only mom-5/Fz displayed significant QR.d undermigration, while 
mutation of additional Frizzleds such as cfz-2 and lin-17 enhanced the phenotype (Zinovyeva et al., 
2008). These results demonstrate that mom-5 is essential for proper QR.d migration, while the other 
Frizzled orthologs play a minor role. Frizzled quadruple mutants (in which all four Frizzled homologs 
are mutated) show a QR.d migration phenotype comparable to cwn-1; egl-20 cwn-2 triple mutants, 
supporting the notion that these Wnts primarily signal through Frizzled receptors to control QR.d 
migration (Zinovyeva et al., 2008). There is, however, also an important role for the C. elegans Ror 
ortholog CAM-1, with significant QR.d undermigration in cam-1 null mutants (Kim and Forrester, 
2003).

CWN-1 EGL-20 LIN-44

QR.d

CWN-2 MOM-2

QL.d

Figure 5. Wnt gene expression during the first stage of larval development. The five C. elegans Wnt genes are 
expressed in partially overlapping domains along the anteroposterior axis of the L1 larva. lin-44 is expressed 
in the tail hypodermal cells hyp8-11 and in the rectal epithelial cells B and Y. egl-20 is expressed in the rectal 
epithelial cells K, F, U, B, Y, anal depressor muscle, P11/12 and in posterior ventral body wall muscle (BWM) 
quadrants. cwn-1 is expressed in posterior BWM, M cell descendants, anal depressor muscle and CAN neurons. 
mom-2 is expressed in germ cell precursors Z2/Z3 and their descendants and a few unidentified cells in the 
tail. cwn-2 is expressed in head neurons, anterior BWM, anterior P.n cells and in anterior intestinal cells. cwn-
2 expression is highest around the terminal bulb of the pharynx (Gleason et al., 2006; Harterink et al., 2011a; 
Kennerdell et al., 2009; Song et al., 2010). 
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4.3 The initial left/right asymmetry in Q neuroblast migration dictates which Wnt signaling 
pathway is activated
As stated above, the initial left/right asymmetry of the Q neuroblasts is maintained during Q.d 
migration by two distinct Wnt signaling pathways: a canonical Wnt/β-catenin pathway that 
mediates posterior migration of the QL.d and a β-catenin independent non-canonical Wnt pathway 
that mediates anterior migration of the QR.d. Whangbo and Kenyon have shown that the left/
right asymmetry in this Wnt signaling response is based on a difference in threshold for canonical 
Wnt/β-catenin pathway activation (Whangbo and Kenyon, 1999). Thus, using heat-shock mediated 
expression of egl-20 in an egl-20 mutant background, it was found that at low EGL-20 ligand levels, 
only QL activates canonical Wnt signaling, while at high ligand levels QR also activates the canonical 
Wnt/β-catenin pathway. 
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Figure 6. Model of how the initial left/right asymmetry of the Q neuroblasts may dictate which Wnt signaling 
pathway is activated. Initial Q cell migration (top left side) is independent of Wnt signaling. In wild type, at the 
end of initial migration, canonical Wnt/β-catenin signaling is activated in QL resulting in expression of the Hox 
gene mab-5 (red) while QR activates non-canonical Wnt signaling and mab-5 expression is not upregulated 
(green). This is necessary for correct migration of the Q.d (right side), as canonical Wnt/β-catenin signaling drives 
posterior migration of the QL.d (red arrow) and non-canonical Wnt signaling drives anterior migration of the 
QR.d (green arrow, the panels on the right show the final positions of Q.paa and Q.pap). In mutants that affect the 
initial polarization of the Q neuroblasts, the direction of polarization and migration is random. In the bottom left 
side, different possible states of Q cell polarization in initial Q polarity mutants are depicted. In these mutants, 
the degree of posterior polarization correlates with activation of the canonical Wnt/β-catenin signaling pathway 
and high mab-5 expression (red). Anterior polarization correlates with activation of a non-canonical Wnt 
signaling response characterized by low mab-5 expression (green). Intermediate polarization states will result in 
intermediate levels of mab-5 expression (lower left panel, yellow). Depending on the degree of polarization, a 
tug of war between canonical and non-canonical Wnt signaling (middle right panels) may decide the direction 
and extent of Q.d migration.
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How is this difference in response threshold for canonical Wnt/β-catenin signaling 
determined?  Interestingly, in mutants in which the initial left/right asymmetry of QL and QR 
polarization and migration is randomized (described in section 3.1) the subsequent posterior and 
anterior migration of the QL.d and QR.d is also randomized (Chapman et al., 2008; Du and Chalfie, 
2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012). Furthermore, the difference in 
activation threshold of QL and QR for canonical Wnt/β-catenin signaling is lost in mutants of the 
initial left/right asymmetry pathway (Middelkoop et al., 2012). These results suggest that the initial 
migration of the Q neuroblasts is mechanistically linked to the subsequent choice in Wnt signaling 
response.

Several lines of evidence suggest that the direction of initial Q cell polarization determines 
which Wnt signaling pathway is activated. Quantitative analysis of mab-5 expression (the target 
of Wnt/β-catenin signaling in the left Q neuroblast) using single molecule mRNA FISH (smFISH) 
in mutants that randomize the initial polarization of the Q neuroblasts revealed that posterior 
polarization correlates with high mab-5 expression, while anterior polarization correlates with 
low mab-5 expression. These results led to a model in which posterior polarization sensitizes the 
Q neuroblasts for canonical Wnt/β-catenin signaling, while anterior migration sensitizes for non-
canonical Wnt signaling (Figure 6) (Du and Chalfie, 2001; Honigberg and Kenyon, 2000; Middelkoop 
et al., 2012). EGL-20 is present in a gradient that extends from the tail to the mid-body region of early 
L1 larvae (Coudreuse et al., 2006; Whangbo and Kenyon, 1999). Therefore, an interesting possibility 
is that posterior polarization of QL results in exposure to a higher level of EGL-20. In this model, the 
threshold for canonical Wnt pathway activation is not a Q cell intrinsic feature, but is dependent on 
the local concentration of EGL-20. Arguing against this model is the finding that reversal of the EGL-
20 gradient rescues QL.d and QR.d migration in egl-20 mutants (Whangbo and Kenyon, 1999). Since 
initial polarization and migration is not affected in egl-20 mutants, these results suggest that the 
left/right asymmetry of Wnt signaling results from a Q cell intrinsic difference in Wnt sensitivity. An 
alternative model is that a local cue influences the Wnt signaling response of QL and QR. This model 
would also explain why the initial left/right asymmetric polarization and migration is instrumental 
for the left/right asymmetry in Wnt response.

4.4 Homeotic genes and Q descendant migration
The C. elegans genome contains six well-characterized Homeobox (Hox) genes that, like their 
metazoan and mammalian counterparts, are involved in anteroposterior patterning. During 
embryonic development, the Labial-like Hox gene ceh-13 is required for anterior specification, while 
the AbdB-like Hox genes nob-1 and php-3 specify posterior regions (Brunschwig et al., 1999; Van 
Auken et al., 2000; Wittmann et al., 1997). Three other Hox genes, lin-39, mab-5 and egl-5 are required 
for postembryonic patterning (Chisholm, 1991; Clark et al., 1993; Wang et al., 1993). In addition, ceh-
13 was recently found to have a role in postembryonic development as well (Tihanyi et al., 2010). 

As described in the previous section, the posteriorly expressed Hox gene mab-5 is a key 
regulator of QL.d migration (Salser and Kenyon, 1992). The proper migration of the Q descendants 
also requires lin-39. During L1 larval development, lin-39 is expressed in the mid-body region in 
ventral cord neurons, vulva precursor cells and in Q neuroblasts and their descendants. While QL.d 
migration is largely unaffected in lin-39 mutants, the anterior migration of QR.d cells is aborted 
prematurely. Mosaic analysis indicates that lin-39 functions cell autonomously in this process (Clark 
et al., 1993; Wang et al., 1993). Unlike mab-5, lin-39 appears not to be regulated by EGL-20 signaling, 
as the QR.d undermigration phenotype of lin-39 and egl-20 single mutants is enhanced in the 
double mutant, indicating that they act in parallel pathways (Yang et al., 2005). However, it has not 
been tested whether this is also the case for cwn-1 and cwn-2.
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Because of its critical function during embryonic patterning, the role of ceh-13 in 
postembryonic development has long been overlooked. However, Tihanyi and coworkers 
demonstrated a role for ceh-13 in Q.d migration and cell fusion during postembryonic development. 
Similar to lin-39, loss of ceh-13 results in premature termination of QR.d migration. In addition, ceh-
13 induces a subtle but significant undermigration of the QL.d (Tihanyi et al., 2010). 

Two Hox cofactors also play a role in Q.d migration. Mutations in the Hox cofactors ceh-
20/Extradenticle and unc-62/Homothorax induce a clear undermigration of the QR.d. Furthermore, 
QL.ap is often positioned anterior to its wild type position in the tail region. Expression analysis 
of a ceh-20::gfp translational fusion revealed that ceh-20 is expressed in the Q neuroblasts and 
their descendants. Expression was also observed in P and V cells, possibly reflecting a role of ceh-
20 in vulva development and V cell patterning, respectively. Furthermore, ceh-20::gfp expression 
was observed in all ventral cord neurons, several anterior neurons, body wall muscle cells and in 
migratory cells like the mesoblast cell M and the BDU, ALM and HSN neurons (Yang et al., 2005). The 
similarity in the QR.d migration phenotype of ceh-20 and unc-62 and the Hox genes lin-39 and ceh-
13 suggests that unc-62 and ceh-20 may function as cofactors for these Hox genes. However, both 
unc-62 and ceh-20 enhance the QR.d migration phenotype of lin-39, indicating that they function 
(at least partially) independently of lin-39. Further analysis revealed that in lin-39 mutants, the QR.d 
are still susceptible to regulation by MIG-13/Lrp12 (see below) while in ceh-20 and unc-62 mutants 
they are not (Sym et al., 1999; Yang et al., 2005). These results suggest that ceh-20 and unc-62 are 
necessary for the QR.d to respond to the MIG-13 guidance cue. 

mig-13/Lrp12 is a key regulator of QR.d migration (Harris et al., 1996; Sym et al., 1999). In 
mig-13 mutants, the QR.d are posteriorly displaced. Furthermore, mig-13 dramatically enhances the 
QR.d undermigration phenotype of egl-20 mutants. mig-13 encodes a single-pass transmembrane 
protein that is enriched on the cell surface. The predicted extracellular region has two conserved 
CUB domains which mediate specific protein-protein interactions, and a single LDL receptor repeat 
(Bork and Beckmann, 1993; Sym et al., 1999). During corticogenesis of the mouse brain, the mig-13 
homolog Lrp12 is expressed in a subpopulation of migrating neuronal cells in the preplate (Schneider 
et al., 2011). In addition, expression of mouse Lrp12 can partially rescue the QR.d migration defects 
of mig-13 mutants, consistent with the notion that mig-13 may have a conserved function in cell 
migration (Wang et al., 2013). To date, no interaction partners of MIG-13 have been identified.

Except for the posterior neuron DA9, mig-13 is predominantly expressed in the anterior half 
of the animal in the pharyngeal-intestinal valve cells and in neurons of the retrovesicular ganglion 
and the ventral cord. The expression of mig-13 is controlled by the Hox genes ceh-13 and mab-5, 
with ceh-13 activating mig-13 expression in the anterior and mab-5 inhibiting mig-13 expression 
in the posterior part of the body (Sym et al., 1999; Tihanyi et al., 2010). More recently, it was shown 
that mig-13 is also expressed in migrating QR.d cells (Wang et al., 2013). Interestingly, ubiquitous 
overexpression of mig-13 using a heat shock promoter revealed that MIG-13 promotes anterior 
migration in a dose dependent manner, with overmigration of the QR.d at elevated doses of MIG-13 
(Sym et al., 1999). Although initial studies using mosaic analysis suggested that mig-13 acts cell non-
autonomously, a recent study has shown that Q neuroblast specific expression of mig-13 can rescue 
the mig-13 migration phenotype, indicating that mig-13 may have a cell autonomous function as 
well. Further studies are required to determine how MIG-13 controls Q neuroblast migration. 

4.5 Cytoskeletal remodeling during Q descendant migration
Like the initial migration of the Q neuroblasts, migration of the Q cell descendants is controlled 
by the partially redundantly acting Rho/Rac GTPases ced-10/Rac1 and mig-2/RhoG (for a detailed 
overview of small GTPases in C. elegans see http://dx.doi.org/10.1895/wormbook.1.67.1). A mig-
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2 gain of function allele that encodes a constitutively active MIG-2 protein induces a widespread 
defect in cell migration (Zipkin et al., 1997). In these mig-2(gf) mutants, the Q.d migrate a shorter 
distance but the overall direction of migration is unaffected. Time-lapse analysis revealed that the 
onset and termination of Q.d migration as well as the timing of cell division is unaffected (Ou and 
Vale, 2009). However, the overall migration kinetics of the Q neuroblasts and their descendants are 
slower than in wild type (16.8 μm/hr for QL.ap in wild type compared to 7.8 μm/hr in mig-2 gain of 
function mutants). mig-2 loss of function results in similar but more subtle migration defects (Ou 
and Vale, 2009; Zipkin et al., 1997).

Strong mig-2 expression was observed in Q neuroblasts and their descendants, consistent 
with the idea that MIG-2 functions cell-autonomously (Zipkin et al., 1997). Furthermore, MIG-
2 protein levels were found to be dynamically upregulated in cells with the highest migratory 
potential, such as QL.ap and QR.ap (Figure 1B)(Ou and Vale, 2009). This increase in MIG-2 protein 
levels may be a direct or indirect consequence of asymmetric segregation of cell fate determinants 
during the first Q neuroblast division.
 Similar to what was described for the first phase of Q cell migration, the effect of mig-2 and 
ced-10 single mutants on Q.d migration is greatly enhanced in the double mutant. This enhancement 
was also observed when ced-10 or mig-2 loss of function mutations were combined with rac-2 RNAi. 
ced-10 is broadly expressed and its expression largely overlaps with that of mig-2 (Lundquist et al., 
2001; Shakir et al., 2006). These findings demonstrate that the three C. elegans Rho/Rac orthologs 
function partially redundantly in the control of Q.d migration. Similar to the initial phase of Q cell 
migration, the guanine nucleotide exchange factors unc-73/Trio and pix-1 (section 3.2) act in parallel 
to control Q.d migration, likely by activating the Rho/Rac GTPases (Figure 3) (Dyer et al., 2010). 

In many migrating cells, Enabled/VASP proteins are highly enriched at filopodial tips 
and antagonize actin capping, a process that terminates actin filament nucleation (Bear and 
Gertler, 2009; Welch and Mullins, 2002). unc-34 encodes the C. elegans ortholog of Enabled/VASP 
and was shown to act in Q neuroblast migration (Shakir et al., 2006; Withee et al., 2004; Yu et al., 
2002). UNC-34 contains an EVH1 domain that recognizes proline-rich motifs on target proteins, an 
SH3 binding domain and an EVH2 domain thought to be necessary for tetramerization and actin 
binding. Truncation of a large part of the EVH2 domain yields a hypomorphic allele, indicating that 
UNC-34 tetramerizes and is involved in the regulation of actin dynamics (Bachmann et al., 1999; 
Withee et al., 2004; Zimmermann et al., 2002). unc-34 mutants show a subtle Q.d migration defect, 
in which Q descendants prematurely terminate their migration. Furthermore, unc-34 enhances 
the Q.d migration phenotype of rac-2 RNAi, ced-10 and mig-2 (Shakir et al., 2006). However, due to 
redundancy between the Rac1-like genes, it remains to be established whether unc-34 functions in 
a parallel pathway. 

mig-15/NIK is also involved in the control of Q.d migration, in addition to its role in initial 
polarization and migration (see section 3.1). The Q.d cells were found to migrate a shorter distance 
than in wild type animals, potentially reflecting a defect in the core cell migration machinery 
(Chapman et al., 2008; Shakir et al., 2006). Interestingly, loss of mig-2 enhanced the defect in Q.d 
migration direction found in weak alleles of mig-15. The phenotype of mig-15 mig-2 double mutants 
resembles that of stronger mig-15 alleles, indicating that mig-2 and mig-15 may function in the same 
pathway to control Q.d migration (Shakir et al., 2006).

4.6 Cell adhesion
To date, two cell adhesion proteins have been found to influence Q.d migration. First, loss of ina-1 
(one of the two alpha-integrin subunits) was found to result in a reduction in the speed and extent 
of Q.d migration. Expression analysis revealed that INA-1::GFP is expressed in the Q.d. Furthermore, 
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expression of ina-1 inversely correlates with migration speed (Baum and Garriga, 1997; Ou and Vale, 
2009). These observations led to the hypothesis that low levels of integrin based adhesion will result 
in high migratory speed, while high levels of integrin based adhesion will reduce Q.d migration 
speed. 

Second, it was demonstrated that the Fat-like cadherin CDH-4 controls the direction 
Q.d cell migration (Schmitz et al., 2008). Fat-like cadherins are characterized by a large number 
of extracellular cadherin repeats which are often accompanied by other sequence motifs like 
EGF repeats (Tanoue and Takeichi, 2005). cdh-4 encodes a Fat-like cadherin with 32 N-terminal 
cadherin domains and four EGF repeats that are separated by a single laminin G domain close to 
the membrane (Schmitz et al., 2008). Mutation of cdh-4 results in a variety of defects, including 
compromised axon guidance, aberrant hypodermal and pharyngeal development and Q.d cell 
migration defects. In these mutants, the QR.d often migrate posteriorly and the QL.d anteriorly. 
Furthermore, similar to initial Q polarity genes (see section 3.1 and 3.3), cdh-4 appears to act 
upstream of mab-5. It is therefore likely that cdh-4 functions during the initial establishment of left/
right asymmetry. Analysis of a cdh-4::gfp reporter gene revealed that cdh-4 is not expressed in Q 
neuroblasts, suggesting a cell non-autonomous role (Schmitz et al., 2008). 

5. Conclusions and perspectives

Over the years, studies on Q cell migration have unraveled many of the key mechanisms that control 
this highly stereotypic process. A complex network of Wnt signaling pathways, together with the 
action of homeotic genes, provides directionality and positions the Q descendants at precisely 
defined final positions along the anteroposterior axis. More downstream, a variety of cytoskeletal 
remodelers have been identified that mediate and control the motility of the Q neuroblasts. 
However, how positional information impinges on the core cell migration machinery remains to be 
established. Furthermore, migration potential appears to be hardwired into the Q cell lineage (Ou 
and Vale, 2009), but the mechanisms that specify the migration speed of different Q descendants 
are still largely unknown. The recently developed live imaging techniques that enable time-lapse 
imaging of Q neuroblast migration (Ou and Vale, 2009; Chai et al., 2012) provide a powerful tool to 
further dissect these mechanisms.

The left/right asymmetry of the initial migration of the Q cells is independent of Wnt 
signaling. However, Wnt signaling maintains the left/right asymmetry during Q descendant 
migration. So far, it has been shown that there is a clear correlation between initial posterior 
migration and activation of canonical Wnt/β-catenin signaling. However, the mechanistic link 
between these two processes remains largely unknown. The posteriorly polarized QL neuroblast 
may be exposed to a higher level of the EGL-20 ligand, which in turn triggers mab-5 expression. In 
this model, Q neuroblasts are not intrinsically different. However, several lines of evidence argue 
against this model. Alternatively, an as of yet unidentified external cue may modulate the response 
towards EGL-20. Future experiments may discriminate between these possibilities and thereby 
provide insight into how the initial left/right asymmetry is translated into Wnt signaling specificity.
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Table 1. Genes involved in Q cell migration 

 
Gene 

 
Q cell migration phenotype 

 
Other comments 
 

 
Initial polarization and migration: 
unc-40/DCC 
dpy-19/mDpy19 
mig-21 
mig-15/NIK 
ptp-3/LAR 
 

 
 
Random polarization and 
migration of QL and QR 

 

Posterior migration of the QL.d: 
egl-20/Wnt 
lin-17/Fz 
mig-1/Fz 
bar-1/β-catenin 
pop-1/Tcf 
 
pry-1/Axin 
axl-1/Axin 
gsk-3/GSK3β 
 

 
Anterior QL.d migration 
 
 
 
 
 
Posterior QR.d migration  

 
Components of a canonical Wnt/ß-
catenin pathway that regulates 
mab-5/Hox expression 
 
 
 
Negative regulators of canonical 
Wnt signaling 

Anterior migration of the QR.d: 
egl-20/Wnt 
cwn-1/Wnt 
cwn-2/Wnt 
mom-5/Fz 
cam-1/Ror 

 
Undermigration of the QR.d 

 
Components of non-canonical Wnt 
signaling 
 
 
 
 
 

Homeotic genes: 
mab-5/Antp 
 
lin-39/DfdScr 
ceh-13/Labial 
ceh-20/Exd 
unc-62/Meis 
 

 
Anterior QL.d migration 
 
QR.d undermigration 
 

 
mab-5 is necessary and sufficient for 
posterior Q.d migration 
 
 
ceh-20/Exd and unc-62/Meis are Hox 
cofactors 
 

Cytoskeletal remodeling:  
mig-2/Mtl 
ced-10/Rac1 
rac-2/Rac1 
unc-73/Trio 
pix-1 
unc-34/Ena 
 

 
Q polarization defects 
and Q.d undermigration  
 
 
 
 
 

 

Others: 
mig-13/Lrp12 
 
ina-1/α-integrin 
cdh-4/Fat-like cadherin 
 

 
QR.d undermigration 
 
Q.d undermigration 
Loss of left/right asymmetry in 
Q.d migration 
 

 
Guidance cue controlled by mab-5 
and ceh-13 
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Abstract

Variability in gene expression contributes to phenotypic heterogeneity even in isogenic populations. 
Here, we used the stereotyped, Wnt signaling-dependent development of the Caenorhabditis 
elegans Q neuroblast to probe endogenous mechanisms that control gene expression variability. 
We found that the key Hox gene that orients Q neuroblast migration exhibits increased gene 
expression variability in mutants in which Wnt pathway activity has been perturbed. Distinct 
features of the gene expression distributions prompted us on a systematic search for regulatory 
interactions, revealing a network of interlocked positive and negative feedback loops. Interestingly, 
positive feedback appeared to cooperate with negative feedback to reduce variability while keeping 
the Hox gene expression at elevated levels. A minimal model correctly predicts the increased 
gene expression variability across mutants. Our results highlight the influence of gene network 
architecture on expression variability and implicate feedback regulation as an effective mechanism 
to ensure developmental robustness.
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Introduction
Gene expression is inherently variable, even among isogenic cells situated in identical environments 
(Raj and van Oudenaarden,2008; Raj et al., 2008; Eldar and Elowitz, 2010; Balázsi et al., 2011; Li 
and Xie, 2011). On the one hand, variability in gene expression may confer beneficial phenotypic 
diversity. For example, it may serve as a ‘‘bet-hedging’’ strategy for isogenic microbial populations 
to ensure survival in fluctuating environments (Thattai and van Oudenaarden, 2004; Kussell and 
Leibler, 2005; Wolf et al., 2005; Acar et al., 2008; Beaumont et al., 2009; Eldar et al., 2009) or as a 
‘‘symmetry-breaking’’ mechanism to induce multiple cell fates from a single progenitor cell type 
(Wernet et al., 2006; Chang et al., 2008; Kalmar et al., 2009). On the other hand, excessive variability 
in gene expression could disrupt normal development and tissue maintenance, leading to aberrant 
phenotypes (Aranda-Anzaldo and Dent, 2003; Chung and Levens, 2005; Henrichsen et al., 2009; Raj 
et al., 2010). The remarkable robustness of numerous physiological events implies that endogenous 
mechanisms must exist to effectively control variability in gene expression (Nijhout, 2002; Fé lix and 
Wagner, 2008; Boettiger and Levine, 2013). In a simple model of constitutive gene expression, the 
equilibrium level of messenger RNA (mRNA) transcripts is expected to follow a Poisson probability 
distribution. A distinct feature of the Poisson distribution is that the ratio between the variance 
and the mean, termed the Fano factor, equals exactly one, regardless of the detailed parameters. 
For genes under transcriptional regulation, substantial deviations from the Poisson behavior have 
been theoretically proposed (Kepler and Elston, 2001; Friedman et al., 2006; Shahrezaei and Swain, 
2008) and experimentally observed in a series of studies (Golding et al., 2005; Cai et al., 2006; Raj 
et al., 2006; Zenklusen et al., 2008). Such deviation has often been attributed to transcriptional 
bursting, where the promoter transitions stochastically between its active and inactive states. In 
addition, fluctuation in the abundance of the upstream regulators can also propagate to increase 
the variability of the target gene expression (Hooshangi et al., 2005; Pedraza and van Oudenaarden, 
2005; Rosenfeld et al., 2005; Dunlop et al., 2008). 

Pioneering theoretical and synthetic biology studies have highlighted the potential of 
regulatory networks in controlling gene expression variability. Negative feedback, a common mode 
of regulation, has been shown to suppress variability in synthetic gene expression systems (Becskei 
and Serrano, 2000; Austin et al., 2006). Positive feedback has been extensively studied for its ability 
to induce multimodal or ‘‘switch-like’’ behavior in both synthetic and endogenous systems (Becskei 
et al., 2001; Xiong and Ferrell, 2003; Ozbudak et al., 2004; Acar et al., 2005; Weinberger et al., 2005; 
To and Maheshri, 2010). In contrast to the simplicity of synthetic circuits, endogenous genes are 
embedded in densely connected networks with mixed feedback loops and multilayered cascades 
(Milo et al., 2002; Davidson, 2010; Hirsch et al., 2010). Whether and how regulatory networks regulate 
gene expression variability endogenously remain to be explored. 

Caenorhabditis elegans provides an excellent model for studying the endogenous control 
of gene expression variability. Its highly stereotyped development (Sulston and Horvitz, 1977) 
implicates underlying mechanisms that robustly control transcriptional variability. Here, we study 
specifically the stereotyped migratory decision of the C. elegans Q neuroblast. Two Q neuroblasts, 
QL and QR, are born at bilaterally symmetrical positions in the C. elegans embryo but migrate 
oppositely along the anterior-posterior axis upon hatching (Figure 1A). In the left Q neuroblast (QL), 
expression of the Hox gene mab-5/Antennapedia is necessary and sufficient to ensure the posterior 
migration of the QL descendants. In the right Q neuroblast (QR), however, the absence of mab-5 
expression drives the cell to migrate toward the anterior (Salser and Kenyon, 1992; Harris et al., 1996). 
In wild type animals, mab-5 expression in QL is dependent on the canonical Wnt signal transduced 
through the posteriorly produced Wnt ligand, EGL-20 (Figures 1A and 1B) (Whangbo and Kenyon, 
1999; Coudreuse et al., 2006). Two out of the four C. elegans Frizzled type Wnt receptors, MIG-1 and 
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LIN-17, are required for mab-5 expression in QL (Harris et al., 1996). The other Frizzled homologs, 
mom-5 and cfz-2, have also been implicated in the regulation of the migration of QL descendants 
(Zinovyeva et al., 2008). Interestingly, Frizzled mutants exhibit varying degrees of partially penetrant 
migratory defects, where a fraction of QL descendants reverses to migrate anteriorly (Zinovyeva et 
al., 2008) (Figures 1C and S1A). Whether this phenotypic heterogeneity originates at or downstream 
from mab-5 expression is unclear. 

By combining single-cell transcript counting with genetic manipulation, we identified 
a strong link between the variability in mab-5 expression and the penetrance of the migratory 
phenotype. We observed a complex relationship between the variability and the mean levels of 
mab-5 expression, implicating feedback regulation. A systematic search for regulatory interactions 
revealed a network of positive and negative feedback loops between the Frizzled receptors and the 
Wnt signaling pathway. A minimal network model captures the variability in mab-5 expression across 
mutants and provides mechanistic insights on how the wild type network achieves robustness. 
Our results demonstrate, in a developmentally relevant context, the contribution of a regulatory 
network to controlling gene expression variability.

Results

Wnt signaling activates mab-5 expression to a stable range in wild type QL
To explore the putative relation between mab-5 expression and the phenotypic heterogeneity in 
the Wnt pathway mutants, it is necessary to quantitatively compare mab-5 expression between wild 
type and mutants. We started by characterizing mab-5 expression in the wild type QL neuroblasts 
(Figures 1D and 1E). Using single molecule fluorescent in situ hybridization (smFISH, Raj et al., 2008), 
we counted mab-5 transcripts at various stages of QL migration (Figure 1D). The total migratory 
distance (MD) of QL and QR (Figure 1E, top, and Figure S1B) was used as an indicator of migratory 
stage. Data from many single QL cells were combined to obtain a population profile of mab-5 
expression dynamics (Figure 1E, bottom). 

Before the onset of migration, mab-5 transcripts were present at low levels in QL (Figures 
1D and 1E, MD = 0–2). Thereafter, QL began to polarize, and mab-5 transcripts started to appear 
in the cytoplasm. Concurrently, nascent transcripts began to cumulate in the nucleus as bright 
transcription centers (TCs, Figures 1D and S1C). The frequent appearance of paired TCs likely 
indicates heightened transcriptional activity on both alleles (Raj et al., 2006). After a period of initial 
variability, mab-5 expression converged to around 50–60 transcripts per cell (MD ≥ 8, Figure 1E). 
The variability in mab-5 expression stabilized to a Fano factor of 2.4. This value is greater than the 
average measurement of 1.6 in Escherichia coli (Taniguchi et al., 2010) yet is over 10-fold lower than 
those reported for mammalian mRNAs (Raj et al., 2006). 

Although Wnt signaling has been suggested as the main activator of mab-5 transcription 
(Korswagen, 2002), whether it acts directly within QL remains uncertain. We probed the cell 
autonomous role of Wnt signaling by blocking it either globally or Q cell specifically using a 
dominant-negative form of POP-1/TCF (DN-pop-1) (Korswagen et al., 2000). In both mutants, we 
observed a more than 95% reduction in mab-5 transcripts in QL (Figure S1D), confirming a cell-
autonomous role of Wnt signaling in activating mab-5 expression. 

The above finding suggests that mab-5 expression may serve as an endogenous readout 
of Wnt pathway activity in QL. To confirm this possibility, we first compared the transcription 
dynamics of mab-5 to that of a mCherry transgene driven by a pes-10 minimal promoter with seven 
POP-1 binding sites (POP-1 and TCF Optimal Promoter [POPTOP]; Green et al., 2008). The dynamics 
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Figure 1. Using single-cell transcript counting to study the control of mab-5 expression
(A) Schematic representation of the activation of MAB-5 expression in QL in response to the posterior- to-anterior 
gradient of EGL-20/Wnt. (B) Model of Wnt signaling based on published studies. Question marks and gray edges 
indicate lack of definitive evidence. (C) Final position of QL descendants in wild type and various Frizzled loss-
of-function mutants. Unless otherwise noted, compound mutants carry the same alleles as single mutants. (D) 
Detection of mab-5 transcripts using smFISH over the course of QL migration. Upper: QL at different stages of 
its migration. V5 is a stationary cell used as spatial reference. Lower: smFISH staining of mab-5 transcripts in the 
same cells as shown above. Yellow arrowheads: single mab-5 transcripts; white arrowheads: transcription centers 
in the nucleus. Scale bar represents 2.5 mm. (E) mab-5 transcription dynamics in single QL neuroblasts in wild 
type animals. Upper: normalized total MD for worms collected at different time points after hatching. Black dots 
mark the mean, and blue bars span 2.5–97.5 percentiles. Lower: number of mab-5 transcripts per cell plotted 
against MD. The histogram to the right is generated using data points to the left with MD > 8. Black lines are 
generated by fitting to a sigmoidal function. Red curves are generated by fitting with two Gaussian distributions. 
(F) mCherry transcription dynamics in the POPTOP strain. See also Figure S1.
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of mCherry transcripts closely resembled that of mab-5 (Figures 1E and 1F). Furthermore, mutation 
of a conserved TCF binding motif in the mab-5 promoter (K. Cadigan, personal communication) led 
to a significant reduction in reporter transgene expression (Figures S1E and S1F). Taken together, 
these observations motivate the use of mab-5 transcript level as an endogenous readout of Wnt 
signaling in QL. 

Figure 2. Three Frizzled paralogs are dynamically transcribed in QL
(A) smFISH staining and single-cell transcript counts for the four C. elegans Frizzled paralogs over 
the course of QL migration. (B) Single-cell correlation between Frizzled and mab-5 transcript counts. 
Shades of dots indicate corresponding MD value. See also Figure S2.
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Three Frizzled receptors are expressed in QL and exhibit distinct expression dynamics
Because mutation of different Frizzled paralogs leads to different penetrance in migratory 
phenotype (Figures 1C and S1A), we speculated that, apart from their difference in functional 
efficacy, individual Frizzled paralogs may be expressed at different levels in QL. To test this, we used 
paralog-specific smFISH to quantify the expression of the four Frizzled receptors in QL. QL-specific 
expression was detected for mig-1, lin-17, and mom-5, but not for cfz-2 (Figures 2A and S2A). In 
addition to difference in average abundance, these paralogs also differed in their temporal patterns 
of expression. mig-1 transcripts decreased from an average of 27 copies per cell to less than 10 over 
the course of migration. lin-17, on the opposite, rose from less than 10 copies per cell to an average 
of 34. mom-5 was expressed at less than 10 copies per cell throughout QL migration (Figure S2A). 
Outside QL, the four Frizzleds also exhibited distinct global expression patterns (Figure S2B). 

Intuitively, a positive correlation may be expected between the expression of a receptor and 
that of its signaling target. A negative correlation was, however, observed between the abundance 
of mig-1 transcripts and that of mab-5 (Figure 2B, Pearson’s R = -0.67, p < 0.001). Compared to mig-
1, mutation of lin-17 leads to a weaker migratory defect (Figure 1C). However, a strong positive 
correlation was observed between lin-17 and mab-5 transcripts at the single-cell level (Pearson’s R 
= 0.91, p <0.001). No significant correlation was observed between mom-5 and mab-5 (Pearson’s R 
= 0.02, p > 0.5). Together, the distinct transcriptional and correlation profiles suggest that divergent 
transcriptional regulatory programs exist upstream of the Frizzled receptors.

Frizzled mutants exhibit different degrees of variability in mab-5 expression
Having assessed mab-5 and Frizzled expression in the wild type, we next asked how mab-5 
expression is affected by mutations in the Frizzled receptor genes. Previously, reduction in MAB-
5 antibody staining has been reported in mig-1 and lin-17 single mutants (Harris et al., 1996). In 
agreement, we observed a strong reduction in mab-5 transcripts in QL in most of mig-1(e1787) 
single mutants (Figure 3A). A small fraction of QLs, however, retained significant levels of mab-5 
expression (20 transcripts per cell or higher). Cell-to-cell heterogeneity was also evident in the lin-
17(n671) single mutant. Individual QLs exhibited between very low to a near-wild type amount of 
mab-5 transcripts. The mom-5(gk812) mutant, unlike the wildtype, exhibited high variability in mab-
5 expression beyond the initial phase of QL migration (MD > 5, note cells with <25 copies of mab-5). 
In comparison, mab-5 levels in the cfz-2(ok1201) mutant were indistinguishable from the wild type. 

Homozygous mutation in two or more of the three Frizzled receptors (mig-1, lin-17, 
and mom-5) resulted in nearly complete loss of mab-5 expression in QL (Figure 3A). In contrast, 
heterozygotes of these mutants exhibited similar average mab-5 levels as the wild type. Interestingly, 
heterozygotes of the Frizzled triple mutant (triple het) showed increased variability in mab-5 
expression, where a small fraction of late-stage QLs contained less than 20 mab-5 transcripts (Figure 
3A). This observation, together with those from the single mutants, indicates that partial reduction 
of Frizzled receptor function could disrupt the reliable activation of mab-5 transcription in QL. 

Motivated by the recent discovery that variability in gene expression underlies partial 
penetrance (Raj et al., 2010), we questioned whether variability in mab-5 transcript level is predictive 
of the phenotypic penetrance of different mutants. We hypothesized that mab-5 expression must 
exceed a certain threshold to prevent the QL descendants from migrating anteriorly. Under this 
hypothesis, we searched (Figure S3C) and found threshold values of around 25 transcripts per cell 
(Figure 3C) to yield accurate predictions of the phenotypic penetrance. mom-5 single and compound 
mutants were not included in this analysis due to the mab-5-independent requirement of mom-5 
for anterior migration (Zinovyeva et al., 2008). Thus, upregulating mab-5 expression above a certain 
threshold may be critical in driving robust migratory decisions of the QL descendants. 
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Figure 3. Wnt signaling mutants exhibit different variability in mab-5 expression
(A) Dynamic and steady-state mab-5 expression in Frizzled single and compound mutants. (B) Dynamic and 
steady-state mab-5 expression in mutants with altered EGL-20/Wnt gradient or loss of MAB-5 function. (C) 
Correlation between mab-5 transcript levels and the migratory phenotype of QL descendants in various Wnt 
pathway mutants. Same mutant alleles as listed in (A) and (B). (D) Fano factor versus the steady-state mean of 
mab-5. Wild type is marked in red. Gray broken line: Fano factor = 1. Error bars are 95% confidence intervals (CI). 
See also Figure S3.
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Perturbing EGL-20 and MAB-5 function increases variability in mab-5 expression 
To test whether the increase in mab-5 variability is unique to the Frizzled mutants, we next perturbed 
the input to the Wnt pathway, the EGL-20/Wnt gradient. We used the vps-29(tm1320) mutant in 
which destabilization of the retromer complex leads to a shortened and reduced EGL-20 gradient 
(Coudreuse et al., 2006). In these mutants, mab-5 expression was reduced to below 25 transcripts 
per cell in around 10% of QLs (Figure 3B). The variability in mab-5 expression was again predictive 
of the phenotypic penetrance: about 13% of the QL descendants were misplaced anteriorly (Figure 
3C). 

Conversely, we tested the effect of EGL-20 overexpression by expressing an EGL-20 
transgene under the control of a heat shock promoter (Whangbo and Kenyon, 1999). The increased 
EGL-20 concentration (Figure S3B), however, did not significantly increase the average level of 
mab-5 expression (Figure 3B, Mann-Whitney test, p > 0.1). Rather, mab-5 expression in late stage 
QLs appeared less variable (F test p < 0.05) than the wild type. Although increased variability is 
frequently accompanied by reduced expression levels, this was not the case in the smg-1(e1228); 
mab-5(e1239) mutant (see Supplemental Information for motivations to use the smg-1(e1228) 
background). Instead, an increase in average mab-5 level coincided with an increase in cell-cell 
variability (F test p < 0.001) (Figure 3B). 

A complex relationship exists between mab-5 variability and average expression level
To quantitatively compare the variability in mab-5 expression, we next calculated the Fano factor of 
mab-5 transcript levels for both wild type and mutants. 

In most strains, Fano factors were initially high and decreased to stable values over the 
course of migration (Figure S3D). Plotting the steady-state Fano factor against the average transcript 
level revealed several interesting features (Figure 3D). First, Fano factor varied greatly across strains 
(range: 0.95–11.5). Thus, constitutive transcription with Poisson dynamics is insufficient to explain 
our observations. Alternatively, a model of bursty transcription would predict Fano factor to 
increase (if burst size is modulated) or decrease (if burst frequency is modulated) monotonically 
with the mean (Raser and O’Shea, 2004). However, the observed relation could not be summarized 
in a simple monotonic function (Figure 3D). Furthermore, whereas mutant QLs with reduced mab-
5 expression exhibited variable numbers of TCs (between 0 and 2) per nucleus, suggestive of 
bursty transcription (Figure S3E), the smg-1;mab-5 mutant, which consistently exhibited two TCs 
per nucleus and high mab-5 synthesis rate (Figures S3F and S3G), nonetheless showed increased 
variability in mab-5 levels. As common models could not fully explain the complex relationship 
between mab-5 variability and average expression level, other mechanisms, likely upstream of mab-
5 transcription, may play a role to influence mab-5 expression variability.

All three Frizzleds are transcriptional targets of the Wnt pathway
As mab-5 expression consisted of distinct high and low subpopulations in a number of mutants 
(e.g., the mig-1 single mutant and the triple heterozygotes), a feature attainable in systems with 
positive feedback (Becskei et al., 2001), we wondered whether feedback regulation exists within 
the Wnt pathway in QL. Although Wnt signaling is conventionally viewed as a feedforward cascade, 
evidence from nonnematode species suggests that feedback regulation exists and may play a role 
in Wnt pathway regulation (Cadigan et al., 1998; Sato et al., 1999; Willert et al., 2002). 

To test whether Frizzled receptors are transcriptional targets of the Wnt pathway, we 
blocked Wnt signaling both globally and Q cell specifically. In both cases, we observed a more 
than 2-fold difference in the transcript levels of all three Frizzled genes (Figure 4A). In addition, 
the temporal dynamics of mig-1 and lin-17 transcription were lost in the mutants. Together, these 
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observations indicate a role of feedback regulation in determining the levels and temporal dynamics 
of Frizzled expression (Figure 2A). 

By ranking various Wnt signaling mutants by their average mab-5 levels, we established a 
mutant series in which Wnt signaling level in QL varied in a graded manner (Figure 4B, left). In the 
majority of the strains, low levels of mab-5 expression were consistently accompanied by low levels 
of lin-17 and high levels of mig-1 and mom-5 and vice versa. These observations are again consistent 
with the notion of Frizzled receptors as transcriptional targets of Wnt signaling.

An exception to the above trend was found in the smg-1; mab-5 mutants in which an 
increase in mab-5 levels was observed with a concurrent decrease in lin-17 and an increase in mom-
5 (Figure 4B, right). This exception suggests that functional MAB-5 is required for the feedback 

Figure 4. Frizzled paralogs, mig-1, lin-17, and mom-5, are transcriptional targets of the Wnt pathway
(A) Dynamic and steady-state (MD > 8) Frizzled transcript levels in mutants with global or QL-specific blockade of 
EGL-20-dependent Wnt signaling. Same wild type data as in Figure 2A. ****p < 0.0001. (B) Normalized expression 
levels of Frizzleds and mab-5 in various genetic backgrounds. Only values significantly different from the wild 
type (FDR corrected p < 0.05) were colored. Genotypes are indicated atop the bar graph with same mutant 
alleles as indicated previously. Error bars are 95% CI of the mean.
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regulation of lin-17 and mom-5. Meanwhile, the fact that mig-1 expression remains unaltered in 
mab-5 mutants suggests that the transcriptional feedback on mig-1 is likely mab-5 independent. 
Thus, both mab-5-dependent feedback and mab-5-independent feedback appear to exist in the 
Wnt signaling pathway in QL. 

Interlocked positive and negative feedback loops exist within the Wnt pathway
We next sought to incorporate the feedback interactions into a network model of the Wnt pathway. 
With feedback, perturbation to a single gene can propagate to affect many genes in the network, 
making it difficult to deduce the immediate targets of the perturbed gene. We tackled this general 
challenge in network inference by employing Modular Response Analysis (MRA, Bruggeman et al., 
2002; Kholodenko et al., 2002) (Figure 5A). This algorithm is robust to unknown network components 
and reports only interactions between ‘‘closest neighbors’’ to avoid redundant reference to the same 
network structure. 

Applying MRA to the average transcription profiles, we obtained a complex network of 
interlocked feedback loops (Figures 5B, 5C, and S4A–S4C). At the receptor level, positive feedback 
targeting lin-17 and negative feedback targeting mig-1 and mom-5 are coupled by their shared 
dependence on Wnt signaling. Downstream of the Wnt pathway, mab-5 not only mediates feedback 
to the Frizzleds but also negatively regulates its own transcription. 

As Hox genes are master regulators with many transcriptional targets, we wondered 
whether mab-5, an Antennapedia-like Hox gene, regulates the expression of the Frizzled receptors 
and of itself by directly binding to the cis-regulatory regions of the respective genes. Previous 
chromatin immunoprecipitation sequencing (ChIP-seq) analysis (Niu et al., 2011) on L3 stage 
larvae has identified MAB-5 binding regions in the promoters and sometimes intronic regions of 
the above genes. To assess whether the same regions are also bound by MAB-5 during the time 
of Q neuroblast migration, we performed ChIP-qPCR on synchronized L1 animals, pulling down 
the GFP tag on the MAB-5::GFP fusion protein. Among the sequences tested, enrichment of MAB-
5::GFP binding was specifically observed in the third intron of mab-5 (Figure 5D). To confirm this, we 
built transgenic strains expressing mCherry under the control of both mab-5 promoter and intronic 
sequences (Figure 5E, Supplemental Information). Interestingly, elimination of the MAB-5 binding 
regions specifically in the third intron induced a strong increase in mCherry expression both within 
(Figures 5E and S5E) and outside (Figure S4E) QL. Thus, the results from both approaches support a 
direct role of mab-5 in repressing its own transcription. We additionally built reporter strains to test 
putative MAB-5 binding motifs in the regulatory regions of lin-17 and mom-5 (Figure S4F). However, 
no significant difference in transgene expression was found upon mutation of the selected motifs.

Positive and negative feedback cooperate to minimize variability
To probe whether and how network topology influences the variability in mab-5 expression, we 
constructed an ordinary differential equation (ODE) model of the inferred network (Table S1 and 
Supplemental Information). We first obtained model parameters by fitting the full 5-component 
model to average gene expression profiles (Figure S5A, Table S2, and Supplemental Information). The 
full model was then reduced to a one-dimensional (1D) model by exploiting timescale differences 
(Figures 6A and S5B and Supplemental Information). 

We then extended the deterministic model to a stochastic one and derived the expected 
Fano factor and mean level of the network output. To explore the general impact of network 
topology on the variability in its output, we modified the wild type network to explore four different 
classes of topologies: those with no feedback, with negative feedback only (NFB only), with 
positive feedback only (PFB only), and with interlocked positive and negative feedback (IFB, Figure 
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Figure 5. Inferring the regulatory network within the Wnt pathway using the MRA algorithm
(A) Schematic of the work flow for implementing the MRA algorithm. (B) Inferred connectivity matrix. Network 
components listed on top of the matrix represent putative regulators, and those listed on the right represent 
putative regulatory targets. Only significant (p value with Bonferroni correction < 0.05) interactions are colored 
based on the inferred interaction strengths. (C) Revised Wnt pathway model based on the inference results. 
(D) ChIP-qPCR reveals MAB-5::GFP binding to the intronic regions of the mab-5 gene. Light blue: the promoter 
regions, where exons and introns are marked in black and white, respectively. Yellow: sequences enriched for 
MAB binding in the L3 stage (Niu et al., 2011). Numbers in red: locations of qPCR primers that target putative MAB-
5 binding sites. Numbers in blue: locations of primers that target putative negative control regions (i.e., exonic 
or 30 untranslated regions). n = 3 for all putative MAB-5 binding sites, and n = 2 for all negative control regions. 
(E) Upper: schematic of the control and mutated reporter constructs carrying regulatory and coding sequences 
from the mab-5 gene. Red crosses: sites of deletion. Lower: quantification of mCherry smFISH signal in QL 
neuroblasts in strains carrying reporters of mab-5 regulatory sequence. Normalized pixel intensity is quantified 
as the sum of the top 20% pixel values in QL normalized by the average pixel intensity of single smFISH spots in 
the same image. Error bars are SDs of the mean. For each condition, two independent extrachromosomal lines 
(red and blue) were examined. n > 15 for each strain. See also Figure S4.
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Figure 6. Modeling reveals synergistic contribution of positive and negative feedback in reducing output 
variability
(A) Schematic of the reduced 1D model. (B) Analytically derived Fano factor versus mean output values for 
networks with IFB, NFB only, PFB only, and no feedback. (C) Upper: mean output value of the interlocked 
feedback network as a function of feedback strengths. Lower: replotting of the broken and dotted lines in the 
upper panel. Note difference in mean expression level at high PFB strength. (D) Upper: Fano factor value of the 
interlocked feedback network as a function of feedback strengths. Lower: Replotting of the broken and dotted 
lines in the upper panel. Note the difference in Fano factor value at high PFB strength. See also Figure S5 and 
Tables S1 and S2.

6B). We then randomly varied the strengths (i.e., the half-activation threshold) and the amount 
of cooperativity of each feedback interaction between 0 to 10 times their wild type values while 
keeping other parameters fixed. 

As illustrated in Figure 6B, different classes of networks occupied distinct domains of the 
Fano factor versus mean output space. Low output variability and low mean output levels were 
generally found in NFB-only networks, whereas the opposite was true for PFB-only networks. This 
variability versus mean trade-off was alleviated in networks with IFB. Many of the randomly sampled 
IFB networks occupied the lower right quadrant (i.e., low variability and high mean), a region hardly 
accessed by the other types of networks (see also Figure S5C). 
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We focused next on the IFB network and examined how output mean and variability 
depend on feedback strength. We found that output mean consistently decreased with strong 
negative feedback and increased with strong positive feedback. The effect of negative feedback 
was essentially compensated by positive feedback, resulting in intermediate mean values when 
both are strong (Figure 6C). 

Meanwhile, output variability consistently decreased with strong negative feedback 
(Figure 6D; see also Figure S5E), which is consistent with results from synthetic circuits (Becskei 
and Serrano, 2000; Austin et al., 2006). With a fixed level of negative feedback, the extent to which 
variability was dampened, however, depends strongly on the strength of the positive feedback. 
While the Fano factor decreased to around 0.6 at low positive feedback strength, it rapidly dropped 
to less than 0.5 at high positive feedback strength (Figure 6D, dotted line). As a result, the lowest 
Fano factor values were found when both positive and negative feedback were strong. Thus, positive 
feedback indirectly promotes low variability by increasing the mean expression level (Figure S5D). 

We additionally explored the dependence of output variability on the timescales at which 
the two types of feedback operate. Consistent with previous theoretical (Hornung and Barkai, 2008) 
and experimental studies (Austin et al., 2006), we found that Fano factor generally increased with 
fast positive feedback and with slow negative feedback (Figure S5F). 

Model predicts mab-5 variability in the mutants
Because our network model was inferred and parameterized using average expression levels, we 
wondered whether it could predict the observed variability in mab-5 expression. The observed 
variability likely originates from both intrinsic and extrinsic sources. To account for the latter, 
we included a parameter (D) to describe the effect of extrinsic fluctuations and determined its 
magnitude by fitting to the wild type mab-5 distribution (Supplemental Information). Remarkably, 
the revised model not only captured the distribution of mab-5 levels in the wild type but also 
predicted the changes in mab-5 variability in various Wnt pathway mutants (Figures 7A, 7B, and 
S6A). Thus, alterations in network topology likely underlie the changes in mab-5 variability across 
the mutants. Conversely, the wild type network may contribute strongly to the observed low 
variability in mab-5 expression. 

Together, our results support a model in which variability in gene expression is controlled 
through a network of interlocked positive and negative feedback within the Wnt signaling pathway. 
The signal-amplifying effect of the positive feedback appears to be co-opted to ensure a strong 
negative feedback, one that is needed to effectively dampen fluctuations in gene expression (Figure 
7C). Increasing evidence of feedback regulation challenges the conventional notion of signaling 
pathways as linear, unidirectional cascades. It is likely the rule rather than the exception that 
feedback regulation is widely exploited in development and homeostasis to ensure robust control 
of gene expression.

Discussion

Regulatory network as an endogenous mechanism to control variability
Theoretical and synthetic studies over the past decade have provided ‘‘proof-of-principle’’ evidence 
that a regulatory network can be exploited to limit, tolerate, or amplify gene expression variability. 
Two common regulatory modules, positive feedback and negative feedback, have each been 
examined in detail. The joint action of the two, however, appears more complex (Acar et al., 2005; 
Brandman et al., 2005). Interlocked positive and negative feedback has been found to play a critical 
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role in oscillatory systems (Ferrell et al., 2011). Our findings suggest that the same motif can be 
adapted to ensure stable gene expression at high levels. The versatility of the interlocked feedback 
motif exemplifies the rich potential of regulatory networks in implementing robust gene expression 
control.

Extrinsic versus intrinsic mechanisms in controlling gene expression variability
As regulatory networks often act upstream of the transcriptional machinery, they serve as ‘‘extrinsic’’ 
mechanisms in modulating transcriptional variability. In contrast, mechanisms that directly affect 
the assembly and release of the transcription machinery, such as promoter architecture (Boeger 
et al., 2008), chromatin organization (Weinberger et al., 2012), and the pausing of RNA polymerase 
II (Levine, 2011; Lagha et al., 2012), would serve as ‘‘intrinsic’’ mechanisms. Although both types of 
mechanisms have been extensively studied, how the two interact to influence gene expression 
variability is only beginning to be explored. 

The results of this study implicate that extrinsic mechanisms may act through intrinsic 
mechanisms to modulate gene expression variability. Among the Wnt mutants we examined, a 
partial reduction in mab-5 expression was often accompanied by a reduced and heterogeneous 
presence of transcription centers (Figure S3E). Thus, mab-5 transcription may be inherently bursty, 
where the burst frequency and the burst size may be subject to modulation by extrinsic factors such 
as the Wnt signal. By promoting a strong Wnt signal, the regulatory network may efficiently reduce 
the burstiness and thereby dampen the variability in mab-5 transcription. Mechanistically, a strong 
Wnt signal may allow BAR-1/β-catenin to reliably bind to POP-1/TCF, thus promoting robust release 
of polymerase II from the mab-5 promoter region.

Figure 7. Model predicts 
variability in various strains
(A) Model prediction of the 
distribution of mab-5 transcript 
levels in wild type and various 
Wnt signaling mutants. Network 
diagrams indicate the speculated 
changes in network topology. 
Gray arrows indicate weakened 
interactions, and double arrows 
symbolize an increase in EGL-20 
concentration. egl-20sm: egl-20 
secretion mutant; egl-20ove: egl-
20 overexpression mutant. (B) 
Theoretically predicted versus the 
experimentally measured Fano 
factor values for the strains shown 
in (A). Error bars are 95% CI of the 
mean. (C) Conceptual model of the 
interplay between the positive and 
the negative feedback in reducing 
variability. See also Figure S6.
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Cell-to-cell variability carries signatures of network topology
An emerging view in the study of stochastic gene expression argues that variability, or noise, can 
inform about the underlying mechanism of regulation (Cağatay et al., 2009; Chalancon et al., 2012; 
Munsky et al., 2012). In this study, we used average gene expression to infer network topology 
and found a surprising link between network topology and the variability in gene expression. 
In retrospect, signatures of network topology may already be found in the variability in mab-5 
expression. 

For example, low variability in the wild type and the inability to increase mab-5 level via 
EGL-20/Wnt overexpression suggest the existence of a negative feedback loop (Figures 3B and 
3D). An experiment that eliminates the putative negative feedback was thus carried out to test this 
possibility (Figure 3B). Similarly, the distinct subpopulations of mab-5 ON and OFF cells in strains 
such as the mig-1 single mutant implicate the existence of positive feedback. Furthermore, we 
observed at the single-cell level a strong positive correlation between lin-17 and mab-5 levels in 
both the wild type and multiple mutants in which both genes are intact (data not shown). This 
strong single-cell correlation may be attributed to a common upstream regulator (Dunlop et al., 
2008) or a feedback loop. Both mechanisms turned out to exist in the inferred network (Figure 
5C). Thus, cell-to-cell variability in gene expression may carry distinct signatures of the underlying 
network and serve as a useful guide to network identification.

Experimental procedures

C. elegans strains and culture
C. elegans strains were grown at 20ºC using standard culture conditions. A full list of mutant alleles 
and transgenes are described in the Supplemental Information.

Scoring QL descendant migration
The precise positions of the Q descendants QL.pap/QL.paa were scored by DIC microscopy in late L1 
stage larvae as described (Coudreuse et al., 2006).

Single-molecule Fluorescence In Situ Hybridization
SmFISH was performed as described (Raj et al., 2008). Manual segmentation of GFP-marked QL 
periphery was performed, followed by automated spot counting in MATLAB-based custom-written 
software. Total MD was assayed by manually marking the nuclear position of QL and QR, tracing the 
A-P axis of the worm, and automatically computing the distance between QL and QR along the A-P 
axis. All smFISH probe sequences are listed in Table S3.

Heat shock activation of hsp::egl-20
Heat shock experiments were performed on egl-20(n585) animals carrying muIs53 [hsp::egl-20; unc-
22(dn)] as described (Whangbo and Kenyon, 1999). Briefly, heat shock treatment was given to 0–0.5 
hr synchronized L1 larvae in a total volume of 50 μl at 33°C for a desired length of time. Heat shock 
was terminated by chilling tubes on ice for 10 s, and worms were then grown on fresh plates at 20°C 
for an additional 2–2.5 hr.

ChIP-qPCR
Synchronized animals aged 3–5 hr posthatching were fixed in fresh 1%PFA for 30 min (Mukhopadhyay 
et al., 2008). Fixed samples were incubated with 400 μg/ml pronase in 0.1% SDS at 37°C for 15 min, 
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followed by sonication and subsequent immunoprecipitation using the EpiTectChIP One-Day Kit 
(SABiosciences). Upon DNA elution, qPCR was performed immediately using the Phusion Master 
Mix (NEB). All ChIP-qPCR signals were normalized to total input DNA. qPCR primer sequences are 
listed in Table S4.

Cloning
mab-5 and Frizzled regulatory sequences were PCR amplified from N2 genomic DNA. To mutate 
putative MAB-5 binding motifs (11 bps) by base pair substitution, we used site-directed mutagenesis 
followed by gateway cloning to obtain transcriptional mCherry fusion constructs. To delete stretches 
of MAB-5 binding regions (<700 bp), we used yeast-mediated homologous recombination to clone 
genomic sequences and the mCherry coding sequence into the pNP30 vector (kind gift of N. Paquin). 
Pegl-17::DN-pop-1 was made by cloning DN-pop-1 from the Phs::DN-pop-1 construct (Korswagen et 
al., 2000). Where feasible, transgenes were integrated into the genome as single copies using Mos1-
mediated transgenesis as previously described (Frøkjaer-Jensen et al., 2008). See also the Extended 
Experimental Procedures.

Network inference
Gene expression data from a defined window of QL migration (MD > 8) were used for network 
inference. All transcript counts were normalized to the wild type mean, and the MRA algorithm 
(Kholodenko et al., 2002) was iteratively applied to bootstrap samples of the normalized data. The 
resulting distributions of interaction strengths were used to determine the significance of each 
putative interaction. See also the Extended Experimental Procedures.

Modeling
An ODE model was constructed based on the inferred network. Genetic interactions were described 
in Hill function form. Model parameters were obtained through nonlinear least square fitting to the 
gene expression data. The deterministic ODE model was extended to a Langevin-type stochastic 
model, from which Fano factors were analytically derived and numerically evaluated. See also the 
Extended Experimental Procedures for more details.

Statistical Analysis
The Mann-Whitney test was used to compare mean expression levels, and the F test was used to test 
equal variance between the wild type and mutants. Nonparametric bootstrap was used to derive 
confidence intervals on average transcript counts and Fano factors values. The Benjamini-Hochberg 
procedure was used to achieve a false discovery rate (FDR) of less than 0.04 for comparison of 
transcript abundance; the Bonferroni correction with n = 20 was applied to the bootstrap p values 
of the inferred network interactions. Corrected p value of less than 0.05 was considered significant.
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Figure S1 associated with Figure 1. Additional mutant phenotypes, alternative measures of migratory 
distance, and validation of mab-5 as a transcriptional readout of Wnt signaling in QL. 
A Final position of QL.ds in additional Frizzled mutants. B Upper left clockwise to lower right: mab-5 transcript 
counts plotted against other parameters associated with Q cell migration. Lower left: Squared correlation 
coefficients between mab-5 transcript count and various migration-related parameters. C Mean number of 
transcription centers (TCs) per cell over time. Error bars are 95% CI of the mean. D Final (MD>8) mab-5 transcript 
counts in wild type compared to mutants with global or QL-specific blockade of EGL-20 dependent Wnt signaling. 
N>40 for each data set. Error bars are 95% CI of the mean. E Schematic of the reporter transgenes designed to 
test the putative TCF binding motif in the mab-5 promoter region.  F mCherry transcription dynamics in single 
QLs in strains carrying the transgenes described in G. Results from two independent lines of each genotype are 
presented. Error bars are 95% CI of the mean.
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Figure S2 associated with Figure 2. Mean transcript levels of Frizzled genes within QL and across the 
animal body. 
A Average transcript abundance over the course of migration for the four Frizzled paralogs. Error bars are 95% 
CI of the mean. N>40 for each data set. B smFISH staining and quantification of transcript abundance along the 
anterior-posterior axes for the four Frizzled genes. Light blue patches represent 95% CI of the mean.
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Figure S3 associated with Figure 3. Control experiments for the quantification of mab-5 variability in wild 
type and mutant strains.  
A Total migratory distance (MD) plotted against worm age (hours post hatching) in wild type (red) and all 
mutants (black) listed in Figure 3. Error bars mark 2.5-97.5 percentiles.  B mab-5 transcript levels in the egl-20 
(n585); hs::egl-20 strain in response to various durations of 33°C heat shock. Note QR in the wild type does not 
express mab-5. Extended heat shock activated mab-5 expression to wild type levels in both QL and QR. Error bars 
are standard deviations of the mean. C Correlation coefficients for the analysis in Figure 3C calculated for a full 
range of hypothetical thresholds in transcript abundance. D Evolution of Fano factor values over the course of 
QL migration for wild type and various mutant strains. X axis marks the center of the moving window (width=3) 
within which the Fano factor is calculated.  E Quantification of the number of transcription sites in late-stage QLs 
in wild type and various Wnt signaling mutants. N>30 for each genetic background. F mab-5 transcript counts in 
QL after ActD application in lin-17lf and smg-1lf;mab-5gf strains. Errorbars are 95% CI of the mean. G Top: mab-
5 mRNA half-life derived from data in F). Bottom: mab-5 mRNA synthesis rates calculated from data in F) and 
steady state average mab-5 transcript levels in the respective strains. Errorbars are 95% CI of the mean.
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Figure S4 associated with Figure 5. Computational analysis on the dependence of inference results on 
data variability, averaging window and model complexity; mutation of putative MAB-5 binding sites 
alter the expression of mab-5, but not lin-17 or mom-5 transcriptional reporters. 
A The inferred network interactions are labeled 1-9 to correspond to the references in (B)-(D). B Bootstrap 
distributions of inferred connectivity strengths. C Akaike Information Criterion (AIC) values for the inferred 
network (red) and alternative topologies (black). Numbers on the data points indicate the network interactions 
that were forced to be zero.  D Network interaction strengths inferred using data from different ranges of MD 
values (sliding window # 1-12, see Supplemental Methods). Colors correspond to individual network interactions 
as listed to the right. E Representative images of mCherry transcript distribution in control and mutant reporter 
strains. Broken white lines demarcate the boundary of QL. White arrows point to mCherry expression in the tail. 
Note the expanded and elevated mCherry expression in the tail region of the intronic mutants. Intron mutant (2): 
mutant where 2 putative MAB-5 binding sites in the 3rd intron of mab-5 have been deleted.  Intron mutant (3): 
mutant where 3 putative binding sites in the 3rd intron have been deleted. F Genetic manipulation of putative 
MAB-5 binding motifs in lin-17 and mom-5 cis-regulatory regions. Top: Schematic of the lin-17 reporter transgenes 
and mCherry transcript levels in QL in strains carrying MosSCI integrated versions of the respective transgenes. 
Red crosses indicate locations where putative MAB-5 binding motifs have been mutated. Bottom: Schematic of 
the mom-5 reporter transgenes and mCherry transcript levels in QL in strains carrying MosSCI integrated versions 
of the respective transgenes. N>20 for each strain. Errorbars are 95% CI.
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Figure S5 associated with Figure 6. Parameterization, dimension reduction, sensitivity analysis of the 
network model. 
A Simulation of gene expression dynamics with the fitted 5-component model (full model). Colored patches 
represent experimentally measured gene expression levels whose boundaries indicate 95% CI of the mean. B 
Simulation with the 1D model (red triangles) and the full model (blue circles) produced identical steady state 
mab-5 expression values. Error bars are 95% CI of the mean. C Dependence of the Fano factor value on the 
feedback activation thresholds and Hill coefficient values. Kp: activation threshold of the positive feedback 
(blue circles), Kn: activation threshold of the negative feedback (blue triangles), n: Hill coefficient of the positive 
feedback (black circles, clustered around the intersection), m: Hill coefficient of the negative feedback (red 
triangles).  D Dependence of the Fano factor value on average gene expression level in a network with negative 
feedback. In comparison to a network with no feedback (black), negative feedback always reduces the Fano 
factor value, and does so more dramatically when the average gene expression level is high. E Dependence 
of the coefficient of variation (standard deviation/mean) on the feedback strength. Same analysis as in Figure 
6C&D. F Systematic variation of feedback speed (i.e. timescale) reveals a requirement for fast negative feedback 
and slow positive feedback to minimize output variability.
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Figure S6 associated with Figure 7. Measured and predicted distributions of mab-5 transcript levels in 
additional Wnt signaling mutants. Comparison of the theoretical (red curves) and measured (blue histograms) 
steady state mab-5 distribution in mutants not listed in Figure 7A. Note for the heterozygote mutants, functional 
mig-1 and mom-5 transcripts were assumed to be 70% of their wild type levels, and functional lin-17 transcript 
was modeled to be at 80% of its wild type level. The exact amounts of these transcripts could not be measured 
due to the presence of residual transcripts from the mutant allele.
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Table S1 associated with Figure 6. Summary of modeling procedures.

 
Motivation Approach Notes 

Step 1 Infer network 
topology 

Modular Response 
Analysis (MRA) 

Perform nonparametric 
bootstrap to obtain 

confidence intervals; use 
AIC to account for model 

complexity 

Step 2 
Construct realistic 

(nonlinear) network 
model 

Incorporate Michaelis-
Menten kinetics and 
cooperativity in the 

model  

Obtain model parameters 
by fitting to average gene 

expression profiles 

Step 3 Model reduction Time scale separation  

Step 4 Extend to stochastic 
model 

Rewrite model in 
master equation form 

and apply second-
order approximation 

To probe the dependence 
of variability on network 

parameters, we varied 
feedback strength by 

changing the half 
maximum value (𝐾𝐾!) of the 
corresponding Hill function 

Step 5 Test predictive power 
of stochastic model 

Fit stochastic model 
to wild type mab-5 
distribution; then 
modify network 

topology to predict 
distributions in 

mutants 

An additional parameter 
describing the magnitude 

of extrinsic fluctuations was 
included to allow fitting to 
the wild type distribution; 

all other parameters remain 
the same as obtained from 

Step 2 
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Table S2 associated with Figure 6. Model parameters obtained through fitting to average 
gene expression profiles. Note that parameters V1 through n4 were fit using steady state gene 
expression data using the NonLinearModel.fit routine in MATLAB. The degradation rates were fit 
using time series gene expression data using the lsqnonlin function in MATLAB.

Table S2 associated with Figure 6. Model parameters obtained through fitting to average gene expression 

profiles. Note that parameters V1 through n4 were fit using steady state gene expression data using the 

NonLinearModel.fit routine in MATLAB. The degradation rates were fit using time series gene expression data using 

the lsqnonlin function in MATLAB. 

Parameter Estimated 
value 

Standard 
Error p-Value RMSE 

𝑉𝑉! 11.1 0.9 6.40 ∗ 10
!!" 

2.8 
𝐾𝐾! 0.2 0.2 0.043 

𝛽𝛽! 9.8 0.4 2.58 ∗ 10
!!" 

𝑛𝑛! 1.0 − − 

𝑉𝑉! 34.0 1.4 1.30 ∗ 10
!!" 

1.6 
𝑐𝑐 7.9 1.9 6.00 ∗ 10

!!" 

𝐾𝐾! 58.4 12.0 2.50 ∗ 10
!!" 

𝑛𝑛! 3.0 − − 

𝑉𝑉! 6.1 0.3 9.80 ∗ 10
!!" 

1.1 𝐾𝐾! 42.8 7.9 1.80 ∗ 10
!!" 

𝑛𝑛! 1.0 − − 

𝑉𝑉!  3.6 0.2 5.62 ∗ 10
!!" 

17.7 

𝑠𝑠! 0.4 0.1 8.90 ∗ 10
!!" 

𝑠𝑠! 0.27 0.1 0.015 

𝑠𝑠! 0.0014 0.0003 2.60 ∗ 10
!!" 

𝑠𝑠! 0.13 0.02 3.80 ∗ 10
!!" 

𝐾𝐾!  62.1 8.9 8.80 ∗ 10
!!" 

𝑛𝑛! 6.0 − − 

𝛾𝛾! 0.4 − − 

7.5 

𝛾𝛾! 1.1 − − 

𝛾𝛾! 10.0 − − 

𝛾𝛾!  0.06 − − 

𝛾𝛾!  5.7 − − 
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Table S3 associated with Experimental Procedures. smFISH probe sequences used in this 
study can be found as electronic attachment. smFISH probes for mab-5, mCherry and all four 
Frizzled are designed against the cDNA sequences only.  Probes for egl-17 were designed against 
both the cDNA and the 5’ UTR and the 3’ UTR to obtain a sufficiently large probe set

Table S4 associated with Experimental Procedures. qPCR primers used in ChIP-qPCR

Forward primer Reverse primer

mab-5

GTCCCATCCTCTCTCCGTGTG TGGCGGTAAAAAGGCAAAGGATGC

CCCAGTCTTTTCATGCTCCTCCC GCGGCCGACTGGTCG

CGCAAGAGGGGAGGTCCTAG TTCCGTCCTTTTCCCGCCG

GCTTTCTCGATCATTACGCCATCGTTG CCTATCCC CCCCTG ACG C

ACCTCGTTTCCGGTCGCTTTTCATTG CAAAGACCCGTCGAAAGGGCG

mig-1

CCCGCCTTGCACACACAC GGCGGGGGACGATGG

CGCCAGCCATCTCCCAAC CACACCAGTGGCAGCACC

GAGCACCACAAAACGCCCC GCCACCACCACACCACC

CGACCGCCTCAACGGAAAATGC GGGTGGCGGATTCACGGTC

lin-17

GACACCACCAGCAGCAGC CCCGGGTGGAGCAGAGTAC

ACCTCAACCTCCTCCGTCTCC GGAGGAGGAGGGTGGGC

ACACGGTAAGCCCCCTTCACC ACCAGCGTCAGTCGGTTCCC

GCCATCAACACGTCCATTGCTCG TGGGATGAAATGGGCGCGG

mom-5 
CGT GAATGCAAGAAAACGAAGCACC GCCATTTGCCGCAATATCCAGG

CCTGGTTCCTGGCGGC CCCAGCACATTGCGTGGAAG

Supplemental Methods

C. elegans strains
The Bristol N2 strain was used as wild type. Mutant alleles and transgenes used in the study are: 
Linkage Group I (LGI): mig-1(e1787), lin-17(n671), smg-1(e1228), mom-5(gk812), mom-5(or57), mom-
5(ne12); LGII: huSi15 [Pmab-5::mCherry; unc-119(+)], huSi16 [Pmab-5::mCherry; unc-119(+)], huSi17 
[Pmom-5 Δ mab-5::mCherry; unc-119(+)], huSi18 [Plin-17::mCherry; unc-119(+)], huSi19 [Pmom-
5::mCherry; unc-119(+)], huSi20 [Pmab-5 Δ TCF::mCherry; unc-119(+)], huSi22 [Pmab-5 Δ TCF::mCherry; 
unc-119(+)], huSi23 [Plin-17 Δ mab-5::mCherry; unc-119(+)] LGIII: mab-5(e1239), vps-29(tm1320); 
unc-119(ed9); LGIV: egl-20(n585); LGV: heIs63[Pwrt-2::gfp-ph; Pwrt-2::h2b-gfp; Plin-48::tomato] 
(Wildwater et al., 2011), muIs53[hs::egl-20; unc-22(dn)] (Whangbo and Kenyon, 1999);  LG unknown: 
syIs187[POPTOP] (Green et al., 2008).
 Extrachromosomal arrays: huEx278 [Pegl-17::DN-pop-1; Pmyo-2::mTomato]; huEx579 
[Pmab-5::mab-5g::mCherry;Pmyo-2::h2b-gfp]; huEx580 [Pmab-5ΔMAB-5::mab-5g::mCherry;Pmyo-2:: 
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h2b-gfp]; huEx581[Pmab-5::mab-5g ΔMAB-5x2::mCherry;Pmyo-2:: h2b-gfp]; huEx583[Pmab-5::mab-5g 
ΔMAB-5x3::mCherry;Pmyo-2:: h2b-gfp]. 
 Notes on the smg-1(e1228); mab-5(e1239) strain: The smg-1 (e1228) background was used 
to allow visualization of mab-5 transcripts in the mab-5(e1239) mutants. Normally, transcripts from 
nonsense mutant alleles (as in the case of mab-5(e1239)) are subject to nonsense-mediated RNA 
decay (Pulak and Anderson, 1993), which abolishes the majority of the mutant transcripts. We 
circumvented this problem using the smg-1(e1228) mutation which compromises the nonsense 
mediated decay pathway (Denning et al., 2001; Grimson et al., 2004).

Cloning

Gateway cloning
First, mab-5, lin-17 and mom-5 promoter regions were PCR amplified from N2 genomic DNA. Using 
these PCR products entry clones were made using the pDONRP4-P1R vector.
 Pmab-5: 10 kb of sequence upstream of the mab-5 ATG was used. 
To mutate the putative POP-1 binding motif , site directed mutagenesis was 
performed using a 5’-ctggtagtaaatgtatcaGcGGGGgccGccttttacagccataacacac-3’ and 
5’-gtgtgttatggctgtaaaaggCggcCCCCgCtgatacatttactaccag-3’ primer pair.  
 Plin-17: a genomic region spanning 5.5 kb upstream of the lin-17 ATG to 2269 bp into the lin-
17 gene (including exon 1, exon 2, intron 1 and a large part of intron 2) was used. To obtain the mutant 
construct, two putative MAB-5 binding motifs in the upstream regulatory region were mutated 
by site directed mutagenesis using 5’-gtctccatctctccctctgtcTCGGTATATATcattcgccacgatttatagc-3’ 
/ 5’-gctataaatcgtggcgaatgATATATACCGAgacagagggagagatggagac-3’ 
and 5’-ctctatgtcataaatctcttaaattTCGTGATTTGTcctcctcctccgacatcatcg-3’ / 
5’-cgatgatgtcggaggaggaggACAAATCACGAaatttaagagatttatgacatagag-3’ primers pairs.  
 Pmom-5: 3.7 kb of sequence upstream of the mom-5 ATG was used. To 
mutate putative MAB-5 binding motifs, site directed mutagenesis was performed 
using a 5’-gttcttcttcttcttcgttgttTAGCTTTATTTcctattttccctcttctttttc-3’ and 
5’-gaaaaagaagagggaaaataggAAATAAAGCTAaacaacgaagaagaagaagaac-3’ primer pair. 
 The mCherry coding sequence and the unc-54 3’ UTR were cloned into pDONR221 and 
pDONRP2R-P3 respectively. Transcriptional fusion constructs were made by Gateway recombining 
the promoter element, mCherry and the unc-54 3’ UTR entry clones into the pCFJ150 destination 
vector, which is compatible with Mos1 mediated transgenesis (see Section III.3 below).
 To obtain Pegl-17::DN-pop-1 first DN-pop-1 was PCR amplified from the Phs::DN-pop-1 
construct made previously (Korswagen et al., 2000) and recombined into pDONR221 using Gateway 
technology. Then Pegl-17::DN-pop-1 was made by gateway recombining entry clones containing 
Pegl-17 (Middelkoop et al., 2012), DN-pop-1 and the unc-54 3’UTR into the pCFJ150 destination 
vector. 

Yeast-mediated homologous recombination (for deletion of putative MAB-5 binding regions)
mab-5 promoter and intronic sequences, lin-17 and mom-5 promoter sequences and mCherry coding 
sequence were PCR-amplified into less than 4 kb long fragments, each with >10 bp homologous 
overhangs on both ends. Each set of PCR amplicons were then recombined with pNP30 (kind gift of 
Nick Paquin), a MosSCI compatible vector carrying the yeast URA3 gene, using the protocol outlined 
in (Andersen, 2011).    
 Pmab-5: a genomic region spanning 6.3 kb upstream of the mab-5 ATG to 32 bp into 
the 4th exon of the mab-5 gene was PCR-amplified in three consecutive fragments. For the mutant 
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construct, the following regulatory sequences were excluded:
Promoter mutation (Pmab-5ΔMAB-5::mab-5g::mCherry):
Deletion 1: 5’- CTTTCGTCTTGTCCACTATA - (70 bps) - GATGTTATGCCGACTCTCGC - 3’
Deletion 2: 5’- TTTTCATGCTCCTCCCAATT - (378 bps) - TCATGATTATCAAATAATGA - 3’ 
Intron 3 mutation (2 sites) (Pmab-5::mab-5g ΔMAB-5x2::mCherry): 
Deletion 1:  5’- GAAAACCCACGAATTCGAGC - (504 bps) - CAAAGTCAAAAAATATACAT - 3’
Deletion 2: 5’- TGTTAATTTATTAATTGTTT - (256 bps) - TAACCATGTAATCTTGAGAC - 3’
Intron 3 mutation (3 sites) (Pmab-5::mab-5g ΔMAB-5x3::mCherry):
Deletions 1 & 2: same as Intron 3 mutation (2 sites);
Deletion 3: 5’- ATTTCCATTTTCACTATTTG - (254 bps) - GATCCTTTTTCTCTAAATCG - 3’
 The mCherry coding sequence along with the let-585 3’ UTR were amplified together from 
the POPTOP vector (Green et al., 2008).
 
Generation of single copy transgenes
Transgenes were integrated into the genome as single copies using Mos1 mediated transgenesis 
as previously described (Frøkjaer-Jensen et al., 2008). We used the ttTi5605 MosSCI insertion site. 
Injection mixes contained pCFJ90 (Pmyo-2::mCherry, 2.5 ng/μl), pJORG1912 (Prab-3::mCherry, 10 
ng/μl), pCFJ104 (Pmyo-3::mCherry, 5 ng/μl), pJL43.1 (Pglh-2::Mos1 transposase, 50 ng/μl) and the 
respective expression construct (50 ng/μl).
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Determination of steady state gene expression window 

To quantify the mean and variability of mab-5 expression at steady state (Figure 1 and 3), a sliding window of size 4 

was moved along the axis of total migratory distance (MD) and the mean and Fano factor for mab-5 transcripts 

counts within the window were calculated. A steady state was defined when both the mean and the Fano factor 

varied by less than 10% or within ±1 of their final value (corresponding to MD=10-14).  

 

Measurement of mab-5 mRNA half-life and synthesis rates  

Synchronized animals aged between 2.5-3 hours post hatching were continuously incubated in 100 μg/ml 

Actinomycin D (Sigma) for desired amount of times (Kauffman et al., 2010; Klass et al., 1982). Animals were 

immediately fixed in 4% paraformaldehyde at the end of the incubation. Measured mab-5 mRNA levels (𝑦𝑦(𝑡𝑡)) were 

used to derive mRNA half-life and synthesis rates by fitting to the following model: 

𝑙𝑙𝑙𝑙𝑙𝑙 𝑦𝑦(𝑡𝑡) = −𝛾𝛾 ∗ 𝑡𝑡 + 𝑐𝑐 

where 𝛾𝛾 is the mRNA degradation rate and 𝑐𝑐 accounts for initial transcript dynamics before complete transcription 

inhibition is established. mRNA synthesis rate (𝛽𝛽) is calculated as: 

𝛽𝛽 = 𝐴𝐴 ∗ 𝛾𝛾 

where 𝐴𝐴 is the steady state mab-5 level in a given strain.  

 

Implementation of the MRA algorithm 

Following procedures outlined in Kholodenko et al. 2002, the raw transcript count for a given gene in a given strain 

is transformed into the central fraction difference (CFD) value using the following formula:  

∆𝑙𝑙𝑙𝑙 𝑥𝑥! = 2 ∗
𝑥𝑥�

!
− 𝑥𝑥!

!

𝑥𝑥!
! + 𝑥𝑥!

!
 

where 𝑥𝑥! !  denotes the transcript count of gene j in the wild type, and 𝑥𝑥! !  the transcript count in the strain of 

interest (e.g. all wild type measurements would yield a CFD value of 0). Based on the transformed CFD value, a 5x5 

matrix was assembled by bootstrap sampling for each gene in each mutant background. This “gene expression 

matrix” was then substituted into the following inference algorithm (van Kampen, 2007): 
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𝒓𝒓 = − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑹𝑹
!! !!

∗ 𝑹𝑹
!! 

where r stands for the connectivity matrix, R represents the gene expression matrix, and “diag” denotes the matrix 

diagonal. Bootstrapping followed by the inference routine was repeated 10,000 times and the resulting 

connectivity matrices were pooled to obtain the probability distribution and FDR adjusted p-value for each 

connectivity strength.   

In implementing the above algorithm, we have assumed that the real network can be largely approximated by 

a linear model (i.e. the functions describing individual network interactions are operating within a quasi-linear 

regime). Another implicit assumption is that all errors in the measured mean expression levels are normally 

distributed. Under this assumption, the inferred network is essentially the maximum likelihood estimation of the 

real network.  

 

Computational validation of the inferred topology 

To control for network complexity, we compared the Akaike Information Criterion (AIC) value (Akaike, 1974) of the 

wild-type network to a series of 9 alternative networks using the following equation (Burnham and Anderson, 2002): 

AIC  =  𝑛𝑛 ln(RSS/𝑛𝑛)  +  2𝑘𝑘  +  𝐶𝐶 

Where RSS is the residual sum of squares from model fitting, n denotes the size of the data set used for model 

fitting, k denotes the number of model parameters, and C is a constant independent of the model (which we set to 

zero for simplicity). Given a set of candidate models for the data, the preferred model is the one with the minimum 

AIC value. The alternative networks were constructed by eliminating one at a time of the inferred network 

interactions. Specifically, this was done by forcing the corresponding model parameter to be zero and proceed with 

least-squares parameter fitting. The AIC value allows for a fair comparison between models with different number 

of parameters (model complexity).  As shown in Figure S4C, the inferred model yielded a much lower AIC value 

than all the alternative models tested, which validates the inferred model as the most likely model given the gene 

expression data set. 

We next tested the sensitivity of inferred topology to the definition window of steady state gene expression. Briefly, 

a sliding window that spans MD=X-1 to MD=X+3, where X varied from 1 to 12, were used to selected data points for 

network inference. Following the same data transformation as outlined in Methods, the MRA algorithm was applied 

and the resulting average interaction strengths were reported in Figure S4D.  The inferred values 
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varied greatly for X=1 to 6, but stabilized for X>6. The initial fluctuation in interaction strengths reflected the initial 

variation in transcript abundance, and the stabilization of inferred interaction strengths validate the use of MD>8 as 

a window for steady state gene expression.   

 

Modeling 

Model construction 

Based on the inferred network topology (Figure 5C), we constructed the following ordinary differential equation 

(ODE) model. As listed below, the variables R1-3, W and T denote the per-cell abundance of each of the five network 

components. 

R1: mig-1              𝑅𝑅1 = 𝛾𝛾1 ∗ 𝑉𝑉1 ∗
!!

!!

!!!!!!!!
+ 𝛽𝛽1 − 𝑅𝑅1                                               (1) 

R2: lin-17                         𝑅𝑅2 = 𝛾𝛾2 ∗ 𝑉𝑉2 ∗
!∗!

!!
!!

!!

!!!!!!∗!!!!!!!
− 𝑅𝑅2                                         (2) 

R3: mom-5                    𝑅𝑅3 = 𝛾𝛾3 ∗ 𝑉𝑉3 ∗
!!

!!

!!!!!!!!
− 𝑅𝑅3                                                     (3) 

W: Intracellular Wnt signal      𝑊𝑊 = 𝛾𝛾𝛾𝛾 ∗ 𝑉𝑉𝑉𝑉 ∗ 𝐿𝐿 ∗
𝑅𝑅1 + 𝑠𝑠1 ∗ 𝑅𝑅2 + 𝑠𝑠2 ∗ 𝑅𝑅3

+𝑠𝑠3 ∗ 𝑅𝑅1 ∗ 𝑅𝑅2 + 𝑠𝑠4 ∗ 𝑅𝑅1 ∗ 𝑅𝑅3
∗

!"
!!

!"!!!!!!
−𝑊𝑊           (4) 

T: mab-5            𝑇𝑇 = 𝛾𝛾𝛾𝛾 ∗ 𝑊𝑊 − 𝑇𝑇                                                                                                       (5) 

Note 1: L denotes the amount of EGL-20 ligand available. Since egl-20 was expressed at similar levels across 

strains (data not shown), we assumed the local EGL-20 level to be unaltered in all strains except for mutants directly 

affecting the function or the secretion of EGL-20 (i.e. egl-20 (n585) and vps-29 (tm1320)). The value of L denotes the 

local concentration of L relative to the wild type. To minimize the number of free parameters, we assumed L to stay 

constant in all genetic backgrounds and assigned L with an arbitrary value of 1. Potential interactions between the 

Frizzleds and the Wnt ligand, while not explored in the current study, can be incorporated into the model by 

modeling L as a function of the R1~3 (i.e. L=L(Ri)). 

Note 2: To model the non-additive relation between Frizzled single mutants and compound mutants (e.g. the 

reduction in mab-5 in the lin-17 mom-5 double mutant is much greater than the summed loss in the two single 

mutants (Figure 3A)), it was necessary to include the interaction terms (i.e. 𝑠𝑠 ∗ 𝑅𝑅𝑅𝑅 ∗ 𝑅𝑅𝑅𝑅) in (4). This way the near 

complete loss of mab-5 expression in Frizzled compound mutants can be recapitulated by the model. 
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Note 3: In this model, we have let all regulatory interactions to act by modulating the transcript synthesis (as 

opposed to degradation) rates of the target genes. This decision was based on that the measured mab-5 half-life 

remains relatively constant between wild type and multiple mutants, whereas the transcript synthesis rates vary 

greatly across the strains (Figure S3G). 

Parameter estimation 

We next fitted the above model to the gene expression profile of wild-type and mutant strains. To constrain the 

number of parameters and facilitate fitting, we manually tested Hill coefficient values of 1, 3, 6 and 9. We only 

accepted higher Hill coefficients when the increase in Hill coefficient led to considerable decrease in the mean 

squared error (MSE) without a compromise in the p-values. We used similar criteria to determine whether to include 

the basal transcription rates (𝛽𝛽𝛽𝛽) in a given equation. In general, keeping the minimal number of parameters yielded 

close approximation of the experimental data. The parameter estimates were obtained from the least squares 

fitting routines in MATLAB (MathWorks, Natick, MA) and listed in Table S2. 

Model reduction 

With the fit parameters, the model exhibits temporal dynamics that approximates the wild-type expression profile 

(Fig S5A). Next, by observing that γw is much smaller than the other time scales (γ1-3, and γt), we reduce the model 

down to a deterministically equivalent 1D model by setting equations (1)-(3) and (5) to zero and substituting the 

resulting equalities into equation (4):   

𝑊𝑊 = 𝛾𝛾𝛾𝛾 ∗ 𝑉𝑉𝑉𝑉 ∗ 𝐿𝐿 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗
!"

!!

!"!!!!!!
−𝑊𝑊                                                (6)                         

 

where 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅1 + 𝑠𝑠1 ∗ 𝑅𝑅2 + 𝑠𝑠2 ∗ 𝑅𝑅3 + 𝑠𝑠3 ∗ 𝑅𝑅1 ∗ 𝑅𝑅2 + 𝑠𝑠4 ∗ 𝑅𝑅1 ∗ 𝑅𝑅3 with R1-3 defined as in (1)-(3).   

                    

Analytical calculation of the Fano factor 

To obtain the theoretical Fano factor values, we first rewrite the 1D model in the following format:  

 

𝑥𝑥 = 𝑓𝑓 𝑥𝑥 − 𝑔𝑔(𝑥𝑥)                                                                      (7) 

where 𝑓𝑓 𝑥𝑥 =  𝛾𝛾𝛾𝛾 ∗ 𝑉𝑉𝑉𝑉 ∗ 𝐿𝐿 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗
!"

!!

!"!!!!!!
,  𝑔𝑔 𝑥𝑥 = 𝛾𝛾𝛾𝛾 ∗𝑊𝑊, and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 defined the same as in (6).  
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To model the effect of stochastic fluctuations, we construct the following Langevin model: 

𝑥𝑥 = 𝑓𝑓 𝑥𝑥 − 𝑔𝑔 𝑥𝑥 + 𝑓𝑓 + 𝑔𝑔 + 𝐷𝐷 ∗ �     (8) 

where the magnitude of the intrinsic and extrinsic fluctuations are defined by their autocorrelation functions: 

Intrinsic fluctuation 𝜖𝜖𝜖𝜖:    < 𝜖𝜖𝜖𝜖 𝑡𝑡 𝜖𝜖𝜖𝜖 𝑡𝑡
!
>= 2 ∗ 𝑓𝑓 + 𝑔𝑔 ∗ 𝛿𝛿(𝑡𝑡 − 𝑡𝑡′) 

Extrinsic fluctuation 𝜖𝜖𝜖𝜖:   < 𝜖𝜖𝜖𝜖 𝑡𝑡 𝜖𝜖𝜖𝜖 𝑡𝑡
!
>= 2 ∗ 𝐷𝐷 ∗ 𝛿𝛿(𝑡𝑡 − 𝑡𝑡′) 

Here we assume the intrinsic and the extrinsic fluctuations are uncorrelated. The stationary probability 

distribution of x can then be analytically calculated using the Fokker-Planck formalism. The drift (𝐴𝐴 𝑥𝑥 ) and 

diffusion ( 𝐵𝐵 𝑥𝑥 ) terms in a corresponding Fokker-Planck model can thus be represented as (van Kampen, 2007):  

𝐴𝐴 𝑥𝑥 = 𝑓𝑓 − 𝑔𝑔 and 𝐵𝐵 𝑥𝑥 = 𝑓𝑓 + 𝑔𝑔 + 𝐷𝐷 

The value of D was set to 0 for the computational analysis on the effect of network topology on output 

variability (Figure 6 and S5) and determined by fitting to the wild-type mab-5 distribution to allow the prediction of 

mab-5 variability in the Wnt signaling mutants (Figure 7 and S6). 

It follows that the probability density of the stochastic model is: 

𝑝𝑝 𝑥𝑥 =
!"#$%

! !
∗ exp [2 ∗

! !
!

! !!

!

!
𝑑𝑑𝑥𝑥

!]     (9) 

The mean and variance then follow from the probability density, with the ratio of the two leading to the 

expression of the Fano factor 𝜈𝜈:  

𝑣𝑣 =

𝑥𝑥
!
∗ 𝑝𝑝 𝑥𝑥

!!

!
𝑑𝑑𝑑𝑑 − [𝑥𝑥 ∗ 𝑝𝑝(𝑥𝑥)]

!!

!
𝑑𝑑𝑑𝑑

!

[𝑥𝑥 ∗ 𝑝𝑝(𝑥𝑥)]
!!

!
𝑑𝑑𝑑𝑑

 

     Note that by reducing the model to a 1D system, we are implicitly assuming that the molecules that mediate the 

feedback (e.g. the protein products of mab-5 and the Frizzleds) are produced instantaneously. In this reduced, 

idealistic system, it is in principle possible for the Fano factor to reach very low levels (i.e. 𝜐𝜐 ≪ 1). In a more realistic 

multidimensional model, however, there would be fundamental limits on the noise-suppression ability of the 

feedback network (Lestas et al., 2010).  
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Predicting mab-5 variability in the mutants 

Following the derivation of the probability density function, the distribution of mab-5 expression can be directly 

calculated for different network topologies. As the exact level of the extrinsic fluctuations (D) is unknown, we first fit 

the wild-type mab-5 distribution, D was varied incrementally from 0 up and a value of 450 was found to well 

approximate the wild-type distribution. The same value of D was then kept fixed while the topology of the model 

network was varied to mimic the altered network topology in the mutants. The probability density function was 

then derived and the Fano factor value calculated for each “mutant” network.  
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Abstract

Wnt proteins are secreted signaling molecules that play a central role in development and adult 
tissue homeostasis. Although several Wnt signal transduction mechanisms have been described 
in detail, it is still largely unknown how cells are specified to adopt such different Wnt signaling 
responses. Here, we have used the stereotypic migration of the C. elegans Q neuroblasts as a model 
to study how two initially equivalent cells are instructed to activate either β-catenin dependent 
or independent Wnt signaling pathways to control the migration of their descendants along the 
anteroposterior axis. We find that the specification of this difference in Wnt signaling response is 
dependent on the thrombospondin repeat containing protein MIG-21, which acts together with 
the netrin receptor UNC-40/DCC to control an initial left/right asymmetric polarization of the Q 
neuroblasts. Furthermore, we show that the direction of this polarization determines the threshold 
for Wnt/β-catenin signaling, with posterior polarization sensitizing for activation of this pathway. We 
conclude that MIG-21 and UNC-40 control the asymmetry in Wnt signaling response by restricting 
posterior polarization to one of the two Q neuroblasts.
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Introduction

Wnt proteins are members of an evolutionarily conserved family of signaling molecules that play a 
central role in the development of multicellular organisms, controlling processes as diverse as cell 
fate specification, polarization and migration (Cadigan and Nusse, 1997). Wnt proteins mediate these 
different functions by triggering distinct signaling pathways, such as the canonical Wnt/β-catenin 
pathway, which controls the expression of specific sets of target genes and β-catenin independent 
pathways (collectively referred to as non-canonical Wnt signaling pathways), which mediate the 
function of Wnt in cell polarization and migration (Clevers, 2006; Schlessinger et al., 2009). Although 
some of these signaling pathways have been described in detail, much less is known about how 
cells are specified to respond to Wnt through such different signaling mechanisms.

Here we use the migration of the C. elegans Q neuroblasts as a model to study how differences 
in the response to Wnt are specified in vivo. At the end of embryogenesis, two Q neuroblasts are 
generated at equivalent left/right positions within the two lateral rows of hypodermal seam cells (Fig. 
1A, B) (Sulston and Horvitz, 1977). During the first hours of larval development, the Q neuroblasts 
polarize and migrate in opposite directions - the left Q neuroblast (QL) migrates posteriorly, whereas 
the right Q neuroblast (QR) migrates anteriorly. While migrating along the anteroposterior axis, both 
Q neuroblasts undergo an identical pattern of cell divisions, each generating 3 descendants (Q.d) 
that move towards well-defined final positions and differentiate into neurons (Fig. 1A, B). 

Several studies have shown that the left/right asymmetry in Q.d migration is controlled by 
Wnt signaling (Korswagen et al., 2000; Maloof et al., 1999; Whangbo and Kenyon, 1999; Zinovyeva et 
al., 2008). Just prior to the first division of the Q neuroblasts, the posteriorly expressed Wnt protein 
EGL-20 activates a canonical Wnt/β-catenin signaling pathway in QL. This results in the expression 
of the Antennapedia-like Hox gene mab-5, which is necessary and sufficient for the subsequent 
posterior migration of the QL.d (Fig. 1A) (Harris et al., 1996; Salser and Kenyon, 1992). EGL-20 does 
not activate mab-5 expression in QR and as a consequence, the QR.d migrate in the default anterior 
direction (Fig. 1B). This anterior migration is also EGL-20 dependent, but here EGL-20 acts together 
with other Wnt proteins through a β-catenin independent signaling pathway to guide the QR.d to 
their precisely defined final positions (Zinovyeva et al., 2008). The left/right asymmetric response 
to EGL-20 is intrinsic to the Q neuroblasts and depends on a difference in activation threshold for 
the EGL-20 dependent expression of mab-5 (Whangbo and Kenyon, 1999). Thus, in dose response 
experiments using inducible EGL-20 expression in an egl-20 mutant background, both QL and QR 
activate canonical Wnt/β-catenin signaling and mab-5 expression at high EGL-20 levels, whereas 
only QL activates the pathway at a lower EGL-20 dose (Whangbo and Kenyon, 1999). 

Unlike the migration of the Q descendants, the initial polarization and short-range 
migration that precedes the first Q neuroblast division is independent of Wnt signaling (Chapman et 
al., 2008; Harris et al., 1996). To date, several mutations have been identified that show defects in this 
initial left/right asymmetry, including dpy-19, unc-40/DCC and mig-15/NIK kinase (Chapman et al., 
2008; Honigberg and Kenyon, 2000). Upon loss of these genes, the direction of initial Q neuroblast 
polarization and migration becomes random on both the left and right side. Similarly, both the QL.d 
and QR.d migrate either anteriorly or posteriorly, suggesting that they randomly activate canonical 
Wnt/β-catenin signaling. In support of this hypothesis is the finding that mab-5 expression in the 
Q neuroblasts is randomized in dpy-19 and unc-40 mutants (Honigberg and Kenyon, 2000) and 
that mutation of mab-5 prevents posterior migration of the Q cell descendants in these mutants 
(Chapman et al., 2008; Honigberg and Kenyon, 2000). Based on these results, a model has been 
proposed in which posterior polarization of the Q neuroblasts during the initial asymmetric 
polarization and migration stage sensitizes the Q neuroblasts for EGL-20 induced canonical Wnt/
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β-catenin signaling (Chapman et al., 2008; Honigberg and Kenyon, 2000). Experimental evidence 
confirming this model is however still lacking.

Here, we show that the previously identified locus mig-21, which is required for the initial 
polarization and migration of the Q neuroblasts (Du and Chalfie, 2001), encodes a thrombospondin 
repeat containing transmembrane protein. mig-21 acts cell autonomously within the Q neuroblasts 
and genetically interacts with the netrin receptor unc-40/DCC to control the initial polarization of 
the Q neuroblasts. By performing EGL-20 dose response experiments, we demonstrate that mig-21 
is required for the difference in EGL-20 response threshold of QL and QR. Importantly, we show 
by single molecule mRNA fluorescence in situ hybridization (smFISH) that at the end of the initial 
polarization and migration process, the position of the Q neuroblasts along the anteroposterior 
axis correlates with the expression level of mab-5. Thus, in mig-21 mutants, in which the positioning 
of the QL and QR cells is random, the most posteriorly localized cells express the highest levels 
of mab-5. Furthermore, mab-5 expression is lost in mig-21; unc-40 double mutants, in which 
the Q neuroblasts fail to polarize and migrate towards the posterior. Taken together, our results 
demonstrate that polarization and migration towards the posterior lowers the threshold for EGL-
20 dependent Wnt/β-catenin signaling and mab-5 expression. We conclude that mig-21, together 
with unc-40, controls the left/right asymmetry in the response to EGL-20 by restricting posterior 
polarization to QL and anterior polarization to QR.

Results

mig-21 is required for the left/right asymmetry in Q descendant migration
To gain further insight into the mechanism controlling the left/right asymmetry in Q neuroblast 
migration, we characterized two alleles, hu148 and mu238, that were isolated in genetic screens for 
mutations that disrupt the stereotypic migration of the Q cell descendants. In hu148 and mu238, the 
QL descendants QL.paa and QL.pap (here referred to as QL.d) localize either at their normal position 
in the posterior or at a position in the anterior that corresponds to the final position of the QR.d 
in wild type animals (Fig. 1C). Also in case of the QR.d, the cells sometimes localize at a position in 
the posterior normally taken by the QL.d, indicating that the left/right asymmetry in Q descendant 
migration is partially disrupted in hu148 and mu238. Complementation tests showed that hu148 
and mu238 are allelic to the previously identified locus mig-21 (as defined by the allele u787) (Du and 
Chalfie, 2001). As u787 showed the most penetrant defect in Q descendant positioning (Fig. 1C), we 
focused on this allele for further analysis.

mig-21 controls the initial polarization and migration of the Q neuroblasts
It has previously been observed that in addition to the defect in Q descendent migration, mig-
21 mutants also show mispositioning of the QL and QR neuroblasts during the initial short range 
migration that precedes the Wnt dependent migration of their descendants (Du and Chalfie, 2001).
To extend these observations, we imaged Q neuroblast polarization and migration at high resolution 
using a marker that outlines the cell periphery (GFP-PH, a Pleckstrin homology domain containing 
GFP which is targeted to the plasma membrane) and a marker that labels the nucleus (H2B-GFP). 
Importantly, neither of these markers influences the normal polarization and migration of the Q 
neuroblasts and their descendants (Fig. S1). During the first 4-5 hours after hatching, QR migrates 
towards the anterior and divides once it reaches a position above the seam cell V4. In the same 
time frame, QL migrates towards the posterior and divides at a position above V5 (Fig. 1D) (Sulston 
and Horvitz, 1977). We found that in mig-21 mutants the initial migration was often shorter than 



77

CH
A

PTER 3

0

20

40

60

80

100

wild type

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

mig-21(hu148)

V1 V2 V3 V4 V5 V6

QL.pax migration (%)
V1 V2 V3 V4 V5 V6

QR.pax migration (%)

0

20

40

60

80

100

0

20

40

60

80

100

mig-21(u787)

0

20

40

60

80

100

0

20

40

60

80

100

mig-21(mu238)
w

ild
 ty

pe
m

ig
-2

1(
u7

87
)

QL

QR

V4 V5

V4 V5

QL

V4 V5

QR

V4 V5

V6

V6

V6

V6

0
5

10
15
20
25
30
35

0
5

10
15
20
25
30
35

%

%

5%

90%

2%
3%

0180
0%

0%

0%
0% 0%

30%

67%
3%

0180

0% 0% 0%
0%

0%

0%

0180
0%

15%

12%
20%

6%

7%

13%
12% 15%

0180
0%

7%

14%

1%

26%

25%
10% 10%

7%

w
ild

 ty
pe

m
ig

-2
1(

u7
87

)

QL QR

V1 V2 V3 V4 V5 V6QL
QL

V4A PV5

V4A PV5

E

A

B

C

Dmab-5 “ON”

V1 V2 V3 V4 V5 V6QR
QR

mab-5 “OFF”

QL.paa

QL.pap QL.ap

QR.paa

QR.papQR.ap

QL
QR

QL
QR

%

%

%

%

%

%

%

%

A P A P

A P A P

QL

QL

QR

QR

QL

Q
L.ap 

(PQ
R

) Q
L.pap 

(SD
Q

L)

Q
L.paa 

(PVM
)

QR

Q
R

.ap 
(AQ

R
) Q

R
.pap 

(SD
Q

R
)

Q
R

.paa 
(AVM

)

Figure 1. mig-21 controls Q cell migration. (A-B) Schematic overview of initial Q neuroblast migration (top 
panels) and Q descendant (Q.d) migration (lower panels) of the QL (A) and QR (B) lineage in wild type L1 larvae. 
On the left lateral side QL migrates over its neighboring seam cell V5 during the first 4 hours of L1 development 
(A, top), whereas QR migrates over seam cell V4 (B, top). At the end of the initial migration stage, QL expresses 
the Wnt target gene mab-5. After the initial migration, the Q neuroblasts undergo an identical pattern of cell 
division, each generating 3 descendants that migrate long distances along the anteroposterior axis. QL.d cells 
express mab-5 and migrate posteriorly (A, bottom) while QR.d cells do not express mab-5 and migrate anteriorly 
(B, bottom). At the end of L1, Q.d cells are localized at well-defined final positions along the anteroposterior axis. 
Lineage diagrams of QL (A) and QR (B) are shown on the right. Crosses indicate apoptotic cells. (C) Quantification 
of the final position of QR.pax and QL.pax as scored with respect to the stationary seam cells V1-V6 in wild type 
and in 3 different alleles of mig-21 (n>80 for each genotype). In mig-21(u787) no significant difference between 
the final position of QL.pax and QR.pax was found (p>0.3, Fisher’s exact test). Dashed lines indicate wild type Q.d 
positions. (D) Quantification of the position of the Q neuroblast nuclei with respect to seam cell V4 and V5 after 
initial migration (n>70). For this assay animals carrying Pwrt-2::gfp-ph; Pwrt-2::h2b-gfp (heIs63) were analyzed. 
Images on the left are representative epifluorescent micrographs showing GFP-PH and H2B-GFP expressed in 
seam cells and Q cells. (E) Quantification of the direction of Q cell polarization 1-2 hours after hatching in heIs63. 
The angle of the main protruding front with the anteroposterior axis (varying from 0°-180°) was measured and 
displayed in a radial diagram (n≥60 for both genotypes). Note that ventral protrusions (180°-360°) were never 
observed. Images on the left are representative epifluorescent micrographs. Illustrations show the vectors 
drawn and dashed lines indicate the angle depicted in the radial diagrams. Scale bars represent 5 μm for all 
micrographs. Anterior is left, dorsal is up.
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in wild type animals, with Q neuroblasts dividing at positions in between V4 and V5. In addition, a 
subset of QL and QR neuroblasts migrated in the opposite direction (Fig. 1D), confirming the earlier 
observation that the initial left/right asymmetric positioning of the Q neuroblasts is defective in 
mig-21 mutants (Du and Chalfie, 2001).
 The initial migration of the Q neuroblasts is preceded by a left/right asymmetric polarization 
of the cells that commences shortly after hatching. During this time, QL sends out a protrusion 
towards the posterior, which extends over V5, while QR polarizes in the opposite direction, with the 
protrusion extending over V4 (Fig. 1E). Using the GFP-PH marker, we also observed smaller, spike-
like filopodia, which were mostly restricted to the leading edge of the main protrusion of QL and 
QR. We found that in mig-21 mutants these filopodia were often present at multiple sites along the 
dorsal surface of the Q neuroblasts. Furthermore, the overall polarization direction of QL and QR 
was no longer restricted towards one direction (Fig. 1E). To quantify the direction of polarization, 
a vector was drawn from the Q cell nucleus to the center of the protruding front and the angle of 
this vector with the anteroposterior axis was measured. In wild type animals, the average angle 
was 29.9 ± 7.5° (mean ± SD, n=62) for QL and 156.3 ± 7.1° for QR (n=60). In mig-21 mutants, the 
direction of polarization was highly variable, with an average angle of 86.7 ± 41.8° for QL (n=68) and 
109.2 ± 37.9° for QR (n=72), indicating that mig-21 is required for the initial left/right asymmetric 
polarization of the Q neuroblasts (Fig. 1E).
 To examine the spatiotemporal dynamics of the initial polarization and migration 
process, we performed in vivo time lapse imaging. In wild type animals, the Q neuroblasts first 
form a protrusion that extends to a position over the neighboring seam cell (Movie 1A-B). Next, 
the Q neuroblasts detach from the row of seam cells and the cell body follows the protruding front, 
ultimately positioning QR above V4 and QL above V5. Importantly, the direction of the protrusion is 
maintained over time and is always pointed towards the anterior (QR) or posterior (QL) and the small 
filopodia are only formed at the protruding front. In contrast, we found that the direction of the 
protruding front changed repeatedly in mig-21 mutants. Furthermore, dynamic ectopic filopodia 
were often formed in multiple directions along the dorsal surface of the cell (Movie 1C-D). Despite 
these differences, the Q neuroblasts detached normally from the row of seam cells and divided 
in the same time frame as observed in wild type animals. Taken together, our results suggest that 
mig-21 is not required for the formation of protrusions or for the capacity of the Q neuroblasts to 
migrate. Instead, we conclude that mig-21 restricts the direction of polarization and thereby controls 
the initial left/right asymmetric migration of the Q neuroblasts.

mig-21 functions in parallel with the netrin receptor unc-40/DCC in Q neuroblast polarization 
and migration
It has previously been shown that mutants of the netrin receptor unc-40/DCC display defects in the 
initial polarization and migration of the Q neuroblasts (Honigberg and Kenyon, 2000). Quantification 
of Q neuroblast position after initial migration in the unc-40 null allele e1430 showed a more wide-
spread distribution of QL and QR, together with a reduction in the extent of posterior and anterior 
migration (Fig. 2A). Although less pronounced, this phenotype is similar to what we observed in 
mig-21 mutants. To investigate the functional relationship between mig-21 and unc-40, we assayed 
initial Q neuroblast migration in mig-21; unc-40 double mutants. In contrast to the mig-21 and 
unc-40 single mutants, which show a distribution of QL and QR cells that extends to the anterior 
side of the seam cell V5, there was a strong reduction in posterior migration in the mig-21; unc-40 
double mutant, with most cells localizing around the posterior side of V4 (Fig. 2A). Furthermore, 
we found that the overall distribution of the QL and QR neuroblasts along the anteroposterior axis 
became similar, with a clear truncation of both the anterior and posterior sides of the spectrum. The 
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strong additive effect of the double mutant suggests that mig-21 and unc-40 act in parallel genetic 
pathways to mediate the left/right asymmetric polarization of the Q neuroblasts.

mig-21 encodes a single pass transmembrane protein with two extracellular thrombospondin 
repeats
mig-21 was cloned using standard positional mapping and transformation rescue experiments (see 
Methods) and was shown to correspond to the predicted gene F01F1.13 (Fig. S2). Consistently, RNAi 
using the F01F1.13 coding sequence phenocopied the mig-21 mutant phenotype (in 51% of the 
animals, the QL.d localized in the anterior and in 3% the QR.d localized in the posterior, n>100). 
To determine the molecular lesions of hu148, mu238 and u787, we sequenced the genomic region 
of F01F1.13 and identified mutations for all three alleles, with u787, hu148 and mu238 introducing 

stop codons at W58, W115 and W208, 
respectively (Fig. 3, S2). Amplification 
of F01F1.13 cDNA fragments (see 
Methods) revealed a splicing pattern 
that differs from the predicted gene 
model in Wormbase and results in 
additional sequence at the carboxy-
terminus of F01F1.13. From here on, we 
will refer to F01F1.13 as mig-21.

mig-21 encodes a single 
pass transmembrane protein with two 
extracellular thrombospondin type I 
(TSP-I) repeats (Fig. 3), a protein motif 
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Figure 3. Schematic view of the MIG-21 protein. mig-
21 encodes a single pass transmembrane protein with two 
extracellular thrombospondin-I (TSP-I) repeats. Molecular 
lesions of the 3 alleles described in this study are shown. u787 
and hu148 introduce early stop codons, truncating the protein 
at the first and second TSP-1 repeat, respectively. mu238 
introduces an early stop codon after the second TSP-1 repeat. 
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that is also found in UNC-5 and members of the Semaphorin family and is often associated with 
cell and axon guidance functions in neuronal development (Adams and Tucker, 2000). Apart from 
the two TSP-I repeats, sequence similarity searches did not reveal other conserved domains in MIG-
21 and no orthologs were found outside the nematode phylum. Although MIG-21 shares a TSP-I 
motif with UNC-5, a receptor that functions together with UNC-40/DCC in UNC-6/Netrin signaling 
(Wadsworth, 2002), our results indicate that mig-21 and unc-40 function in parallel genetic pathways 
in Q neuroblast polarization and migration.

mig-21 functions cell autonomously in the Q neuroblasts during initial polarization and migration
To examine the expression pattern of mig-21, we used single molecule mRNA FISH (smFISH) 
(Raj et al., 2008) to quantitatively determine mig-21 transcript localization and levels in L1 stage 
larvae. Using this technique, single transcripts are visualized as bright diffraction limited spots by 
hybridizing 48 or more short fluorescently labeled probes to the mRNA of interest. We found that 
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mig-21 is symmetrically expressed between the two Q neuroblasts. This expression is however 
transient and restricted to the time period in which the initial polarization and migration of the 
Q neuroblasts takes place. Thus, within the first two hours after hatching, when the Q neuroblasts 
have polarized but the cell body has not yet migrated, an average of 25 ± 4.6 mig-21 transcripts 
(mean ± SD, n=12) were found in QL and 26 ± 5.0 transcripts in QR (n=17) (Fig. 4A). At 2-4 hours 
after hatching, when the Q neuroblasts are migrating over their neighboring seam cells, expression 
decreased slightly, with 17 ± 5.8 mig-21 transcripts in QL (n=15) and 21 ± 6.2 transcripts in QR (n=18) 
(Fig. 4B). Four to six hours after hatching, when the Q neuroblasts have divided, mig-21 expression 
was strongly decreased, with 2 ± 2.4 transcripts in QL (n=22) and 5 ± 3.4 transcripts in QR (n=19) 
(Fig. 4C). In addition to the expression in the Q neuroblasts, mig-21 is also expressed in the four body 
wall muscle quadrants of L1 stage larvae (Fig. 4D and data not shown). In contrast to the expression 
in the Q neuroblasts, the muscle specific expression of mig-21 persists throughout development.
 The transient expression of mig-21 in the Q neuroblasts during initial polarization and 
migration suggests a cell autonomous function of mig-21 in this process. To investigate whether 
expression of mig-21 in the Q neuroblasts is sufficient for the function of mig-21 in Q cell polarization 
and migration, we expressed wild type mig-21 using the egl-17 promoter in mig-21 mutants. At the 
L1 stage of larval development, the egl-17 promoter is expressed in the Q neuroblasts and in a subset 
of cells in the head (Branda and Stern, 2000; Cordes et al., 2006). Importantly, the egl-17 promoter 
is not expressed in body wall muscle cells, as confirmed by smFISH analysis of mig-21(u787); Pegl-
17::mig-21 animals, which showed clear overexpression of mig-21 in the Q neuroblasts but not in 
body wall muscle cells (Fig. 5B). We found that Q neuroblast specific expression of mig-21 almost 
fully rescued the mig-21 mutant phenotype (Fig. 5A), consistent with a cell autonomous function 
of mig-21 in the Q neuroblasts. Furthermore, in line with the mutant phenotype, the transient 
expression of mig-21 suggests that it is specifically required during initial Q neuroblast migration.  

mig-21 controls the left/right asymmetric response to EGL-20/Wnt
Once the initial polarization and migration are complete, QL responds to the Wnt ligand EGL-20 
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by activating a canonical Wnt/β-catenin pathway (Korswagen et al., 2000; Maloof et al., 1999). This 
leads to expression of the target gene mab-5, which in turn directs migration of the QL descendants 
towards the posterior (Harris et al., 1996; Salser and Kenyon, 1992). QR does not activate canonical 
Wnt/β-catenin signaling and mab-5 expression and as a consequence, the QR.d migrate in the 
default anterior direction. In mig-21 mutants, a fraction of both the QL and QR descendants localize 
in the posterior (Fig. 1C). To investigate whether this posterior localization depends on EGL-20, we 
compared egl-20 single and mig-21; egl-20 double mutants. In egl-20 mutants, canonical Wnt/β-
catenin signaling and mab-5 expression is not activated in QL and the QL.d migrate towards the 
anterior. Also in mig-21; egl-20 double mutants, all Q.d cells localized in the anterior, indicating that 
the posterior localization of the Q descendants in mig-21 depends on EGL-20 signaling (Fig. 6A).
 It has previously been shown that the left/right asymmetry in the response of QL and 
QR to EGL-20 is mediated through a difference in activation threshold for canonical Wnt/β-catenin 
signaling and mab-5 expression (Whangbo and Kenyon, 1999). As the QL and QR neuroblasts appear 
to randomly activate canonical Wnt/β-catenin signaling in mig-21 mutants, we investigated whether 
the left/right asymmetry in EGL-20 response threshold is lost in mig-21 mutants. To assay canonical 
Wnt/β-catenin pathway activation by EGL-20, we expressed EGL-20 at different levels using a heat-
inducible promoter in egl-20 single mutants or mig-21; egl-20 double mutants and determined the 
final position of the QL.d and QR.d (Fig. 6B). Without heat-shock, all Q descendants localized in the 
anterior in both the egl-20 single and a mig-21; egl-20 double mutant background. After a 7 minute 
heat-shock, all Q descendants localized in the posterior, indicating that at these expression levels, 
EGL-20 activated canonical Wnt/β-catenin signaling in both QL and QR. However, after 2 minutes 
of heat-shock, 68% of the QL.d and 8% of the QR.d localized in the posterior in the egl-20 control 
animals, consistent with the lower activation threshold of QL for canonical Wnt/β-catenin signaling. 
In contrast, this left/right asymmetry in response to EGL-20 was lost in the mig-21; egl-20 double 
mutants, with animals showing a similar distribution of the QL.d and QR.d along the anteroposterior 
axis (Fig. 6B). These results demonstrate that mig-21 is required for the left/right asymmetry in the 
response to EGL-20 signaling.

Posterior polarization and migration of the Q neuroblasts is required for mab-5 expression
Previous studies have suggested that the initial posterior migration of the Q neuroblasts correlates 
with the subsequent posterior migration of the Q descendants (Du and Chalfie, 2001; Honigberg 
and Kenyon, 2000). To address whether the initial posterior migration correlates with canonical 
Wnt/β-catenin pathway activation, we examined expression of the Wnt target gene mab-5 in Q 
neuroblasts after initial migration but before Q.d cell migration. Expression of mab-5 was quantified 
using smFISH in Q neuroblasts and was plotted against the position of the Q neuroblasts on the 
anteroposterior axis. In wild type animals, mab-5 was expressed at an average of 30 ± 7.1 (mean ± 
SD, n=32) transcripts per cell in QL, and 3 ± 2.9 transcripts per cell in QR (n=28) (Fig. 7A). Consistent 
with the finding that the left/right asymmetry in Wnt signaling response is lost in mig-21 mutants, we 
found that the average mab-5 expression level was similar in QL and QR (p>0.1, t-test). Importantly, 
we observed that mab-5 expression correlated with the position of the Q neuroblasts on the 
anteroposterior axis after initial migration (Spearman’s rank correlation coefficient: QL, r=0.6709, 
n=34, p<10-4; QR, r=0.7529, n=29, p<10-5) (Fig. 7B). Thus, mab-5 transcript counts were significantly 
higher in posteriorly positioned Q neuroblasts than in Q neuroblasts that had migrated towards 
the anterior. These results indicate that posterior localization of the Q neuroblasts is necessary for 
the EGL-20 dependent activation of mab-5 expression. To further investigate this possibility, we 
measured mab-5 transcript levels in the mig-21; unc-40 double mutants discussed above, in which 
the Q neuroblasts fail to polarize and migrate posteriorly. We found that mab-5 expression was 
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Figure 6. mig-21 is required for the left/
right asymmetry in the response of the 
Q neuroblasts to the Wnt EGL-20. (A) 
Quantification of the final positions of the 
Q.pax cells with respect to the stationary 
seam cells in wild type, mig-21, egl-20 and 
mig-21; egl-20 mutants (n>80 for wild type, 
mig-21 and mig-21; egl-20, n>60 for egl-20). (B) 
Quantification of the final positions of Q.pax 
cells with respect to the stationary seam 
cells in egl-20; Phs::egl-20 (left diagrams) and 
mig-21; egl-20; Phs::egl-20 (right diagrams) 
animals after 0, 2 and 7 minute heat shock 
pulses (n≥50 for all conditions). 

not upregulated in mig-21; unc-40 double mutants. Indeed, with transcript counts of 3 ± 2.0 for QL 
(n=13) and 4 ± 3.4 for QR (n=19), mab-5 expression levels were similar as in wild type QR neuroblasts 
(Fig. 7C). As expected, this resulted in a complete loss of posterior Q.d migration (Fig. 2B).
 Taken together, our results are consistent with a model in which the initial left/right 
asymmetric polarization and migration of the Q neuroblasts determines the difference in response 
to EGL-20. Posterior polarization and migration lowers the threshold for canonical Wnt/β-
catenin signaling, leading to specific expression of mab-5 in the left Q cell lineage, while anterior 
polarization and migration ensures that mab-5 remains off in the QR lineage. By controlling the 
initial polarization and migration of the Q neuroblasts, MIG-21 plays a central role in determining 
this left/right asymmetry in Wnt signaling response.

 
Discussion

During the development of complex multi-cellular organisms, cells need to communicate with each 
other to coordinate the formation of tissues and organs. A family of signaling molecules that plays 
a central role in development are the Wnt proteins, which control processes as diverse as cell fate 
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specification and cell migration by triggering different intracellular signaling cascades. How target 
cells are specified to select such different signaling responses is however still largely unknown. 
Here, we have studied the left/right asymmetric response of the C. elegans Q neuroblasts to the Wnt 
protein EGL-20. We show that a left/right asymmetric polarization of the Q neuroblasts is required for 
a difference in response threshold of the two Q neuroblasts, ensuring that canonical Wnt/β-catenin 
signaling is only activated in the left Q neuroblast. We found that this polarization is controlled by 
the TSP-I repeat containing protein MIG-21, which functions together with UNC-40/DCC to restrict 
posterior polarization to one side and anterior polarization to the other side.

mig-21 controls the initial polarization and migration of the Q neuroblasts
We found that mig-21 is required for the initial polarization and migration of the Q neuroblasts. In mig-
21 mutants, the Q neuroblasts still detach from the row of seam cells and form protrusions, but these 
protrusions are not persistently polarized towards the anterior or posterior, with repeated changes 
in direction during the initial polarization process. This ultimately results in a mispositioning of the Q 
neuroblasts, with cells localizing at random positions between the wild type anterior and posterior 
positions. We found that mig-21 functions cell autonomously in the Q neuroblasts and smFISH 
expression analysis showed that mig-21 is transiently expressed in the Q neuroblasts during the 
initial polarization and migration stage, consistent with the requirement of mig-21 during this stage 
in the Q migration process. mig-21 is expressed at similar levels in the left and right Q neuroblasts, 
indicating that its role in specifying the left/right asymmetry in Q neuroblast polarization is indirect, 
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in both QL and QR (see main text for exact values).   Furthermore, we performed robust linear regression to 
test whether a simple linear model could explain such correlation and found that this is indeed the case (QL: 
y=26.5x+2.3, R2=0.44, F=18.39, p<0.001; QR: y=20.7x-1.2,R2=0.70, F=25.26, p<0.0001).
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for example by functioning as a receptor for a left/right asymmetric cue.
 mig-21 encodes a single-pass transmembrane protein with two extracellular TSP-I repeats, 
a motif that is also present in guidance receptors such as UNC-5 and Semaphorin (Adams and 
Tucker, 2000). UNC-5 functions as a co-receptor of UNC-40/DCC in dorsoventral axons guidance 
(Wadsworth, 2002). As MIG-21 shares the presence of TSP-I motifs with UNC-5, we hypothesized that 
MIG-21 may have a similar co-receptor function in Q neuroblast polarization. Our genetic results 
showing a strong synergistic effect of unc-40 and mig-21 indicate that the functional relationship 
between MIG-21 and UNC-40 is more complex. It should be noted, however, that also unc-5 can 
function partially redundantly with unc-40, as UNC-5 and UNC-40 can partially substitute for each 
other in the guidance of the distal tip cells (Merz et al., 2001). Future studies will determine the 
functional relationship between MIG-21 and UNC-40. The guidance cues that control the left/right 
asymmetric polarization of the Q neuroblasts remain elusive. So far, no secreted molecules have 
been identified that affect the initial polarization and migration of the Q neuroblasts. Guidance may 
however also be mediated through direct cell-cell contact, for example with the V4 and V5 seam 
cells along which the Q neuroblasts polarize and migrate or with commissural axons that are located 
in close proximity to the migrating Q cells.
 We found that unc-40 is particularly important for the posterior polarization of the Q 
neuroblasts. Thus, in unc-40 single mutants, there is an anterior shift in the localization of the QL 
neuroblasts, whereas the extent of the anterior migration of the QR neuroblasts is only slightly 
affected. This reduction in posterior localization is even more pronounced in unc-40; mig-21 double 
mutants, with none of the Q neuroblasts extending to positions over seam cell V5. These results are 
consistent with a model in which unc-40 is necessary for posterior polarization and migration of the 
Q neuroblasts. A similar function of unc-40 has been shown in axon guidance, where overexpression 
of unc-40 was sufficient to reorient pioneering axons towards the posterior (Levy-Strumpf and 
Culotti, 2007). The posterior polarization and migration of the Q neuroblasts is also strongly 
reduced in double mutants between unc-40 and dpy-19, indicating that mig-21 and dpy-19 may act 
in the same pathway (Honigberg and Kenyon, 2000). In support of this notion is our observation 
that the Q.d migration phenotype of mig-21 dpy-19 double mutants is similar to the phenotype of 
the single mutants (Fig. S3). dpy-19 encodes a novel but evolutionarily conserved transmembrane 
protein. Interestingly, studies on the mammalian ortholog have shown that mDPY-19 is expressed in 
neuronal progenitor cells in the brain (Kurokawa et al., 2005), indicating that the function of DPY-19 
in neuroblast polarization may be a conserved feature of nervous system development.

Polarization direction determines the threshold for EGL-20 dependent canonical Wnt/β-catenin 
signaling
It has previously been shown that a difference in response threshold to EGL-20 determines that 
canonical Wnt/β-catenin signaling is only activated in QL (Whangbo and Kenyon, 1999). This 
ensures that expression of the EGL-20 target gene mab-5 is restricted to QL and leads to the opposite 
migration of the QL and QR descendants. We found that the difference in response threshold to 
EGL-20 is lost in mig-21 mutants, indicating that the initial left/right asymmetric polarization and 
migration of the Q neuroblasts is linked to the subsequent difference in EGL-20 signaling.

Using smFISH analysis, we show that there is a clear correlation between the final position 
of the Q neuroblasts and EGL-20 signaling activity, as measured by the expression level of mab-5. 
Thus, in wild type animals, only the posteriorly localized QL neuroblasts express mab-5. In mig-21 
mutants, in which the positioning of the QL and QR neuroblasts is random, there is also a clear 
correlation with posterior localization and mab-5 expression, with the most posteriorly localized 
QL and QR cells showing the highest mab-5 transcript count. Importantly, we found that posterior 
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localization is essential for mab-5 expression, as mab-5 fails to be upregulated in unc-40; mig-21 
double mutants in which posterior migration of the Q neuroblasts is absent. Taken together, these 
results are consistent with a model in which posterior localization of the Q neuroblasts lowers the 
threshold for the EGL-20 dependent expression of mab-5.
 How would the initial posterior polarization and migration sensitize QL for canonical 
EGL-20 signaling? As EGL-20 is expressed in the tail and forms a posterior to anterior concentration 
gradient (Coudreuse et al., 2006; Whangbo and Kenyon, 1999), posterior polarization and migration 
may simply expose QL to a higher level of EGL-20. This higher level of EGL-20 will then specifically 
trigger canonical Wnt/β-catenin signaling and mab-5 expression in QL. An argument against such 
a model is that the difference in response threshold to EGL-20 can also be observed when EGL-20 is 
expressed ubiquitously using a heat-shock promoter. Furthermore, when the EGL-20 concentration 
gradient is reversed, the left/right asymmetry in Q descendant migration is still partially maintained 
(Whangbo and Kenyon, 1999). An alternative possibility is that posterior migration exposes QL 
to a localized cue that modulates the responsiveness to EGL-20, for example by influencing the 
expression of Wnt receptors or intracellular signaling components such as the rate limiting negative 
regulator Axin (Lee et al., 2003). 
  Taken together, our results show that the Q neuroblasts are specified to respond 
differently to Wnt through a process that involves a left/right asymmetric polarization and short 
range migration. Future studies will address how this asymmetry defines the threshold for canonical 
Wnt/β-catenin signaling.

Materials and Methods

C. elegans strains and culture
Unless stated otherwise, C. elegans strains were grown at 20°C using standard culture conditions. 
The Bristol N2 strain was used as wild type. Mutant alleles and transgenes used in this study are 
LGI: dpy-5(e61) unc-40(e1430); LGII: muIs32[Pmec-7::gfp; lin-15(+)] (Ch’ng et al., 2003); LGIII: mig-
21(u787), mig-21(mu238), mig-21(hu148), dpy-19(e1259); LGIV: egl-20(n585); LGV: heIs63[Pwrt-2::gfp-
ph; Pwrt-2::h2b-gfp; Plin-48::tomato] (M. Wildwater and S. van den Heuvel, personal communication), 
muIs53[hs::egl-20; unc-22(dn)] (Whangbo and Kenyon, 1999). Mutagenesis was performed on 
muIs32[Pmec-7::gfp; lin-15(+)] animals (Ch’ng et al., 2003) using ethyl-methane sulfonic acid (EMS) 
as described (Brenner, 1974). mig-21(mu238) and mig-21(hu148) were isolated in independent 
mutagenesis screens and were three times backcrossed with the Bristol N2 wild type strain. 
Synchronization of animals was performed by collecting L1 larvae that hatched within a specific 
time interval. Animals carrying unc-40(e1430) were synchronized by bleach treatment.

Phenotypic analysis and microscopy
The positions of the Q descendants QL.pap-QL.paa and QR.pap-QR.paa were scored by DIC 
microscopy in late L1 stage larvae as described (Coudreuse et al., 2006). The position of the Q 
neuroblasts after initial migration was determined in animals 4-5 hour post-hatching by scoring 
the position of the Q neuroblast nucleus with respect to the nuclei of the seam cell V4 and V5. 
The normalized position of the Q neuroblast was determined by dividing the distance between the 
V4 nucleus and the Q nucleus by the distance between the V4 nucleus and the V5 nucleus. Only 
animals were included in which at least one Q neuroblast was either in mitosis or had just divided. 

The direction of initial Q polarization was determined by scoring the angle of the main 
protruding front of the Q cell with respect to the anteroposterior axis in 1-2 hour synchronized 
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animals. The main protruding front was defined as the area between the two most lateral filopodia. 
Q neuroblast positioning and polarization assays were performed using epifluorescence imaging on 
animals carrying heIs63. For epifluorescence and DIC imaging animals were mounted on 2% agarose 
pads containing 10 mM sodium azide. Micrographs were made using a Zeiss Axioscop microscope 
equipped with a Zeiss Axiocam digital camera.

Time lapse imaging
For time lapse imaging, synchronized animals (0-1 hour after hatching) were mounted in 0.5 μl of 
0.1 μm diameter polystyrene micorspheres in aqueous suspension (Polysciences 00876 2.5% w/v 
aqueous suspension) onto a 10% agarose patch (Christopher Fang-Yen, personal communication). 
Animals were imaged using a Leica TCS SPE confocal microscope (63X objective, zoom 2.5X, 6% 488 
nm laser power). Z-stacks were made (0.5 μm step size) every 30 min for 7 hours. Image acquisition 
was performed using LASAF software. Z-slices in which the Q cell nucleus was in focus were 
selected. Images were processed and movies were generated using Adobe Photoshop and ImageJ 
respectively. 

Positional cloning and molecular characterization of mig-21
mig-21 was mapped to LGIII between the Tc1 markers stP19 and stP120 using a PCR-based 
transposon mapping method (Williams et al., 1992). Deficiency analysis placed mu238 between 
the deficiencies sDf121 and sDf125. The genetic endpoints of these deficiencies placed mu238 
between the genes daf-4 (-1.53) and let-774 (-1.42). This position was confirmed with a 3-factor cross 
between mig-21(mu238) and dpy-17(e164) unc-32(e189). 19/49 Dpy nUnc recombinants segregated 
Mig progeny, and 41/63 Unc nDpy recombinants segregated Mig progeny. These data placed mig-
21(mu238) at approximately -1.34 and -1.43, respectively.

Cosmids were provided by A. Coulson of the Wellcome Trust Sanger Institute (Cambridge, 
UK) and J. Sulston of the Medical Research Council (Cambridge, UK). The region between daf-4 and 
let-774 was covered by 18 cosmids. Cosmid pools spanning this interval were injected into mig-
21(mu238) animals using pTG96 (sur-5::gfp) (Gu et al., 1998) as a co-injection marker, and F2 and F3 
progeny of F1 transformants were assayed for rescue of the QL.pax phenotype. Partial rescue was 
obtained from injection of the cosmid F01F1, and this rescuing activity was narrowed to a 7.5 kb PCR 
product that contains the predicted genes F01F1.2 and F01F1.13. Each lesion was identified in more 
than one independent PCR product.

Part of the predicted mig-21 cDNA, including the 3’ UTR, was amplified by 3’ RACE RT-PCR. 
Sequence analysis revealed differences with the predicted gene structure in Wormbase, leading to a 
additional 3’ coding sequence (NCBI accession number JN165085). Various attempts to amplify the 
predicted 5’ end of the mig-21 ORF were unsuccessful. For tissue specific rescue experiments, mig-
21 genomic sequence was amplified using 5’-ATGGAGCGCGACTCTAAC-3’ and 5’-TCACCAAAAACTT-
TCATCTTTCGGG-3’ and sub-cloned into pJET1.2. To obtain Pegl-17, 4.6 kb of sequence upstream of 
the egl-17 coding sequence was PCR amplified. Next, Pegl-17, mig-21 and the unc-54-3’UTR were 
cloned using Gateway technology into pDONRP4-P1R, pDONR221 and pDONRP2R-P3 entry clones 
respectively. Pegl-17::mig-21::unc-54-3’UTR (pKN162) was generated by 3-way Gateway cloning into 
the destination vector pKN133. Pegl-17::mig-21::unc-54-3’UTR was injected at 20 ng/μl together with 
8 ng/μl of Pmyo-2::GFP and 120 ng/μl pBluescript II as carrier DNA into mig-21(u787).

An RNAi clone of F01F1.13 was obtained from the Ahringer RNAi library and analyzed 
as described (Kamath and Ahringer, 2003; Kamath et al., 2003). Q.d migration was assayed with a 
Leica MZFLIII stereomicroscope by examining the position of AVM (QR.paa) and PVM (QL.paa) with 
respect to the vulva in muIs32[Pmec-7::gfp; lin-15(+)] animals.
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Heat shock experiments
Heat shock experiments were performed on animals carrying muIs53[hs::egl-20; unc-22(dn)] as 
described (Whangbo and Kenyon, 1999). Briefly, heat shock treatment was given to 0-0.5 hour 
synchronized L1 larvae in a total volume of 50 μl at 33°C for 0 min (control), 2 min or 7 min. To 
terminate the heat shock treatment, tubes were chilled on ice for 10 seconds. After heat shock, 
animals were put on fresh plates and grown at 15°C for 12 hours and at 20°C for 4-6 hours. Final Q 
descendent positions were scored at the late L1 stage.   

Single molecule fluorescence in situ hybridization
smFISH was performed as described (Raj et al., 2008). In short, synchronized L1 animals were fixed 
using 4% formaldehyde and 70% ethanol. Hybridization was done for >12 hours at 30°C in the 
dark. Oligonucleotide probes were designed using a specific algorithm (www.singlemoleculefish.
com) and chemically coupled to Alexa594 (mab-5 probe) or Cy5 (mig-21 probe). Before mounting, 
hybridized animals were washed in the presence of DAPI for nuclear counterstaining. z-stacks of 
0.5 μm slice thickness were collected using a Leica DM6000 microscope equipped with a Leica 
DFC360FX camera, 100X objective, Tx2 filter cube (Alexa594) or an Y5 filter cube (Cy5). Images with 
1024x1024 resolution were subjected to 2x2 binning and were further analyzed with ImageJ. 
 For quantification, z-stacks were used. Quantification was performed by manually 
counting mRNA spots in Q neuroblasts of animals that carried the heIs63 transgene to mark the 
Q cell periphery. Only fluorescent spots that were visible in at least two neighboring Z-slices were 
counted to eliminate false positive signals.

Statistical analysis
Data are represented as mean ± standard deviation of the indicated number (n) of independent 
experiments. To assess the correlation between mab-5 transcript level and Q neuroblast position 
in mig-21 mutants, we calculated the Spearman’s rank correlation coefficients (see main text for 
exact values). Furthermore, we performed robust linear regression (robustfit function in Matlab) 
to test whether a simple linear model could explain such correlation. This robust regression 
method effectively minimizes the influence of data outliers and yielded the best fit lines for both 
Q neuroblasts.
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Figure S2. mig-21 encodes a novel 
single-pass transmembrane 
protein with two thrombospondin 
type I domains. (A) Partial genetic 
map of the mig-21 region. mig-21 
was mapped to a small interval on 
chromosome III by Tc1 mapping, 
deficiency mapping and 3-factor 
mapping as described in Methods. 
Deficiency analysis placed mig-
21 between daf-4 and let-774. (B) 
Physical map of the mig-21 region. 
Overlapping cosmids from this 
region were injected into mig-
21(mu238) animals and a single 
cosmid, F10F4 (canonical for F01F1) 
was found to rescue the QL.pax 
migration phenotype. This cosmid 
contains 15 predicted open reading 
frames. Injection of overlapping PCR 
products narrowed the rescuing 
activity to a 7.5 kb fragment, 
shown in green. Non-rescuing 
PCR fragments are shown in red. 
Sequencing of mutant DNA revealed 
that mig-21 corresponds to F01F1.13. 
(C) Genomic structure of the mig-21 
locus and locations of mutations 
identified in mig-21 alleles.
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Abstract

Fat-like cadherins are a subclass of the cadherin family originally identified in Drosophila as regulators 
of planar cell polarity and Hippo signaling. Analysis of vertebrate Fat cadherins has shown that they 
play an important role during nervous system development. In C. elegans, one of two Fat cadherins, 
cdh-4, was previously implicated in guiding migration of the bilateral pair of Q neuroblasts. During 
larval development, the right Q neuroblast (QR) and its progeny migrate anteriorly, while the left Q 
neuroblast (QL) and its progeny migrate posteriorly. Here, we show for the first time that both the 
C. elegans Fat-like cadherins, cdh-3 and cdh-4, specifically control the initial left/right asymmetry 
of Q cell migration. Our results indicate that cdh-3 and cdh-4 are necessary for the formation 
and maintenance of a properly oriented, persistent protrusive front. Furthermore, we show that 
they act in a linear genetic pathway and likely function cell autonomously. Since the molecular 
function of Fat cadherins in the guidance of cell migration remains largely unknown, this report 
provides important new genetic insight into the role of Fat cadherins in Q neuroblast migration and 
introduces a framework for future studies.
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Introduction

The correct migration of neuronal cells is of crucial importance for proper nervous system 
development. During mammalian cortex development, a wide variety of cells need to migrate both 
tangentially and radially through the neuroepithelium to ultimately form the highly complex layered 
structure of the adult cortex. Although much is known about the core cell migration machinery 
that facilitates cell movements intrinsically, the way in which cells precisely navigate through a 
developing organism remains more elusive. In vertebrates, studies on neural development have 
identified several molecular components that control neuronal cell migration (Marin et al., 2010). 
However, the limited availability of tools to perform studies in vivo with single cell resolution, 
together with the high degree of tissue complexity hamper a comprehensive understanding of 
neuronal migration at the molecular level. Therefore, we use the simple and highly stereotypic 
migration of the bilateral pair of Q neuroblasts in the small nematode C. elegans to study neuronal 
migration within a developing organism (Sulston and Horvitz, 1977). 
 Q cell migration is a left/right asymmetric process that occurs during the first hours of 
larval development. Upon hatching, two Q neuroblasts are located on equivalent left/right positions 
within the lateral rows of hypodermal seam cells. However, the left Q neuroblast (QL) and the right Q 
neuroblast (QR) migrate in opposite directions; QL migrates posteriorly, while QR migrates anteriorly. 
After an initial polarization and short-range migration, taking 4-5 hours, both Q neuroblasts divide 
and their descendants (Q.d) migrate further along the anteroposterior axis. At the end of the first 
larval stage, QL.d and QR.d cells occupy well-defined final positions and differentiate into neurons 
(Fig. 1A-B) (Chalfie and Sulston, 1981; Sulston and Horvitz, 1977). Because of their invariant migration 
trajectories through a transparent organism, Q cell development provides an elegant and tractable 
system to study neuroblast migration with single cell resolution in vivo.
 It has been shown that posterior QL descendant migration is controlled by canonical Wnt/
ß-catenin signaling while QR descendant migration is controlled by non-canonical Wnt signaling 
(Harris et al., 1996; Korswagen et al., 2000; Maloof et al., 1999; Salser and Kenyon, 1992; Zinovyeva et 
al., 2008). The initial phase of Q neuroblast migration is independent of Wnt signaling and relies on a 
different set of regulatory genes (see also Chapter 5). However, proper initial migration is essential for 
a proper Wnt signaling response. Mutants in which the initial left/right asymmetry is affected display 
random activation of canonical or non-canonical Wnt signaling and thereby a random migration 
direction of both QL.d and QR.d cells (Chapman et al., 2008; Du and Chalfie, 2001; Honigberg and 
Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). A previous study has 
implicated the Fat-like cadherin cdh-4 in the control of Q.d cell migration (Schmitz et al., 2008). Here, 
we sought to analyze the function of Fat-like cadherins in Q neuroblast migration in more detail. 

Fat-like cadherins are part of the larger cadherin superfamily of adhesion molecules. 
Cadherins are transmembrane proteins characterized by a variable number of conserved 
extracellular Ca2+ binding repeats. The classic cadherins are the most well studied subfamily and 
they are involved in cell-cell adhesion through homophilic interactions that connect to the actin 
cytoskeleton via p120 and β-catenin (Gooding et al., 2004; Takeichi, 1977). The Fat-like cadherin 
subfamily is less well studied. They were originally identified in Drosophila where they regulate 
tissue size via the Hippo pathway and tissue polarity via different planar cell polarity pathways 
(Bennett and Harvey, 2006; Cho et al., 2006; Matis and Axelrod, 2013; Silva et al., 2006; Viktorinova 
et al., 2009; Willecke et al., 2006). Fat-like cadherins typically contain 32-34 extracellular cadherin 
repeats and a varying number of EGF and laminin G-like domains. The intracellular domains of Fat 
cadherins generally contain little conservation. 

In vertebrates there are four Fat orthologs (Fat1-4) that function in a variety of 
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developmental processes (Saburi et al., 2012). Fat1 was the first vertebrate Fat cadherin to be 
studied and it was found that homozygous mutant mice display kidney failure due to loss of the 
renal glomerular slit junctions, and various defects in forebrain and eye development (Ciani et al., 
2003). Interestingly, several studies have implicated Fat1 in the control of cell migration. In motile 
cultured cells Fat1 localizes to lamellipodia and filopodial tips and regulates protrusion formation 
by binding to Ena/VASP, a protein known to promote actin rearrangements at the leading edge 
of migratory cells (Moeller et al., 2004; Tanoue and Takeichi, 2004). In addition, upon injury, Fat1 
controls the migration of vascular smooth muscle cells via Atrophin transcription factors that 
regulate cell polarity (Hou et al., 2006; Hou and Sibinga, 2009). Finally, Fat1 and Fat2 are also required 
for migration and invasion of oral squamous cell carcinoma cells and squamous carcinoma cells, 
respectively (Matsui et al., 2008; Nishikawa et al., 2011). For these reasons, studying the function of 
Fat cadherins could provide valuable insights into the control of cell migration in development and 
disease.

The C. elegans genome encodes two Fat-like cadherins: cdh-3 and cdh-4. CDH-4 contains 32 
cadherin repeats, 4 EGF domains and 1 laminin G domain (Pettitt, 2005). Although CDH-3 classifies 
as a Fat-like cadherin due to its overall structure, it only contains 20 cadherin motifs, and single EGF 
and laminin G domains. The intracellular domains of CDH-3 and CDH-4 are more divergent and do 
not display similarities with one another or with other Fat-like cadherins (Hill et al., 2001). Previous 
studies have shown that cdh-3 is expressed in the anterior excretory cell, the anchor cell, cells from 
the vulval lineage and in hypodermal cells including the lateral seam cells and posterior hyp10/11. 
Initially, only mild defects in tail morphogenesis have been reported in cdh-3 mutants (Pettitt et 
al., 1996). Further analysis revealed that cdh-3 together with zmp-1 and him-4 controls basement 
membrane invasion of the anchor cell during formation of the vulva-uterine connection (Sherwood 
et al., 2005). cdh-4 is more widely expressed in the nervous system and in the head region. Loss 
of cdh-4 results in several defects, including aberrant axon guidance and changes in hypodermal 
and pharynx development. In addition, the QL.d and QR.d cells migrate in random directions in 
cdh-4 mutants (Schmitz et al., 2008). However, little is known about the function of cdh-4 in Q cell 
migration and furthermore, a role of cdh-3 in Q cell migration has not been described.

Here, we report that the two C. elegans Fat-like cadherins cdh-3 and cdh-4 both control the 
initial Wnt independent left/right asymmetry of Q cell migration. By performing genetic analysis, 
time-lapse live cell imaging and single molecule mRNA FISH (smFISH) expression analysis, we show 
that cdh-3 and cdh-4 are dynamically expressed in the Q neuroblasts and function in a linear genetic 
pathway that ensures proper polarization and migration of the Q neuroblasts.   

Results

Loss of cdh-3 and cdh-4 affects Q.d cell migration
It has previously been shown that the Fat-like cadherin cdh-4 is required for Q neuroblast migration 
(Schmitz et al., 2008). In wild type animals, the QL and QR neuroblasts and their descendants (QL/
R.d), migrate in opposite directions along the anteroposterior (A/P) axis. QL and its progeny (QL.d) 
migrate towards the posterior, while QR and its progeny (QR.d) migrates anteriorly. At the end of the 
first larval stage, the Q descendants occupy well-defined final positions on the anteroposterior axis 
(Fig. 1A-B) (Sulston and Horvitz, 1977). Upon loss of cdh-4, both the QL.d and QR.d migrate randomly 
towards either the anterior or the posterior (Schmitz et al., 2008). By scoring the final position of Q.d 
cells along the A/P axis, we confirmed this phenotype and found that approximately 60% of both 
the QL.d and QR.d cells are localized anteriorly in cdh-4 mutants (Fig. 1C). 
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Figure 1. Fat cadherin mutants display Q descendant migration defects. A) Schematic overview of initial 
QL migration (top panel) and QL.d migration (bottom panel). B) Schematic overview of initial QR migration (top 
panel) and QR.d migration (bottom panel). Initial migration of both QL and QR takes 4-5 hours during which QL 
migrates over seam cell V5 and QR over V4. After initial migration Q neuroblasts undergo an identical pattern 
of cell division generating three daughter cells (QL/R.paa, QL/R.pap and QL/R.ap) that migrate further along 
the anteroposterior axis. C) Final positions of Q.paa and Q.pap (Q.pax) relative to the stationary seam cells in 
wild type (n>100), cdh-4(hd40) (n=60), cdh-3(pk87) (n=46) and cdh-3(pk77) (n=60). Animals were scored with DIC 
optics without a Q cell marker. D) Final positions of QL/R.paa in wild type and cdh-4 mutants using Pmec-7::GFP 
(muIs32) (Ch’ng et al., 2003) to mark QR.paa and QL.paa (arrows), ALML/R, and PLML/R (asterisks). Lower images 
show an example of a cdh-4(hd40) mutant larva with both QL.paa and QR.paa anterior (upper panel) and both 
QL.paa and QR.paa posterior (lower panel). E) Quantification of the Q cell migration defects using Pmec-7::GFP in 
the indicated genotypes. The position of QL.paa and QR.paa relative to the vulva was scored using a dissecting 
microscope. For wild type, cdh-3 and cdh-4, experiments in which 50 animals were analyzed were done in triplo. 
The cdh-3 cdh-4 double mutant was scored 4 times with n varying between 30-54 per experiment. Error bars 
indicate standard deviations. T-tests were performed to determine significance. *** P<0.0004, **P<0.003, n.s = 
not significant. 
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The C. elegans genome encodes one additional Fat-like cadherin, cdh-3, and therefore we 
next asked whether cdh-3 plays a role in Q.d migration as well. Although less pronounced than 
in cdh-4 mutants, we observed comparable Q.d migration defects in two different cdh-3 loss of 
function alleles (pk77 and pk87). In both mutants, QL.d migration was primarily affected, while only 
few animals displayed defects in QR.d migration (Fig 1C). The pk87 allele removes a substantial part 
of the cdh-3 gene and has previously been shown to be a null allele (Pettitt et al., 1996). As the pk77 
allele is a Tc1 transposon insertion – which may spontaneously revert due to transposon excision – 
we used the pk87 allele for the remainder of this study.   
 To examine whether cdh-3 and cdh-4 function in a linear genetic pathway, we made 
several attempts to generate a cdh-4 cdh-3 double mutant. However, due to embryonic and larval 
lethality, we were unable to isolate a viable homozygous strain. Therefore, we constructed a semi-
stable cdh-4+/- cdh-3+/- balanced strain and examined Q.d migration in the maternally rescued cdh-
4-/- cdh-3-/- (M+) progeny. We found that the Q.d migration phenotype of the cdh-4-/- cdh-3-/- (M+) 
animals was indistinguishable from cdh-4 single mutants (Fig 1D-E). These results indicate that cdh-3 
and cdh-4 likely function in a linear genetic pathway.   

cdh-3 and cdh-4 control the initial polarization and migration of the Q neuroblasts
Q cell migration can be divided into two distinct phases: 1) an initial Wnt independent phase during 
which QL and QR polarize and migrate a short distance in opposite directions (Chapman et al., 2008; 
Honigberg and Kenyon, 2000; Middelkoop et al., 2012), and 2) a Wnt dependent phase of long range 
Q descendant (Q.d) migration (Fig 1A-B) (Harris et al., 1996; Korswagen et al., 2000; Maloof et al., 
1999; Zinovyeva et al., 2008). The Q.d migration phenotype of cdh-4 mutants displayed two features 
that are reminiscent of mutants that affect the initial Wnt independent left/right asymmetry of 
Q neuroblast migration. First, the left/right asymmetry of Q.d migration was largely lost. Second, 
the QL.d and QR.d either migrated anteriorly or posteriorly, resulting in two distinct peaks in the 
frequency diagrams shown in Fig. 1C. These results are consistent with the previous observation 
that, similar to other genes that are required for initial Q cell polarization, cdh-4 acts genetically 
upstream of the Wnt target gene mab-5/AntB (Schmitz et al., 2008). 
 For these reasons, we hypothesized that cdh-4, and possibly cdh-3, might act during the 
initial phase of Q cell migration. In order to study initial Q cell migration, we made use of a transgene 
that expresses a membrane marker (GFP-Pleckstrin Homology) together with a nucleosome marker 
(H2B-GFP) specifically in Q neuroblasts and seam cells (Wildwater et al., 2011). Since the first Q 
neuroblast division marks the end of the initial Wnt independent phase, we first examined the 
position of this division relative to the stationary seam cells. As previously reported, in wild type 
animals, QL always divides at a position dorsal of seam cell V5, while QR divides at a position dorsal 
of seam cell V4 (Fig 2A) (Sulston and Horvitz, 1977). However, in both cdh-3 and cdh-4 mutants, the 
Q neuroblasts often divided in between the seam cells V4 and V5. In addition, some QL and QR 
neuroblasts had migrated in the opposite direction, indicating that the initial migration direction 
is randomized in cdh-3 and cdh-4 mutants (Fig. 2B-C). Similar to Q.d migration, initial migration was 
more severely affected in cdh-4 mutants than in cdh-3 mutants. 
 To study initial Q cell migration in more detail, we next examined the direction of Q 
neuroblast polarization by measuring the angle of the main protrusive front with the A/P axis. In 
wild type animals synchronized 1-2 hours after hatching, the main protruding front always points 
anteriorly (QR) or posteriorly (QL), with an average angle of 156.3 ± 7.1° (mean ± SD, n=60) and 29.9 
± 7.5° (n=62), respectively (Fig. 2D) (Middelkoop et al., 2012). Note that this angle is tilted slightly, 
which is necessary for the Q neuroblasts to migrate towards the dorsal side of their neighboring 
seam cells. In cdh-4 mutants this angle was largely random, with angles varying from 0-180 degrees 
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(Fig. 2E). In cdh-4 mutant QL neuroblasts, however, we found that there still is a bias towards the 
posterior, while an anterior bias is lost in QR neuroblasts. Although less profound, similar defects 
were observed in cdh-3 mutants (Fig. 2F). 
 The defects in the direction of the protruding front in cdh-3 and cdh-4 mutants can have 
multiple causes. It may be the result of Q neuroblasts that polarize and migrate persistently in a 
random direction or it may result from Q neuroblasts that cannot maintain the orientation of their 
protrusive front, leading to changes in the polarization direction over time. To discriminate between 
these two possibilities, we performed time-lapse imaging with 1-minute time intervals. In wild type 
animals, there is only a single protruding front that is always oriented towards the anterior (QR) or 
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Figure 2. Fat cadherins are necessary for initial Q neuroblast migration. A-C Quantification of 
the position of the first Q neuroblast division relative to seam cells V4 and V5 in A wild type (n=62), 
B cdh3(pk87) (n=92) and C cdh-4(hd40) (n=82) mutants. For this analysis animals carrying Pwrt-
2::GFP-PH; Pwrt-2::H2B-GFP (heIs63) were analyzed with epifluorescent micrscopy. Micrographs 
show representative images. D-F Quantification of the angle of the main protrusive front with the 
anteroposterior axis in D wild type (n=60), E cdh-4(hd40) (n=100) and F cdh-3(pk87) (n=88) mutants 
synchronized 1-2 hours after hatching. Epifluorescent micrographs show examples of protrusive fronts 
that deviate from wild type. In all images ventral is down, anterior is left, scale bars represent 5 μm. 
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posterior (QL) (Fig. 3A). Within this protrusive front there are multiple highly dynamic small filopodia 
that protrude and retract rapidly. In some occasions, the main protruding front may even bifurcate 
(see for example Fig. 3A, QL, at 80-100 min time-points), but the overall orientation remains 
constant. In cdh-4 mutants, the persistence of protrusion direction is lost in both QL and QR (Fig 3C); 
protrusive activity can be initiated and terminated at multiple sites along the Q neuroblast surface 
and a single persistent front is not being formed. Not surprisingly, we found similar but more subtle 
defects in cdh-3 mutants (Fig. 3B). 
 Taken together, these results show that cdh-3 and cdh-4 control the initial Wnt independent 
phase of Q cell migration by restricting protrusive activity towards the anterior in QR and posterior 
in QL. It has previously been shown that random initial migration results in random Wnt signaling 
activation and thereby random Q descendant migration (Chapman et al., 2008; Du and Chalfie, 
2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). 
Therefore, the initial migration defects seen in cdh-3 and cdh-4 mutants are likely the cause of the 
random migration of QL and QR descendants. 

QL

QR

   
   

   
   

   
 W

ild
 ty

pe

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

B

A

C

QL

QR

   
   

   
   

   
   

cd
h-

4 
(h

d4
0)

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

QL

QR

   
   

   
   

   
   

cd
h-

3 
(p

k8
7)

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

0’                                      20’                                   44’                                   60’                                  80’                                   100’                                115’

Figure 3. Time lapse imaging of initial Q cell migration. Time lapse movies were generated with 1 min time 
intervals for over 115 min on worms carrying Pwrt-2::GFP-PH; Pwrt-2::H2B-GFP (heIs63) that were synchronized 
0-2 hour after hatching. Time indications are from the start of imaging onwards. Figure panels show stills at the 
indicated time points of A wild type, B cdh-3(pk87) and C cdh-4(hd40) mutants. Arrowheads point to sites of 
protrusive activity, which in wild type are always oriented towards the anterior (QR) or posterior (QL). In cdh-3 
and cdh-4 mutants the direction of the protruding front changes orientation over time. Ventral is down, anterior 
is left, scale bars represent 5 μm.
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Figure 4. Endogenous expression patterns of cdh-3 and cdh-4.  A-B Global expression pattern of cdh-3 (red 
channel) determined by smFISH in young L1 larvae carrying Pwrt-2::GFP-PH; Pwrt-2::H2B-GFP (heIs63) during 
initial migration (A) and after the first Q neuroblast division (B). A Maximum intensity projection of the entire 
worm shows expression in the head region and specifically in the QL and QR neuroblasts (arrows) at this stage. 
An asterix (in A-C) marks leakage of fluorescence of the Plin-48::Tomato injection marker (present on the heIs63 
transgene) into the Cy5 channel. 
Figure legend continues on the next page. 
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cdh-3 and cdh-4 are dynamically expressed in Q neuroblasts
In order to gain insight into the function of cdh-3 and cdh-4, we next examined their endogenous 
expression patterns using single molecule mRNA Fluorescence In Situ Hybridization (smFISH) (Ji 
and van Oudenaarden, 2012; Raj et al., 2008). Using smFISH, single diffraction limited fluorescent 
spots can be visualized that each represent a single mRNA molecule. This allows for analysis of the 
endogenous expression pattern in a quantitative manner. First, we analyzed the global expression 
pattern of cdh-3 in early L1 animals. We found that in early L1 larvae cdh-3 expression is largely 
restricted to Q neuroblasts and several cells in the head region (Fig 4A). Furthermore, cdh-3 
expression was absent in the hypodermal seam cells of early L1 animals. However, we did find cdh-
3 to be expressed in seam cells of older L1 larvae (approximately 4 hours after hatching, based on 
the position of the Q neuroblasts) demonstrating that, in seam cells, cdh-3 is upregulated during 
L1 larval development (Fig. 4B). Earlier reports have used transcriptional reporters to examine the 
cdh-3 expression pattern and found seam cell specific expression from embryonic development 
onwards (Pettitt et al., 1996). Our results presented here show that when the endogenous expression 
is examined at the single mRNA level, more complex dynamics can be observed. 

To gain a better understanding of the dynamics of cdh-3 expression within the Q 
neuroblasts, we next quantified expression during initial Q cell migration. For this purpose, we 
performed smFISH on worms synchronized 0-4 hours after hatching – a time window that covers the 
entire initial migration process – and counted cdh-3 mRNA spots in the Q neuroblasts. To determine 
the distance migrated by the Q neuroblasts, their position relative to the V4 and V5 seam cells was 
measured. Subsequently, the amount of cdh-3 mRNA spots was plotted with respect to their relative 
position along the anteroposterior axis. We found that cdh-3 is already expressed at the onset of 
initial migration (Fig. 4D). In addition, we found a positive correlation of cdh-3 expression with 
migration distance in both QL and QR (Fig. 4D) (QL: Spearman r = 0.5765, p<0.0001, QR: Spearman 
r = -0.4838, p<0.0004) showing that cdh-3 expression is significantly upregulated during initial 
migration. 

Unlike cdh-3, cdh-4 expression in L1 larvae was observed in a wide variety of cells, 
including juvenile ventral cord neurons, P cells, seam cells and many cells in the head region (Fig. 
4C), consistent with the function of cdh-4 in multiple developmental processes. This expression 
pattern was also reported previously using transcriptional reporter transgenes (Schmitz et al., 2008). 
However, in contrast to these previous studies, we also observed strong Q cell specific expression 
during initial Q cell migration. In addition, the Q cell specific cdh-4 expression is positively correlated 

Figure 4 (continued). B shows a maximum intensity projection only of the left lateral side of the worm. Arrows 
mark QL.a and QL.p and the position of seam cells is indicated. Arrowheads in the upper panel point to expression 
specifically in the seam cells. C Maximum intensity projection of the right lateral side including the worm midline 
shows the global expression pattern of cdh-4 (red channel) in L1 larvae. High expression was observed in the 
head region, in the ventral cord and in Q neuroblasts and low expression was observed in seam cells. C-a and 
C-b show higher magnifications of the indicated areas. Arrows point to QR.a and QR.p, white arrowheads mark 
P cells prior to migration, yellow arrowheads mark juvenile ventral cord neurons. D-E Quantifications of Q cell 
specific cdh-3 (D) and cdh-4 (E) expression in larvae carrying heIs63 synchronized 0-4 hours after hatching. Top 
panels show representative images. For quantifications, Z-stacks with 0.5 mm step size were made. Since spot 
intensities vary only spots that are present in two neighboring slices were counted. In the lower panels the cdh-
3/cdh-4 mRNA counts were plotted over the position of the Q neuroblast relative to seam cells V4 and V5 which is 
a measure of migratory distance (lower panels). For cdh-3 QL counts: n=51, QR counts: n=49. For cdh-4 QL counts: 
n=47, QR counts: n=46. The expression of cdh-3 and cdh-4 positively correlates with migratory distance (see main 
text for values). In all images ventral is down, anterior is left, scale bars represent 5 μm.
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with migration distance (Fig. 4E) (QL Spearman r = 0.3176, p<0.03, QR Spearman r -0.5070, p<0.0004), 
demonstrating that, like cdh-3, cdh-4 is upregulated during initial Q cell migration. 
 The finding that both cdh-3 and cdh-4 are dynamically expressed in the Q neuroblasts 
during initial migration strongly suggests that both genes act cell autonomously. To further test 
this possibility, we made several attempts to perform tissue-specific RNAi to specifically knock 
down cdh-3 and cdh-4 in the Q neuroblast lineage (data not shown). However, using this approach 
we were unable to reproduce the Q cell migration phenotype observed in the mutants. Several 
technical limitations such as low RNAi efficiency, high protein stability or improper timing of 
dsRNA expression might be the cause of these negative results. Therefore, further experiments are 
necessary to confirm the cell autonomous function of cdh-3 and cdh-4 in Q neuroblast migration.  
  
  
Discussion

Here, we reported a role for the Fat-like cadherins cdh-3 and cdh-4 in the initial Wnt independent 
phase of Q cell polarization and migration. We showed that in cdh-3 and cdh-4 mutants the 
migratory Q neuroblasts are unable to form and maintain a persistent protrusive front. This results in 
the formation of randomly oriented protrusions that change direction multiple times during initial 
migration. Therefore, we conclude that both Fat-like cadherins are necessary to restrict protrusive 
activity towards the anterior in QR and towards the posterior in QL. In addition, expression and 
double mutant analysis indicates that cdh-3 and cdh-4 are part of a single genetic pathway that 
controls polarization direction. 
 Although cdh-3 and cdh-4 likely function in a linear genetic pathway, future experiments 
will be needed to clarify their genetic hierarchy. However, since cdh-4 mutants display more severe 
Q cell migration defects that are not further enhanced by mutation of cdh-3, we conclude that cdh-3 
functions in parallel with other components that act either upstream or downstream of cdh-4. To 
date, only a hand full of components have been described that display a random direction of initial 
migration. Loss of the transmembrane proteins MIG-21 and DPY-19 was found to result in a random 
direction of initial Q neuroblast migration with similar penetrance as cdh-4 mutants (Du and Chalfie, 
2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). In 
addition, loss of the netrin receptor UNC-40/DCC and the LAR protein tyrosin phosphatase PTP-3 
display defects similar to cdh-3. However, genetic analysis showed that unc-40 acts in parallel to the 
three other components, while ptp-3, mig-21 and dpy-19 are likely to participate in a linear genetic 
pathway (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). 
Interestingly, during Drosophila oogenesis a genetic link was found between Fat2 and the Drosophila 
LAR ortholog, Lar. Proper egg chamber maturation requires planar polarized FAT2 localization at the 
basal side of follicle cells and this localization depends on LAR. Vice versa, FAT2 itself is necessary for 
the planar polarization of LAR which, in turn, controls planar polarized orientation of actin filaments 
(Gutzeit, 1990; Viktorinova et al., 2009). Future studies may determine whether a similar reciprocal 
dependence exists between PTP-3/LAR and the Fat cadherins in Q neuroblast migration. In order 
to gain insight into how the C. elegans Fat cadherins cooperate with PTP-3/LAR and the other 
transmembrane proteins described above, we performed single and compound mutant analysis, 
which is described in chapter 5 of this thesis. 
 In both Drosophila and vertebrates, the atypical cadherin Dachsous has been shown 
to act as a ligand for Fat cadherins (Matakatsu and Blair, 2004; Sadeqzadeh et al., 2014). In C. 
elegans, a Dachsous related protein is encoded by cdh-1 (Pettitt, 2005). This gene has, however, 
not been studied in detail and therefore it would be informative to test cdh-1 mutants for Q cell 
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migration defects. Alternatively, cdh-3 and cdh-4 might form homotypic or heterotypic interactions. 
Interestingly, homotypic interactions have been reported for the mammalian Fat2 ectodomains 
and it was postulated that this interaction is necessary for the spacing of growing fibers in the rat 
cerebellum (Nakayama et al., 2002). During initial Q cell migration, cdh-3 expression is restricted to 
the Q neuroblasts and cdh-3 mRNA is not expressed in neighboring cells. On the other hand, cdh-4 
is expressed in Q neuroblasts, but we also found expression in the neighboring seam cells, P cells 
and in the juvenile ventral cord neurons that project commissural axons close to the Q neuroblasts. 
Because of the Q cell specific expression of cdh-3 and cdh-4, we favor a model in which both Fat 
cadherins act cell autonomously, but we cannot rule out non-autonomous roles. For example, CDH-
4 on the Q neuroblast surface might form homotypic interactions with CDH-4 on seam cells or CDH-
4 present on commissural axons. In addition, CDH-3 might form heterotypic interactions with CDH-
4 on neighboring cells. Alternatively, CDH-3 and CDH-4 could interact on the Q neuroblast forming 
heterodimers. In the latter model, CDH-4 would act as a hub where it functions together with CDH-
3 in one downstream branch, while it functions independent of CDH-3 in another downstream 
branch. Future co-localization and overexpression studies may provide evidence for either of these 
models. 
 The identity of components acting downstream of cdh-3 and cdh-4 thus far remains 
elusive. Studies in mammalian cells showed that Fat1, via a proline-rich class I EVH1 binding motif, 
binds to the EVH1 domain of the actin regulator Ena/VASP (Moeller et al., 2004; Tanoue and Takeichi, 
2004). Interestingly, a consensus PPxxF class II type EVH1 binding motif is present in the intracellular 
domain of CDH-4 and this domain is directly adjacent to another proline-rich motif (PVVPPPL) 
(Schmitz et al., 2008). Although, the latter is not a consensus Ena/VASP binding motif a possible link 
between cdh-4 and the Ena/VASP ortholog unc-34 in C. elegans is worth pursuing. unc-34 mutants 
were shown to display mild neuronal migration defects, including Q cell undermigration (Shakir et 
al., 2006). Although this is qualitatively different from the phenotype observed in cdh-4 mutants, 
where the direction rather than the migratory capacity is affected, a model in which CDH-4 localizes 
UNC-34 in a polarized fashion could explain these differences. Furthermore, like CDH-3, UNC-34 was 
found to localize at the invasive protrusive front of the anchor cell, where it controls the formation 
of filamentous actin (Wang et al., 2014). Taken together, the possibility that the actin regulator UNC-
34/Ena/VASP functions as an effector of Fat cadherins in the guidance of Q cell migration provides 
an attractive paradigm for future studies.

Defects in initial Q cell migration result in aberrant Wnt signaling activation, which, 
subsequently, leads to defective migration of the Q descendants (Chapman et al., 2008; Du and 
Chalfie, 2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 
2012). It has previously been shown that posterior initial polarization sensitizes Q neuroblasts for 
canonical Wnt/ß-catenin signaling, either by exposing the cell to a higher level of the posteriorly 
expressed Wnt ligand EGL-20 or by modulating the intrinsic sensitivity of the Q cell for Wnt pathway 
activation. On the other hand, anterior initial polarization results in activation of the default 
non-canonical Wnt signaling response. Therefore, proper initial polarization and migration is 
instrumental for the left/right asymmetry of Wnt signaling activation that guides Q.d migration (Du 
and Chalfie, 2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Whangbo and Kenyon, 
1999). Accordingly, we found that cdh-3 and cdh-4 mutants - in which the Q neuroblasts fail to 
maintain protrusion direction - display random migration of the Q descendants. Despite the fact 
that both QL and QR display mild initial migration defects in cdh-3 mutants, only QL.d migration 
reversals occur, which is indicative of loss of canonical Wnt/ß-catenin signaling. Combined, these 
results further confirm that canonical Wnt signaling activation in Q neuroblasts requires robust 
posterior initial polarization and migration.
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 Together with earlier results, this study has paved the way for future research addressing 
the role of Fat like cadherins in neuroblast migration. Given the conservation of various components 
and the tractability of the system, studies on Q cell migration will provide valuable insights into the 
role of Fat-like cadherins in the guidance of migratory cells during nervous system development.       
  

Material & methods

C. elegans stains and culture
C. elegans strains were grown at 200 C using standard culture conditions. The Bristol N2 strain was 
used as wild type. The alleles and transgenes used in this study are LGI: zdIs5 [Pmec-4::GFP; lin-
15(+)]; LGII: muIs32 [Pmec-7::GFP; lin-15(+)] (Ch’ng et al., 2003); LGIII: cdh-3(pk77), cdh-3(pk87) (Pettitt 
et al., 1996), cdh-4(hd40) (Schmitz et al., 2008); LGV heIs63 [Pwrt-2::GFP-PH; Pwrt-2::H2B::GFP; Plin-
48::Tomato] (Wildwater et al., 2011). We used the hT2(I;III)[let-? qIs48] balancer to generate a cdh-4 
cdh-3/hT2 strain. However, this strain does not properly balance cdh-4, frequently resulting in loss 
of the cdh-4(hd40) allele. Therefore, after phenotypic analysis of the balancer negative progeny, the 
genotype of each individual animal that was scored was determined by PCR and cdh-4 heterozygotes 
were excluded from the analysis. Synchronization of worms was performed by collecting L1 larvae 
0-1 hours after hatching and growing them for the designated amount of time.   

Phenotypic analysis and microscopy
The positions of the Q descendants QL.pap-QL.paa and QR.pap-QR.paa were scored relative to the 
stationary seam cells by DIC microscopy in late L1/early L2 stage larvae as described (Coudreuse et 
al., 2006). For the comparison of the Q.d phenotypes of the singles and the double mutant we scored 
the Q.d position using Pmec-7::GFP (muIs32)  (Ch’ng et al., 2003) in two categories: anterior or posterior 
from the vulva. This allowed for analysis with a dissecting microscope and subsequent genotyping 
of the scored worms. The position of the first Q neuroblast division after initial migration and the 
direction of initial polarization were analyzed as previously described (Middelkoop et al., 2012). For 
epifluorescence and DIC microscopy worms were mounted on 2% agarose pads containing 10 mM 
sodium azide. Micrographs were made using a Zeiss Axioscop microscope equipped with a Zeiss 
Axiocam camera.

Time lapse imaging
Worm samples for live imaging were prepared as previously described (Middelkoop et al 2012). 
Time-lapse imaging was performed by making Z-stacks of entire worms with 0.5 μm step size and 
1 min time intervals using a PerkinElmer Ultraview Vox spinning disk confocal microscope (63x 
objective, 1x zoom, 4% 488 nm laser power). Because of drift in the Z direction slices corresponding 
to a single plane in the worm were manually selected using Volocity software and movies were 
made of these single slices with ImageJ.  

Single molecule fluorescence in situ hybridization
smFISH was performed as described (Raj et al., 2008). Briefly, wild type worms carrying heIs63 
were synchronized 0-4 hours after hatching and fixed using 4% formaldehyde and 70% ethanol. 
Hybridization was done for >12 hours at 370 C. cdh-3 and cdh-4 oligonucleotide probes were 
designed using the algorithm on www.singlemoleculefish.com and chemically coupled to Cy5. 
Z-stacks of 0.5 μm slice thickness were collected using a Leica DM6000 microscope equipped with 
a Leica DFC360FX camera, 100X objective and an Y5 filter cube (Cy5). Images with 1024 x 1024 
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resolution were subjected to 2x2 binning and were further analyzed with ImageJ. For quantification, 
z-stacks were used. Quantification was performed as described (Middelkoop et al., 2012) by manually 
counting mRNA spots in Q neuroblasts of animals that carried the heIs63 transgene to mark the Q 
cell periphery. Only fluorescent spots that were visible in at least two neighboring Z-slices were 
counted to eliminate false positives.

Statistical analysis
For comparison of the Q.d migration phenotypes shown in fig 1E, wild type, cdh-3 and cdh-4 single 
mutants were scored in triplo with n=50 each. The cdh-4 cdh-3 (M+) worms were scored 4 times with 
varying n numbers:  n=33, 54, 39, 36. The means of all the experiments were compared and tested 
for significance using a T-test. For determining the correlation between migratory distance and 
expression level of cdh-3 or cdh-4 mRNA we calculated the Spearman’s rank correlation coefficient 
using the Prism software package (see main text and figure legend for exact numbers).    
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Abstract

Multiple transmembrane proteins have been implicated in the initial left/right asymmetric 
polarization of the bilateral pair of Q neuroblasts. These include the Netrin receptor UNC-40/DCC, 
the two Fat like cadherins CDH-3 and CDH-4, the LAR protein tyrosine phosphatase PTP-3, the 
thrombospondin repeat containing protein MIG-21 and an evolutionarily conserved multi-pass 
transmembrane protein DPY-19. Loss of these components results in a random direction of initial 
polarization and migration. However, the way in which their activities are integrated in order to 
ensure the robust and invariant polarization and migration of Q neuroblasts is unknown. Here, 
we provide a genetic framework that underlies the control of initial Q neuroblast polarization. We 
found that unc-40/DCC functions in parallel to the other components and is required for posterior 
polarization. Additional compound mutant analysis revealed that the other transmembrane 
proteins function in partially overlapping pathways. Furthermore, while our results indicate that 
anterior polarization is the default orientation of polarity, we also show that the guidance of initial 
Q neuroblast migration can be dissected along both the anteroposterior and dorsoventral axis. 
Together, this study provides insights into the genetic hierarchy of genes involved in guiding initial 
Q neuroblast polarization and migration.
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Introduction

Cell migration is a central process in the development of multicellular organisms, enabling cells 
to move from their site of origin to new locations, where they can contribute to the formation of 
complex tissues and organ structures. Cell migration is controlled by a myriad of guidance cues that 
direct migrating cells towards their final destination. To study cell migration mechanisms at single 
cell resolution in vivo, we turned to the Q neuroblast system of C. elegans.

The migration of the Q neuroblasts occurs during the first hours of larval development 
and is one of the few examples of left/right asymmetry in the mostly bilaterally symmetric C. elegans 
body plan. Initially, the two Q neuroblasts are located within the two lateral rows of hypodermal 
seam cells. On the left lateral side, QL migrates posteriorly, while on the right lateral side, QR migrates 
towards the anterior. During their migration, both Q neuroblasts undergo an identical pattern of cell 
division, each generating two apoptotic cells (Q.aa and Q.pp) and three cells (Q.ap, Q.paa and Q.pap) 
that, once they reach their final position, will differentiate into neurons (Sulston and Horvitz, 1977). 
 Q cell migration can be subdivided into two distinct phases. During the initial phase, 
the first left/right asymmetry is established and QL and QR polarize and move a short range in 
opposite directions. After the initial phase, both Q neuroblasts divide and in the second phase, the Q 
descendants migrate longer distances towards well defined final positions. Although the migration 
of the Q descendants is known to be controlled by both canonical and non-canonical Wnt signaling 
mechanisms (Harris et al., 1996; Korswagen et al., 2000; Maloof et al., 1999; Zinovyeva et al., 2008), 
the initial left/right asymmetry is independent of Wnt signaling. In genetic screens, several genes 
have been identified that are required for the first steps of Q cell polarization and migration. Among 
these are six genes encoding transmembrane proteins, including the Netrin receptor unc-40/DCC 
(Honigberg and Kenyon, 2000), the Fat cadherins cdh-3 and cdh-4 (see also chapter 4) (Schmitz et 
al., 2008), the LAR receptor protein tyrosine phosphatase (LAR-RPTP) ortholog ptp-3 (Sundararajan 
and Lundquist, 2012), a thrombospondin repeat containing gene mig-21 (Du and Chalfie, 2001; 
Middelkoop et al., 2012), and dpy-19, which encodes an evolutionarily conserved multi-pass 
transmembrane protein (Honigberg and Kenyon, 2000). Upon loss of any of these genes (hereafter 
collectively referred to as “initial Q polarity genes”), the stereotypical directional persistence of initial 
migration is lost and as a result, the Q neuroblasts randomly change directions at multiple times 
during their migration. 
 It is well established that Netrin signaling, via the conserved UNC-40/DCC receptor, 
controls dorsoventral migrations in many different organisms (Lai Wing Sun et al., 2011). C. elegans, 
dorsoventral axon guidance, muscle arm extension, anchor cell invasion and dorsal turning of the 
developing gonad all require a functional Netrin signaling axis (Alexander et al., 2009; Alexander 
et al., 2010; Chan et al., 1996; Hagedorn et al., 2013; Hedgecock et al., 1990; Killeen and Sybingco, 
2008; Merz et al., 2001; Ogura et al., 2012; Su et al., 2000; Ziel et al., 2009). Although the intracellular 
effectors of UNC-40 vary in different cellular contexts, unc-40 has been shown to act upstream of 
various factors that control actin dynamics. For example the actin binding protein unc-115/AbLIM, 
the RacGTPase ced-10/Rac1, their activators tiam-1 and unc-73/Trio, and the Enabled ortholog unc-
34/Ena all have been shown to act downstream of unc-40 in axon guidance (Demarco et al., 2012; 
Gitai et al., 2003; Yu et al., 2002). In addition to its role as a Netrin receptor, Netrin independent 
functions have been ascribed to unc-40 as well (Fazeli et al., 1997; Haddick et al., 2014; Serafini et 
al., 1996; Yu et al., 2002). Thus, it has been shown that, together with the slt-1/SLIT receptor sax-
3/Robo, unc-40 controls axon guidance in the nerve ring independently of unc-6/Netrin. Similarly, 
AVM axon guidance defects triggered by ectopic slt-1 expression require unc-40 and sax-3 but not 
unc-6/Netrin (Yu et al., 2002). Finally, the control of Q neuroblast migration appears to be another 
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example in which unc-40 function does not depend on unc-6/Netrin (Honigberg and Kenyon, 2000).
 cdh-3 and cdh-4 both encode Fat-like cadherins that are characterized by a large number 
(typically 32-34) of extracellular cadherin repeats. In other organisms, Fat-like cadherins have been 
implicated mainly in Hippo signaling and in a variety of planar cell polarity processes (Bennett and 
Harvey, 2006; Cho et al., 2006; Matis and Axelrod, 2013; Saburi et al., 2012; Sadeqzadeh et al., 2014; 
Silva et al., 2006; Viktorinova et al., 2009; Willecke et al., 2006). In addition, mammalian Fat1 could 
promote protrusion formation via Ena/VASP and is also involved in guiding vascular smooth muscle 
cell migration upon injury (Hou et al., 2006; Hou and Sibinga, 2009; Moeller et al., 2004; Tanoue and 
Takeichi, 2004, 2005). In C. elegans, cdh-3 has been implicated in the control of tail morphogenesis 
and it has a subtle role in anchor cell invasion (Pettitt et al., 1996; Sherwood et al., 2005). Loss of 
the other Fat cadherin, cdh-4, results in defective axon guidance, hypodermal morphology and 
pharynx attachment. In addition, cdh-4 was shown to control Q cell migration, presumably at a level 
upstream of Wnt signaling activation (Schmitz et al., 2008). However, very little is known about the 
underlying molecular mechanisms or the downstream signaling components with which C. elegans 
Fat cadherins may interact.  
 The C. elegans genome contains one locus that encodes several isoforms of the leukocyte 
common antigen related receptor protein tyrosine phosphatase (LAR-RPTP) ptp-3. Recently, it was 
shown that ptp-3 controls initial Q cell migration (Sundararajan and Lundquist, 2012). LAR-RPTPs 
are characterized by extracellular fibronectin type III repeats and immunoglobulin domains and 
two intracellular phosphatase domains. Via their fibronectin type III and immunoglobulin domains 
LAR-RPTPs can interact with components of the extracellular matrix such as laminin-nidogen 
and collagen (Aricescu et al., 2002; O’Grady et al., 1998). LAR-RPTPs control several aspects of 
neurogenesis, including axon guidance, synapse development and neuroblast migration (Ensslen-
Craig and Brady-Kalnay, 2004; Johnson and Van Vactor, 2003; Paul and Lombroso, 2003). In C. 
elegans, two ptp-3 isoforms (ptp-3A and ptp-3B) have been studied in detail. ptp-A and ptp-3B differ 
in their extracellular domain and both isoforms function in distinct processes during development. 
While ptp-3B controls axon guidance and neuroblast migration throughout development, ptp-3A 
specifically controls synapse development (Ackley et al., 2005; Harrington et al., 2002). Accordingly, 
ptp-3B, but not ptp-3A, was shown to control initial Q neuroblast migration (Sundararajan and 
Lundquist, 2012).
 The multi-pass transmembrane protein DPY-19 was also shown to display initial Q cell 
migration defects (Honigberg and Kenyon, 2000). In vertebrates, four DPY-19 orthologs exist 
(Dpy19L1 to Dpy19L4). Dpy19L1 was found to be necessary for radial migration of glutamatergic 
neurons in the developing cerebral cortex (Watanabe et al., 2011). Interestingly, it was recently 
shown that DPY-19 can act as an ER specific mannosidase that glycosylates thrombospondin 
repeats on the transmembrane proteins UNC-5 and MIG-21 (Buettner et al., 2013). mig-21 was 
also previously implicated in guiding initial Q cell migration similar to dpy-19 providing a possible 
mechanistic link between these two genes (see chapter 3) (Du and Chalfie, 2001; Middelkoop et al., 
2012; Sundararajan and Lundquist, 2012). 
 In this study, we examined the genetic relationship between the genes described above. 
By systematically examining single and compound mutants, we found that unc-40/DCC functions 
in parallel to the other genes and that its main role is to potentiate posterior initial polarization. 
Furthermore, we show that cdh-3/Fat functions in parallel with ptp-3/LAR-RPTP and, similarly, our 
results also suggest that mig-21 and dpy-19 function in parallel. Additional double mutant analysis 
revealed that ptp-3 could not robustly enhance the random polarization phenotype of mig-21, cdh-
4 or dpy-19, suggesting that they could function in overlapping genetic pathways. Together, the 
results presented here provide insights into the basic genetic framework underlying the control of 
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initial Q cell polarization. Finally we found that the centrosome is located anterior from the nucleus 
in both the QL and QR neuroblasts. We propose a model in which centrosome mediated anterior 
polarization is the default polarization direction on which the initial Q polarity components impinge. 

Results

Multiple genes encoding transmembrane proteins control initial Q cell migration
Upon hatching, the two Q neuroblasts (QL on the left lateral side and QR on the right lateral side) 
are located on equivalent left/right positions in between seam cells V4 and V5. However, during 
the first 4-5 hours of larval development, QR sends a persistent protrusive front towards the 
anterior and migrates on top of its neighboring seam cell V4. The left Q neuroblast (QL) displays 
an opposite behavior and will migrate posteriorly on top of seam cell V5. This initial short-range 
migration is terminated by cell division of both QL and QR (Sulston and Horvitz, 1977). Consistent 
with earlier observations, we found that the orientation of the protrusive front is random in initial Q 
polarity mutants (Fig. 1A) (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012). As a consequence, the net displacement of Q neuroblasts prior to division was 
greatly reduced, frequently resulting in division of the Q neuroblasts at a position in between seam 
cells V4 and V5 (Fig. 1B). Although qualitatively similar, the initial migration defects in unc-40, ptp-3 
and cdh-3 mutants were more subtle than in cdh-4, mig-21 and dpy-19 mutants. Importantly, we 
found that in all initial Q polarity mutants, the severity of the defects was comparable in QL and QR. 
In several mutants, especially in unc-40, the Q neuroblasts were frequently unpolarized at the time 
of analysis (Fig. 1A). Given that these mutants, especially unc-40, display a reduced growth rate, we 
argue that the presence of unpolarized Q neuroblasts is a result of an overall developmental delay. 
The finding that Q neuroblasts retain the ability to form protrusions, migrate and divide in all the 
mutants analyzed further validates this assumption.  
 In migrating cells, the centrosome is often localized in a polarized fashion and is thought to 
contribute to directional migration (Luxton and Gundersen, 2011). Therefore, we next analyzed the 
localization of the centrosome during initial migration using the previously described centrosome 
marker CMD-1::GFP (a putative CalMoDulin homolog) expressed specifically in Q neuroblasts 
(Chai et al., 2012). We found that the centrosome is indeed localized in a polarized fashion, but 
surprisingly, in both QL and QR it is located anterior of the nucleus (Fig. 2A,C). Therefore, in QR the 
centrosome is facing the protruding front, while in QL it is facing to the rear end of the migrating Q 
neuroblast. When measuring the angle between the centrosome, the center of the Q cell nucleus 
and the anteroposterior axis, we found that the mean angle is similar in QL and QR (QL: 140 ± 46, 
n=39, QR: 149 ± 21, n=31, T-test: p=0.28) (Fig. 2B,D). However, in QL the position of the centrosome is 
more variable (Bartlett’s test: p<0.0001), including cases where the centrosome localizes towards the 
posterior side of the cell (Fig. 2B). Given the important role of centrosome position in other migrating 
cell types (Luxton and Gundersen, 2011), we hypothesized that the initial Q polarity genes might 
control centrosome localization in Q neuroblasts. Therefore, we next examined centrosome position 
in dpy-19, mig-21 and unc-40 mutants. We found that in all three mutants the anterior centrosome 
localization was unaffected even though the initial migration direction had become random (Fig. 2B, 
D). These results suggest that initial Q polarity genes do not affect the overall anterior localization of 
the centrosome. However, the difference in centrosome position variability in QL and QR was lost in 
dpy-19 (p=0.537), mig-21 (p=0.184) and unc-40 (p=0.19) mutants, suggesting that these genes may 
play a subtle role in centrosome positioning. 
 Previous studies have shown that posterior polarization of the Q neuroblasts results in 
canonical Wnt signaling activation, which, in turn, guides the migration of the Q.d cells towards the 
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Figure 1. Initial Q neuroblast polarization and migration in Q polarity mutants
A Quantification of the angle of the main protrusive front with the anteroposterior axis in L1 larvae synchronized 
1-2 hours after hatching in wild type and six initial Q polarity mutants. Percentages in the center of the radial 
diagrams indicate the amount of larvae with unpolarized Q neuroblasts. n numbers indicate the amount of 
polarized Q neuroblasts that were used to measure the angles. B Position of the first Q cell division relative 
to seam cells V4 and V5. n>30 for all genotypes. In A and B animals carrying Pwrt-2::GFP-PH; Pwrt-2::H2B-GFP 
(heIs63) (Wildwater et al., 2011) were analyzed with epifluorescent micrscopy. Epifluorescent micrographs show 
examples of protrusive fronts (A) and positions of division (B) in wild type. Ventral is down, anterior is left. 
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posterior (see chapter 3) (Du and Chalfie, 2001; Honigberg and Kenyon, 2000; Middelkoop et al., 
2012). When canonical Wnt signaling is not activated, a default non-canonical Wnt signaling pathway 
directs the migration of the Q.d cells towards the anterior (Zinovyeva et al., 2008). Consistently, 
we found that in initial Q polarity mutants the Q.d either localized in the anterior (like the QR.d 
in wild type animals) or in the posterior (liked the QL.d in wild type animals) (Fig. 3). Again, cdh-4, 
mig-21 and dpy-19 mutants displayed stronger phenotypes than unc-40, ptp-3 and cdh-3 mutants. 
Moreover, in unc-40, ptp-3 and cdh-3 mutants QR.d migration was mostly normal, despite the fact 
that the initial polarization of QL and QR was affected to a similar extent. Together, these results 
further substantiate the model in which the activation of canonical Wnt signaling requires robust 
posterior initial polarization, while non-canonical Wnt signaling is activated by default and does not 
require robust anterior polarization. 
 
Initial polarity genes likely function cell autonomously in the Q neuroblasts
In order to examine which of the initial Q polarity genes function cell autonomously, we first 
constructed a transgene (huEx300) that expresses an UNC-40::GFP fusion protein (Ziel et al., 2009) 
specifically in Q neuroblasts using the egl-17 promoter (Branda and Stern, 2000; Cordes et al., 2006). 
Confocal microscopy revealed that unc-40::gfp is specifically expressed in Q neuroblasts and the GFP 
fusion protein predominantly localizes to the cell periphery (Fig. 4B). We found that this construct 
could faithfully rescue the Q cell migration defects of unc-40 mutants, showing that unc-40 functions 
cell autonomously (Fig. 4A).  
 The autonomy of dpy-19 was analyzed in a similar manner. We constructed 2 independent 
transgenes (huEx439 and huEx440) that express dpy-19 cDNA in the Q neuroblast lineage using the 
egl-17 promoter. We found that in both transgenic lines the Q cell migration defects of dpy-19 were 
rescued (Fig. 4A). However, further analysis of the transgenic lines revealed that the Dpy phenotype 
of dpy-19 was also rescued in a substantial fraction of transgenic animals. This suggests that, despite 

Figure 2. Centrosome 
localization in wild type and 
in initial Q polarity mutants
Centrosome localization 
in QL (A-B) and QR (C-D). 
For this analysis animals 
carrying Pegl-17::GFP-CMD-1; 
Pegl-17::Myri-mCherry; Pegl-
17::mCherry-HIS-24 (casIs22) 
(Chai et al., 2012) were 
analyzed with epifluorescent 
micrscopy (A and C). Images 
in A and C show examples 
of centrosome localization 
(arrowheads) in wild type 
and in dpy-19(e1314) mutants 
in which Q neuroblasts 
polarized incorrectly. B and 
D show the quantifiaction of 
the angle of the centrosome 
with the nucleus and 

anteroposterior axis in QL (B) and QR (D) in wild type (QL: n=31, QR: n=38), dpy-19 (QL: n=31, QR: n=38), mig-21 
(QL: n=18, QR: n=14) and unc-40 (QL: n=15, QR: n=21) mutants. Angles in between the two dashed lines reflect 
centrosomes that localize anterior from the nucleus. The variance in wild type QR and QL differed significantly 
(Bartlett’s test: p<0.0001), while no differences in variance were observed in dpy-19 (p=0.537), mig-21 (p=0.184) 
or unc-40 (p=0.19).
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Figure 3. Initial Q polarity genes 
affect Q descendent cell migration 
Final positions of Q.paa and Q.pap 
(Q.pax) relative to the stationary seam 
cells in wild type and initial Q polarity 
mutants. Animals were scored with DIC 
optics without a Q cell marker.

the specificity of the egl-17 promoter for the Q neuroblast lineage, these transgenes may display a 
low level of dpy-19 expression in the hypodermis. To circumvent this problem, we made use of the 
fact that extrachromosomal transgenes are frequently lost during somatic cell divisions, leading to 
mosaic expression of the transgene (Stinchcomb et al., 1985). Analysis of transgenic animals that 
remained Dpy revealed that the Q.d migration phenotype was still significantly rescued (Fig. 4C). 
The transgenic worms with a wild type body length displayed a more robust Q.d migration rescue, 
but this is likely the result of a lower degree of mosaicism. Even though these experiments do not 
formally rule out a non-autonomous role for dpy-19, they strongly suggest that dpy-19 functions 
within the Q neuroblasts. In line with this hypothesis, dpy-19 was previously found to be expressed 
in Q neuroblasts (Honigberg and Kenyon, 2000).
 We also constructed a Pegl-17::mig-21 transgene, described in chapter 3 of this thesis, and 
found that it could rescue the Q migration phenotype showing that, like unc-40 and dpy-19, mig-21 
also functions within the Q neuroblasts (Middelkoop et al., 2012). Due to technical limitations, we 
could not provide solid evidence for an autonomous role of cdh-3 and cdh-4 (see chapter 4 of this 
thesis). However, as discussed in chapter 4, both cdh-3 and cdh-4 are dynamically expressed in Q 
neuroblasts during initial migration, suggesting that they exert their function autonomously. Finally, 
by performing Q cell specific rescue experiments, a recent report showed that ptp-3 functions cell 
autonomously as well (Sundararajan and Lundquist, 2012). Taken together, we propose that the 
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Figure 4. unc-40 and dpy-19 function cell autonomously
A Final positions of Q.paa and Q.pap (Q.pax) relative to the stationary seam cells in wild type, unc-40(e1430) and 
dpy-19(e1314) with and without rescuing extrachromosomal transgenes. Animals were scored with DIC optics 
without a Q cell marker. B Confocal image of UNC-40::GFP expressed specifically in Q neuroblasts (huEx300). An 
image of QL is shown. C Quantification of the Q cell migration defects using Pmec-7::GFP. The positions of QL.paa 
and QR.paa relative to the vulva were scored using a dissecting microscope. All conditions were scored three 
times independently, with n=50 for each repeated measurement. Transgene negative siblings were used as a 
control and compared with transgene positive Dpy worms and worms with wild type (Wt) body length. Ttests 
were performed to determine significance; p<0.006 for huEx439 and p<0.004 for huEx440.
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Figure 5. unc-40 is required for posterior initial migration 
A Quantification of the angle of the main protrusive front with the anteroposterior axis in L1 larvae synchronized 
1-2 hours after hatching in the indicated genotypes. Analysis performed as in Fig. 1A. Fisher’s exact test was 
performed to determine significance: *** p=0.000, ** p=0.002, * p=0.029, n.s. = not significant (p=0.579). B 
Quantification of Q.d migration phenotype in the indicated genotypes. Analysis performed as in Fig. 3. 
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initial Q polarity genes described here are likely to function cell autonomously in Q neuroblast 
polarization and migration.

unc-40 functions in parallel with mig-21, dpy-19 and cdh-3
In chapter 3 of this thesis we showed that in unc-40; mig-21 double mutants all Q.d cells migrate 
anteriorly due to a loss of posterior initial migration and, subsequently, a loss of canonical Wnt 
signaling activation (Middelkoop et al., 2012). To determine whether these defects are due to a lack 
of posteriorly directed protrusions, we next examined the orientation of initial polarization in unc-
40; mig-21 double mutants. Indeed, we observed an increase in the fraction of anteriorly polarized 
Q neuroblasts, indicating that in unc-40; mig-21 mutants there is a bias towards anterior protrusion 
formation (Fig. 5A). These results suggest that posteriorly directed protrusions require functional 
unc-40. 
 In order to understand the genetic hierarchy of initial Q cell migration, we next examined 
Q.d migration in unc-40; dpy-19 and unc-40; cdh-3 mutants. Similar to mig-21, dpy-19 was previously 
found to enhance the defects in posterior Q.d migration of unc-40 mutants (Honigberg and Kenyon, 
2000), an effect that we could confirm in this study (Fig. 5B). In addition, we found that posterior Q.d 
migration was also strongly reduced in the unc-40; cdh-3 double mutant (Fig. 5B). Due to synthetic 
lethality, repeated attempts to generate unc-40; ptp-3 and unc-40; cdh-4 double mutants were 
unsuccessful. However, a recent report showed that knock down of ptp-3 in the seam cells and Q 
cell lineage of unc-40 mutants reduced the posteriorly directed migration of Q.d cells, suggesting 
that ptp-3 also functions in parallel to unc-40 (Sundararajan and Lundquist, 2012). 
 Together, these results show that unc-40 functions in parallel with mig-21, dpy-19 and cdh-3. 
In addition, we conclude that unc-40 is mainly necessary for the formation of the posteriorly directed 
protrusions that are required for the subsequent posterior migration of the Q.d. Furthermore, mig-
21, dpy-19 and cdh-3 all enhance the unc-40 phenotype in a similar manner, suggesting that these 
three genes might function in a similar molecular process. 
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Figure 6. unc-6/Netrin is dispensable 
for Q cell migration
Final positions of Q.paa and Q.pap 
(Q.pax) relative to the stationary seam 
cells in the indicated genotypes. 
Analysis performed as in Fig. 3.
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unc-40 functions independently of its canonical ligand unc-6/Netrin
Earlier studies have concluded that the well-known UNC-40/DCC ligand, UNC-6/Netrin is not 
required for the initial polarization and migration of the Q neuroblasts. Subtle defects in initial 
migration were observed in unc-6 mutants, but they were attributed to indirect effects on overall 
body morphology (Honigberg and Kenyon, 2000). However, a minor role of UNC-6 as an UNC-40 
ligand, possibly together with other factors, might provide an alternative explanation for these 
subtle defects. We argued that if UNC-6 plays a minor role functioning as a ligand for UNC-40 in Q 
cell migration, unc-6 should enhance the Q.d migration phenotype of dpy-19 and mig-21 mutants 
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Figure 7. ptp-3 and cdh-3 function in parallel pathways
Quantification of the angle of the main protrusive front with the anteroposterior axis in L1 larvae synchronized 
1-2 hours after hatching in the indicated genotypes. Analysis performed as in Fig. 1A. Fisher’s exact test 
was performed to determine significance: *** p=0.000, n.s. = not significant (QL: p=0.253, QR: p=0.616). B 
Quantification of Q.d migration phenotype in the indicated genotypes. Analysis performed as in Fig. 3.
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in a way similar to unc-40. Therefore, we next analyzed Q.d migration in dpy-19; unc-6 and mig-21; 
unc-6 double mutants. As shown in Fig. 6, we found that Q.d migration in the double mutants was 
indistinguishable from dpy-19 or mig-21 single mutants (Fig. 6). These results are in line with earlier 
findings and support the conclusion that unc-40 functions in an unc-6/Netrin independent manner 
to guide Q cell migration.

Compound mutant analysis reveals additional genetic interactions 
In order to uncover the genetic relationship among the other initial Q polarity genes, we analyzed 
Q cell migration in various double mutant combinations. First, we found that the mild Q.d migration 
phenotype of cdh-3 and ptp-3 mutants is enhanced in the ptp-3; cdh-3 double mutant to a fully 
random phenotype resembling that of cdh-4, mig-21 and dpy-19. Not surprisingly, a similar 
enhancement was found when analyzing the initial direction of the protruding front (Fig. 7A-B). 
These results clearly show that cdh-3 and ptp-3 function in parallel genetic pathways. 
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Figure 8. ptp-3 and 
cdh-4 likely function in 
overlapping pathways
Quantification of the 
angle of the main 
protrusive front with 
the anteroposterior 
axis in L1 larvae 
synchronized 1-2 hours 
after hatching in the 
indicated genotypes. 
Analysis performed as 
in Fig. 1A. Fisher’s exact 
test was performed to 
determine significance: 
*** p=0.000, ** p=0.001, 
* p=0.024, n.s. = not 
significant, p=0.157. B 
Quantification of Q.d 
migration phenotype 
in the indicated 
genotypes. Analysis 
performed as in Fig. 3.
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 Although subtle differences can be observed, ptp-3 does not robustly enhance the Q.d 
migration defects of cdh-4, dpy-19 and mig-21. Similarly, the initial polarization direction is not 
robustly altered in double mutant combinations (Figures 8-10). There are some differences between 
the single mutants and three particular double mutant combinations (QR polarity in ptp-3; mig-21 
and QL polarity in ptp-3; cdh-4 and ptp-3; dpy-19), but these differences are only barely significant 
(p=0.02, 0.02 and 0.01, respectively). These data are therefore insufficiently conclusive to determine 
whether ptp-3 functions in linear pathways or in parallel to the other polarity components. 
 Next, we analyzed Q.d migration in mig-21 dpy-19 double mutants and found that it is 
qualitatively similar to either single mutant (Fig. 11B) (Middelkoop et al., 2012). However, when we 
analyzed the direction of initial polarization, we found that a substantial fraction of QR neuroblasts 
has a protrusive front projecting dorsally, a phenotype that differs significantly from the random 
polarization observed in the single mutants (p<0.001) (Fig. 11A). A similar phenomenon was 
observed in QL, but here the difference did not reach statistical significance (p=0.33). We conclude 
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Figure 9. ptp-3 and mig-
21 likely function in 
overlapping pathways
Quantification of the 
angle of the main 
protrusive front with the 
anteroposterior axis in L1 
larvae synchronized 1-2 
hours after hatching in 
the indicated genotypes. 
Analysis performed as in 
Fig. 1A. Fisher’s exact 
test was performed to 
determine significance: 
*** p=0.000, * p=0.021, 
n.s. = not significant 
(ptp-3 vs. mig-21 QR: 
p=0.153, mig-21 vs. ptp-
3; mig-21 QL: p=0.555). 
B Quantification of Q.d 
migration phenotype in 
the indicated genotypes. 
Analysis performed as in 
Fig. 3.
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that dpy-19 and mig-21 have parallel functions in the initial polarization of QR and possibly QL as 
well.
 In chapter 4 of this thesis, we described the Q.d migration phenotype of the maternally 
rescued cdh-4 cdh-3 double mutant. Due to technical limitations, we were unable to analyze the initial 
protrusion direction in this double mutant. However, we found that the Q.d migration phenotype of 
cdh-4 is not enhanced in maternally rescued cdh-4 cdh-3 (M+) double mutants, suggesting that they 
function in a linear genetic pathway. However, we cannot exclude a parallel function similar to what 
was found for mig-21 and dpy-19.
 The double mutants described in this section all display defects that are qualitatively 
different from those observed in unc-40 compound mutants, in which there is an anterior 
polarization bias. Again, these results are consistent with the model that unc-40 functions in a 
separate regulatory branch.
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Figure 10. ptp-3 and 
dpy-19 likely function 
in overlapping 
pathways
Quantification of the 
angle of the main 
protrusive front with 
the anteroposterior 
axis in L1 larvae 
synchronized 1-2 hours 
after hatching in the 
indicated genotypes. 
Analysis performed as 
in Fig. 1A. Fisher’s exact 
test was performed to 
determine significance: 
*** p=0.000, * 
p=0.010, n.s. = not 
significant, p=0.066. B 
Quantification of Q.d 
migration phenotype 
in the indicated 
genotypes. Analysis 
performed as in Fig. 3.
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The role of unc-40 in guiding Q neuroblast polarization along the major body axes
The dorsal polarization observed in the mig-21 dpy-19 double mutant led us to hypothesize that 
dpy-19 and mig-21 may control polarization along the anteroposterior axis, while another pathway 
may control polarization along the dorsoventral axis. The combination of these two vectors will 
in turn direct the initial polarization and migration towards the dorsal side of seam cell V5 in 
case of QL and the dorsal side of seam cell V4 in case of QR. Since unc-40 is well known to control 
dorsoventral guidance, we considered the possibility that unc-40 is part of the pathway that guides 
the Q neuroblasts dorsally. In line with this possibility is the finding that in the stronger unc-40(n324) 
allele, the majority of QL protrusions were pointing either anteriorly or posteriorly but, as opposed 
to the mig-21 dpy-19 mutant, dorsal protrusions were rare (Fig. 12). 
 Therefore, we next tested this two-vector model by generating an unc-40; mig-21 dpy-19 
triple mutant. Because previous attempts to generate an unc-40(n324); dpy-19(e1314) double mutant 
were unsuccessful, we made the triple mutant using the unc-40(e271) allele. Unfortunately, at 20°C 
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Figure 11. dpy-19 and 
mig-21 function in parallel 
pathways in QR
Quantification of the angle 
of the main protrusive front 
with the anteroposterior axis 
in L1 larvae synchronized 
1-2 hours after hatching in 
the indicated genotypes. 
Analysis performed as in Fig. 
1A. Fisher’s exact test was 
performed to determine 
significance: *** p=0.000, 
** p<0.002, n.s. = not 
significant. B Quantification 
of Q.d migration phenotype 
in the indicated genotypes. 
Analysis performed as in 
Fig. 3.
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the combination of these three mutations was lethal. However, since dpy-19(e1314) is a temperature 
sensitive mutation, the strain could be maintained and grown at 15°C. In order to examine Q cell 
migration in this triple mutant, we shifted the worms to the restrictive temperature 2 hours prior to 
hatching and analyzed initial Q cell polarization in the larvae that hatched subsequently. We found 
that the direction of initial polarization in the unc-40; mig-21 dpy-19 triple mutant is indistinguishable 
from the unc-40; mig-21 double mutant, in which there is a bias towards anterior polarization (Fig. 
12). Despite this anterior bias, dorsal protrusions were still observed in the triple mutant. Given the 
hypomorphic nature of the unc-40(e271) allele, this could reflect the presence of residual unc-40 
function. Alternatively, this could result from unc-40 independent dorsoventral guidance. Therefore, 
based on these results, we could not draw solid conclusions about the role of unc-40 in dorsoventral 
guidance of Q neuroblasts. 

The biased anterior polarization in unc-40; mig-21 dpy-19 triple mutants argues against a 
model in which mig-21 and dpy-19 are strictly required for polarization along the anteroposterior 
axis. However, because the shift to the restrictive temperature occurred only 2 hours prior to the 
onset of Q neuroblast polarization, we cannot rule out that there still is residual DPY-19 protein in 
the early L1 stage. Therefore, these results remain inconclusive. As an alternative explanation we 
hypothesize that anterior might be the default polarization direction that needs to be modulated 
and fine-tuned by the initial Q polarity genes.
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Figure 12. Anterior 
polarization as the default 
polarization direction
Quantification of the angle of 
the main protrusive front with 
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after hatching in the indicated 
genotypes. Analysis performed 
as in Fig. 1A. Fisher’s exact test 
was performed to determine 
significance: *** p=0.000, n.s. = 
not significant.
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Discussion

The results shown in this study provide a general framework for the genetic wiring of initial Q cell 
migration. We found that several parallel genetic pathways act cooperatively to ensure robust initial 
Q neuroblast polarization and migration. Out of the six mutants analyzed here, unc-40/DCC, ptp-3/
LAR-RPTP and cdh-3/Fat mutants displayed mild Q polarization defects, while in cdh-4/Fat, mig-21 
and dpy-19 mutants the direction of initial Q neuroblast polarization is largely random. Systematic 
analysis of compound mutants revealed that unc-40 acts in parallel to the other initial Q polarity 
mutants and is mainly necessary for the formation of posteriorly directed protrusions. In addition, 
loss of both ptp-3 and cdh-3 resulted in a random polarization phenotype that was similar to cdh-4, 
mig-21 and dpy-19, indicating that these genes may affect similar processes. Furthermore, although 
both dpy-19 and mig-21 display random initial polarization, there is a dorsal polarization bias in the 
double mutant. These results suggest that mig-21 and dpy-19 function in parallel as well. Finally, ptp-
3 could not robustly enhance the random phenotype of cdh-4, mig-21 and dpy-19 indicating that 
these genes function in overlapping pathways.
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Figure 13. Model for the guidance of 
initial Q cell migration
A Two-vector model for the guidance 
of initial Q cell migration. In wild 
type the sum of guidance along the 
anteroposterior axis and the dorsoventral 
axis results in Q neuroblasts to migrate 
towards a position dorsal from their 
neighboring seam cells. Our results are 
consistent with a model in which dpy-19 
and mig-21 are the main components 
that control A/P guidance where unc-
40 is necessary for posteriorly directed 
protrusions. In addition, D/V guidance 
is controlled by other components 
where unc-40 might be one of the 
candidates for future studies. B Model 
that could explain the anterior default 
polarity direction. The asymmetrically 
localized centrosome (green circle) may 
nucleate microtubules (green stripes) 
anteriorly. These microtubules then 
deliver components that remodel the 
actin cytoskeleton (red) towards the 
anterior side of the Q neuroblast. In this 
model the action of the centrosome and/
or microtubules are actively inhibited 
in QL, resulting in the delivery of actin 
remodelers towards the anterior by an as 
of yet unidentified mechanism.  
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Initial Q neuroblast guidance along two axes
Even though the Q neuroblasts move along the anteroposterior axis, there is also a slight dorsal 
displacement, which results in migration towards the dorsal side of the neighboring seam cells. This 
could be achieved passively by the shape of the seam cells, which may physically restrict migration 
along the anteroposterior axis. Alternatively, a dorsoventral guidance mechanism may actively 
pull the Q neuroblasts dorsally. When examining mig-21 dpy-19 double mutants, we found that 
the direction of initial polarization is skewed dorsally, favoring the existence of such a mechanism. 
This led to the hypothesis that dpy-19 and mig-21 provide anteroposterior guidance, while another 
pathway is responsible for dorsoventral polarization (Fig. 13A). unc-40 is well known for its role 
in dorsoventral guidance in various contexts. Although our results show that unc-40 is necessary 
for the formation of posterior protrusions, guiding protrusions dorsally might be an additional 
function of unc-40. However, given the nature of the available unc-40 and dpy-19 mutants alleles, 
such a vector model could not be demonstrated. Another complicating factor is that unc-40 may act 
together with other guidance molecules in promoting dorsal directionality. One possible candidate 
is the other Netrin receptor, unc-5, which functions together with unc-40 in many dorsally directed 
guidance events (Chan et al., 1996; Hedgecock et al., 1990; Merz et al., 2001; Norris and Lundquist, 
2011; Ogura et al., 2012). Although it was shown that unc-5 mutants do not display Q cell migration 
defects (Honigberg and Kenyon, 2000), it could play a subtle role or act partially redundantly with 
unc-40. 

Anterior Q neuroblast polarization as the default polarization direction
When analyzing unc-40; mig-21 and unc-40; mig-21 dpy-19 compound mutants, we found that the 
direction of initial polarization is anteriorly biased in both QL and QR. Therefore, we hypothesize 
that anterior polarization is the default polarization direction. Following this hypothesis, the default 
“ground state” polarization direction needs to be reinforced in QR, while it needs to be antagonized 
in QL. Although we can only speculate about the molecular origin of the putative ground state 
polarity, the anterior orientation of the centrosome may provide a promising lead for future studies. 

The position of the centrosome in QL and QR likely results from the embryonic division 
of the QLV5L and QRV5R mother cells (Sulston et al., 1983). This asymmetric division causes the 
anterior daughters, the future Q neuroblasts, to inherit an anteriorly localized centrosome. 
Accordingly, we found that the centrosome is located posterior from the nucleus in V5 seam cells 
(not shown). In a variety of migrating cells, centrosomes are localized in front of the nucleus where 
they are thought to radiate microtubules towards the protrusive front. Although the underlying 
molecular mechanisms are not entirely understood, these microtubules may enforce the protrusive 
front by delivering polarity cues and/or cytoskeletal remodelers directly via their plus-end tips 
or indirectly via vesicle transport (Etienne-Manneville, 2013; Luxton and Gundersen, 2011). In Q 
neuroblasts the centrosome faces the protrusive front in QR but not in QL. For these reasons, a 
centrosome-microtubule axis may be responsible for setting up the anterior ground state polarity. 
Consequently, this putative centrosome-microtubule axis needs to be maintained in QR, while in 
QL it needs to be counteracted (Fig. 13B). The finding that centrosome localization is less variable 
in QR than in QL may be a consequence of this proposed phenomenon. Since anterior centrosome 
localization results from the embryonic division of the Q mother cells, Q cell intrinsic modulation of 
the centrosome-microtubule axis would in theory be sufficient to promote left/right asymmetry. 

Are extracellular cues involved in initial Q neuroblast migration?
Although the ground state polarity might be a Q cell intrinsic mechanism, all the genes described 
in this report encode transmembrane proteins. Therefore, it is tempting to speculate that left/right 
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asymmetrically expressed ligands are involved in initial Q neuroblast migration. However, to date 
no extracellular molecules have been implicated in initial Q neuroblast migration. We, and others, 
have shown that the canonical ligand for UNC-40/DCC, UNC-6/Netrin, is dispensable for initial Q 
cell migration (Honigberg and Kenyon, 2000). It is known that UNC-40/DCC, and its mammalian 
orthologs, can function independently of Netrin in several contexts (Fazeli et al., 1997; Haddick et 
al., 2014; Serafini et al., 1996; Yu et al., 2002). In C. elegans, UNC-40, together with SAX-3/Robo, uses 
SLT-1/SLIT as a ligand in anteroposterior axon guidance in the nerve ring (Yu et al., 2002). Whether 
slt-1 functions in Q polarization remains to be established.

LAR-RPTP’s like PTP-3 have been shown to interact with extracellular matrix components 
(Aricescu et al., 2002; O’Grady et al., 1998). Although a phenotype in initial Q cell migration was not 
reported, integrins have been implicated in guiding Q.d migration (Ou and Vale, 2009). Therefore, 
a role for extracellular matrix adhesion is not unlikely. In addition, the Fat cadherins have been 
implicated in cell-cell adhesion either by interacting with juxtaposed Dachsous or via homotypic 
interactions (Matakatsu and Blair, 2004; Nakayama et al., 2002; Sadeqzadeh et al., 2014). The finding 
that cdh-3 is specifically expressed in Q neuroblasts, and cdh-4 in Q neuroblasts as well as various 
neighboring cells may favor the latter hypothesis. Interestingly, cdh-4 is also expressed in juvenile 
ventral cord neurons that send commissural axons in a left/right asymmetric manner. The position 
of the DA6 axon is close to the position of QL division and, in addition to its Q cell migration 
phenotype, cdh-4 mutants also display defects in commissural axon guidance (Schmitz et al., 2008). 
Therefore, CDH-4 localized on these axons might provide a signal for initial Q neuroblasts migration. 

Apart from nematodes, mig-21 is not conserved and no putative ligands have been 
identified. However, two conserved thrombospondin domains are located in the extracellular 
domain (see chapter 3)(Middelkoop et al., 2012). Since thrombospondin domains are also found in 
other cellular guidance receptors, like the other Netrin receptor, UNC-5, MIG-21 may bind to a ligand 
with these domains. Interestingly, it was previously shown that DPY-19 could act as a mannosidase 
for the thrombospondin domains on both MIG-21 and UNC-5 (Buettner et al., 2013). Therefore, DPY-
19 might modulate the affinity of MIG-21 for its putative ligands. However, the data presented here 
show that mig-21 and dpy-19 are likely to function, at least partially, in parallel genetic pathways, 
indicating that the functional relationship between these molecules is more complex. Apart from 
its putative role as mannosidase, very little is known about DPY-19 at the molecular level. It has 
been shown that mammalian mDpy19L2 localizes to the nuclear membrane of sperm cells where 
it orchestrates acrosome positioning (Pierre et al., 2012). Together, the localization in the nuclear 
membrane, which is continuous with the ER, and its role as an ER specific mannosidase, argue 
against a role for DPY-19 as a cell surface receptor. 

Putative downstream targets of initial Q polarity components 
The coordinated remodeling of cytoskeletal components ultimately facilitates the migration of cells. 
Even though the molecular mechanisms vary greatly depending on the specific cell type, generally 
Rac GTPases (including Rac1 and RhoG) promote actin polymerization at the leading edge. 
Conversely, Rho GTPases like RhoA control actomyosin contractility at the rear end of migrating 
cells (Ridley et al., 2003). In C. elegans, mig-2/RhoG and ced-10/Rac1, together with their activators 
unc-73/Trio and pix-1, have been implicated in the control of initial Q neuroblast migration (Dyer 
et al., 2010; Honigberg and Kenyon, 2000; Steven et al., 1998). However, loss of the cytoskeletal 
remodelers affects the extent of protrusion formation but not the overall directionality, indicating 
that Q cell polarity is largely unaffected. These defects are qualitatively different from the defects 
observed in initial Q polarity mutants in which the direction of polarization, rather than the ability 
to form protrusions, is affected. Therefore, the initial Q polarity genes likely localize the activities of 
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Rac GTPases at the correct positions in migrating Q neuroblasts. 
 During axon guidance, unc-40 has been shown to act upstream of several components 
that are involved in actin remodeling, including unc-73/Trio, unc-34/Ena, ced-10/Rac1 and mig-
2/RhoG (Demarco et al., 2012; Gitai et al., 2003; Yu et al., 2002; Ziel et al., 2009). Finally, Fat-like 
cadherins and LAR-RPTP’s have also been shown to act upstream of components that modulate 
the actin cytoskeleton (Debant et al., 1996; Wills et al., 1999). Therefore, it is likely that these initial 
Q polarity components may directly localize factors that control protrusion formation via the actin 
cytoskeleton. 
   
Concluding remarks
The main challenge for future studies will be to determine how the activities of the different initial Q 
polarity proteins are polarized and how they together impinge onto cytoskeletal dynamics. Likely, 
the combined action of initial Q polarity proteins in both linear and parallel pathways ensures the 
persistent and robust polarization and initial migration of Q neuroblasts. This study has provided 
a general genetic paradigm that may form the basis for future studies on the genetics and the 
molecular biology of initial Q cell migration.

Materials & methods

C. elegans stains and culture
C. elegans strains were grown at 200 C, unless stated otherwise, using standard culture conditions. 
The Bristol N2 strain was used as wild type. The alleles and transgenes used in this study are LGI: unc-
40(e271), unc-40(e1430), unc-40(n324); LGII: ptp-3(mu256) (Ackley et al., 2005), muIs32 [Pmec-7::GFP; 
lin-15(+)] (Ch’ng et al., 2003); LGIII: cdh-3(pk87) (Pettitt et al., 1996), cdh-4(hd40) (Schmitz et al., 2008), 
mig-21(u787) (Du and Chalfie, 2001), mig-21(mu238) (Middelkoop et al., 2012), dpy-19(e1314), dpy-
19(e1259); LGV: heIs63 [Pwrt-2::GFP-PH; Pwrt-2::H2B::GFP; Plin-48::Tomato] (Wildwater et al., 2011); 
LGX: unc-6(e78); linkage group unknown: casIs22[Pegl-17::GFP-TEV-S-cmd-1; Pegl-17::Myri-mCherry; 
Pegl-17::mCherry-TEV-S-his-24; rol-6(dn)] (Chai et al., 2012).
Extrachromosomal arrays: huEx300 [Pegl-17::unc-40::GFP; Pmyo-2::GFP], huEx439 [Pegl-17::dpy-19; 
Pmyo-2::GFP], huEx440 [Pegl-17::dpy-19; Pmyo-2::GFP].

Synchronization of worms was performed by collecting L1 larvae 0-1 hours after hatching 
and growing them for 1 additional hour for the initial polarization assay, 2 more hours for the 
analysis of centrosome position and 4 more hours for determining the position of the first Q 
neuroblast division. In strains carrying unc-40(e271), unc-40(n324) and dpy-19(e1314), embryos were 
first isolated by bleach treatment of the adults two hours prior to the onset of synchronization. 

Phenotypic analysis and microscopy
The positions of the Q descendants QL.pap-QL.paa and QR.pap-QR.paa were scored relative to the 
stationary seam cells by DIC microscopy in late L1/early L2 stage larvae as described (Coudreuse et 
al., 2006). For the dpy-19 tissue specific rescue experiments Q.d positions relative to the vulva were 
scored in L4 worms under a dissecting microscope using the Pmec-7::GFP (muIs32) transgene (Ch’ng 
et al., 2003). Transgene negative siblings were compared to transgene positive Dpy’s and transgene 
positive animals with wild type body length 

The position of the first Q neuroblast division after initial migration, and the direction of 
initial polarization were analyzed as previously described (chapter 3) (Middelkoop et al., 2012). For 
confocal, epifluorescence and DIC microscopy worms were mounted on 2% agarose pads containing 
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10 mM sodium azide. Micrographs were made using a Zeiss Axioscop microscope equipped with 
a Zeiss Axiocam camera. huEx300 [Pegl-17::unc-40::GFP; Pmyo-2::GFP] transgenic animals were 
examined for tissue specific unc-40::GFP expression using a Leica TCS SPE confocal microscope  (63X 
Objective, zoom 2.5, 488 nm laser). Image acquisition was performed using LASAF software and 
images were processed using ImageJ and Adobe photoshop software.

Statistical analysis
The direction of initial polarization in different mutants was compared using a Fisher’s exact test, 
performed in SPSS software. For the centrosome polarization assay, data are represented as mean ± 
standard deviation and Bartlett’s tests were performed to compare variances. 

Molecular biology
For the dpy-19 tissue specific rescue experiments the dpy-19 coding sequence was amplified from 
cDNA using 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCAAAGAAACCCAAGAATTC-3’ and 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAGATTTTCAAAACAATATAATTCCT-3’ primers. The 
PCR product was cloned into pDONR221 using Gateway technology. Pegl-17::dpy-19::unc-54-3’ UTR 
was generated by 3-way gateway cloning of Pegl-17, dpy-19 and unc-54-3’ UTR (Middelkoop et al., 
2012) entry clones into the destination vector pCFJ150. The Pegl-17::dpy-19::unc-54-3’UTR construct 
was injected at 10 ng/μl together with Pmyo-2::GFP (5ng/μl) and pBluescriptII (135 ng/μl) into dpy-
19(e1314) mutants. Two independent transgenic lines (huEx439 and huEx440) were isolated and 
examined in this study.

For the unc-40 tissue specific rescue experiments unc-40::GFP was 
amplified from a Punc-86::unc-40::GFP construct (a gift from the Sherwood lab) using 
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGATTTTGCGACATTTCGGTTTC-3’ and 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTATTTGTATAGTTCATCCATGCCATGT-3’ primers and 
cloned into pDONR221 using Gateway technology. Pegl-17::unc-40-GFP::unc-54-3’UTR was generated 
by 3-way gateway cloning of Pegl-17, unc-40::GFP and unc-54-3’UTR (Middelkoop et al., 2012) entry 
clones into the destination vector pCFJ150. The Pegl-17::unc-40-GFP::unc-54-3’UTR construct was 
injected at 50 ng/μl together with Pmyo-2::GFP (5ng/μl) and pBluescriptII (95 ng/μl) into N2 worms. 
One transgenic line was isolated (huEx300) and crossed into the unc-40(e1430) mutant background 
to determine the rescuing activity. 
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General discussion

CHAPTER 6
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In this thesis, we studied distinct aspects of the left/right asymmetric migration of the Q neuroblasts. 
First, we analyzed expression of Frizzleds and the Wnt target gene mab-5/Antennapedia in the left 
Q neuroblast using single molecule Fluorescent In Situ Hybridization (smFISH). As described in 
chapter 2, we found that a combination of positive and negative transcriptional feedback results 
in the robust activation of target gene expression. Furthermore, activation of the canonical Wnt/β-
catenin pathway in a left/right asymmetric manner requires correct initial Q neuroblast polarization. 
By examining the genetic relationship between components that control the initial left/right 
asymmetry of Q cell migration, we found that the directional persistence of initial polarization and 
migration relies on multiple cooperating genetic pathways.

In this general discussion, we will first focus on the possible origins of the initial left/
right asymmetric polarization of the Q neuroblasts. Subsequently, we will discuss how the initial 
asymmetry can result in a left/right asymmetric Wnt signaling response.
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1. Genetic control of the initial left/right asymmetry of Q neuroblast migration

1.1 A combination of guidance along the anteroposterior and dorsoventral axis
We have described several transmembrane proteins that control the initial polarization and 
migration of the Q neuroblasts. These include the Netrin receptor UNC-40/DCC, the two Fat-like 
cadherins CDH-3 and CDH-4, a LAR protein tyrosine phosphatase PTP-3, a conserved mutli-pass 
transmembrane protein DPY-19 and the thrombospondin repeat containing protein MIG-21 (Du 
and Chalfie, 2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Schmitz et al., 2008; 
Sundararajan and Lundquist, 2012). Although the penetrance varied among mutants, loss of 
any of these components resulted in a random and variable orientation of protrusive activity. 
Consequently, both the direction and the persistence of initial Q neuroblast migration were affected 
in these mutants. Furthermore, we found that unc-40/DCC is mainly necessary for the formation 
of posteriorly directed protrusions while the other initial Q polarity components are needed to 
restrict protrusive activity towards the anterior in QR neuroblasts, and towards the posterior in QL 
neuroblasts. 

When mutations in initial Q polarity genes were combined, we observed a directional bias 
of protrusions in several occasions. For example, in mig-21 dpy-19 double mutants Q neuroblasts 
often polarize dorsally, while additional loss of unc-40 resulted in an anterior protrusion bias in both 
QL and QR. These results indicated that unc-40, dpy-19 and mig-21 all function in parallel genetic 
pathways. Moreover, it led to the “two-vector” model in which the combination of dorsoventral and 
anteroposterior guidance ensures the correct movement of Q neuroblasts along the two main body 
axes.

Since unc-40 is involved in many dorsoventral guidance events (Alexander et al., 2009; 
Alexander et al., 2010; Hagedorn et al., 2013; Hedgecock et al., 1990; Killeen and Sybingco, 2008; 
Merz et al., 2001; Ogura et al., 2012; Ziel et al., 2009) we speculated that it could act in a pathway that 
promotes dorsal protrusion formation in Q neuroblasts. Although we demonstrated that unc-40 is 
necessary for posteriorly directed protrusions, we could not confirm an additional role for unc-40 
in providing dorsoventral guidance of Q neuroblasts. During many guidance events UNC-6/Netrin 
acts as a ligand that activates UNC-40. However, consistent with an earlier study, we confirmed that 
the UNC-6/Netrin ligand is dispensable for Q neuroblast migration (Honigberg and Kenyon, 2000). 
Previous studies showed that UNC-40 could act independently of Netrin and function as a receptor 
for the dorsally expressed SLT-1/SLIT (Yu et al., 2002). Therefore, it would be of interest to examine 
whether SLT-1 can act as a ligand for UNC-40 in the context of Q neuroblast migration.

Since the direction of the protrusive front in unc-40; mig-21 dpy-19 compound mutants is 
biased anteriorly, we hypothesized that anterior is the default “ground state” polarization direction. 
Following this hypothesis, the ground state polarization needs to be maintained in the anteriorly 
migrating QR neuroblast, while in the QL neuroblast it needs to be actively counteracted. 

1.2 A putative role for the centrosome in orchestrating the anterior ground state polarity
Although the underlying mechanisms remain elusive, a role for the centrosome in providing the 
anterior ground state polarity provides an interesting lead. We found that the centrosome is localized 
anteriorly from the nucleus in both QL and QR neuroblasts. Given the opposite migration direction 
of Q neuroblasts, the centrosome is oriented towards the protrusive front in QR but towards the rear 
end in QL neuroblasts. Although exceptions have been described (Distel et al., 2010; Nemere et al., 
1985; Ratner et al., 1997), the centrosome is located in front of the nucleus and faces the protrusive 
front in most migratory cell types. The nucleus occupies a large space in the cytoplasm and, by 
forming a physical barrier for microtubules emanating from the centrosome, it can contribute to a 
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polarized microtubule network (Etienne-Manneville, 2013; Luxton and Gundersen, 2011). 
Microtubules can promote protrusion formation in several ways. They can exert mechanical 

force on the membrane directly, deliver membranes and associated proteins via vesicles and locally 
modulate actin dynamics via microtubule-associated proteins (Etienne-Manneville, 2013). Among 
other guanine nucleotide exchange factors (GEFs), the activator of RhoG, Trio, can bind growing 
microtubule plus-tips and could therefore be delivered to sites of protrusion formation (Blangy et 
al., 2000; Jiang et al., 2012; Kawasaki et al., 2000; Montenegro-Venegas et al., 2010). Interestingly, 
the C. elegans Trio ortholog, unc-73, was found to be necessary for initial Q neuroblast migration 
providing a possible mechanistic link (Dyer et al., 2010; Honigberg and Kenyon, 2000). Furthermore, 
even though the molecular mechanisms are not entirely understood, microtubules have been 
implicated in both the assembly of focal adhesions at the leading edge as well as the disassembly at 
the trailing edge (Etienne-Manneville, 2013; Stehbens and Wittmann, 2012). By integrating all these 
activities, a polarized microtubule cytoskeleton can contribute to the directional persistence of cell 
migration. 

In the Q neuroblasts, localization of the centrosome may result in a polarized microtubule 
network that is oriented towards the anterior by default. Following this model, initial Q polarity 
proteins need to maintain and reinforce the centrosome-mediated anterior polarization in the QR 
neuroblast, while they need to antagonize this mechanism in the QL neuroblast. We found that the 
anterior localization of the centrosome is more robust in QR neuroblasts than in QL neuroblasts. 
This could reflect the presence of a mechanism that actively maintains the anterior position of the 
centrosome in QR while centrosome position might be uncoupled from this regulatory control in 
the QL neuroblast. 

A common mechanism to orient and maintain the polarized position of the centrosome 
involves the small GTPase Cdc42, the Par polarity complex and the microtubule motor dynein. Via 
a series of events, the polarized localization of Cdc42 and the Par complex recruits dynein to the 
leading edge. In turn, dynein promotes the anchorage of microtubules to the cell cortex, the parallel 
organization of microtubules and, moreover, it could exert a minus-end directed pulling force 
dragging the centrosome in front of the nucleus (Etienne-Manneville, 2013; Etienne-Manneville and 
Hall, 2001; Manneville et al., 2010; Palazzo et al., 2001; Solecki et al., 2004; Tzima et al., 2003; Vallee 
and Stehman, 2005). A similar mechanism may reinforce the centrosome-microtubule axis in QR 
and this could underlie the low variability of centrosome position in QR. Although a role for dynein 
was not examined in the Q neuroblasts, reduced function of cdc-42 and par-6 resulted in subtle Q 
neuroblast migration defects, implicating them in the control of Q neuroblast migration (Welchman 
et al., 2007). Whether they also control the microtubule cytoskeleton in Q neuroblasts remains to be 
established.

Antagonizing the putative centrosome-mediated anterior polarity in QL neuroblasts 
could involve various mechanisms. By localization asymmetrically, initial Q polarity components 
could stabilize microtubules in the posterior protruding front, despite the fact that the microtubule 
network is oriented opposite to the migration axis. Alternatively, the microtubule cytoskeleton may 
be actively inhibited in QL neuroblasts. In this hypothesis, a general inhibition of microtubules or 
centrosome components is a requirement for proper posterior polarization.   

Future studies are needed to determine whether the microtubule network plays a role in 
Q neuroblast migration. Blocking microtubules experimentally in Q neuroblasts may yield valuable 
information; not only will these experiments demonstrate whether there is a left/right asymmetric 
requirement for microtubules, they will also give insights into whether the default anterior 
polarization is driven by a polarized microtubule cytoskeleton.
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1.3 An alternative explanation for the biased polarization in compound mutants
In chapter 5 of this thesis we proposed the two-vector model that could explain the biased 
polarization directions observed in several compound mutants (see above). Alternatively, the 
polarization bias in these compound mutants could result from forces that are overruled by the 
action of initial Q polarity components in a wild type situation. In this respect, a recent report 
studying unc-40 mediated ventral axon guidance made several observations that are worth 
extrapolating (Kulkarni et al., 2013). 

During the formation of the ventrally directed growth cone of the HSN neuron, UNC-40 
is localized towards the sites of protrusive activity. Upon loss of the UNC-6/Netrin ligand, UNC-40 
localization becomes uniform (Adler et al., 2006; Kulkarni et al., 2013; Xu et al., 2009). However, in 
an unc-40 mutant allele that is thought to mimic the UNC-6 bound receptor, UNC-40 localization is 
asymmetric but oriented in a random direction (Kulkarni et al., 2013; Xu et al., 2009). This finding 
suggests that the activated UNC-40 receptor has an intrinsic ability to localize asymmetrically. 
Furthermore, in several different mutant backgrounds UNC-40 localization was found to be biased 
dorsally (e.g. in unc-53/NAV2; unc-6/Netrin double mutants) or enriched on anterior and posterior 
sides (eg. in egl-20/Wnt, mig-1/Frizzled and vang-1/Van Gogh mutants) (Kulkarni et al., 2013). These 
results suggest that in the absence of the wild type control mechanisms, UNC-40 can be activated 
and localized by other guidance mechanisms. 

Similarly, the biased direction of protrusions that we observed in several mutant 
backgrounds may reflect subtle forces that are irrelevant for normal Q neuroblast polarization. For 
example, UNC-40 may respond to a dorsoventral guidance signal only in the absence of both dpy-
19 and mig-21. In wild type, the action of DPY-19 and MIG-21 may engage UNC-40 in the control of 
anteroposterior guidance. In unc-40; mig-21 dpy-19 triple mutants, the observed anterior polarization 
bias might be the result of residual anterior protrusive activity, possibly via the polarized centrosome 
(see previous section). Again, this force may be overruled by initial Q polarity components in a wild 
type background.

Al together, the polarization bias can be either a reflection of the two-vector model, 
or result from ectopic engagement of initial Q polarity proteins by other guidance systems. To 
discriminate between these possibilities, future experiments first need to identify the causes of 
polarization bias and, subsequently, block them experimentally in a wild type background. 

1.4 Polarized localization of initial Q polarity components
The initial Q polarity components are required for the correct polarization of the Q neuroblasts 
and, therefore, it is not unlikely that they are asymmetrically distributed. Studies in various different 
contexts have shown that UNC-40 localization becomes polarized in response to the UNC-6/Netrin 
ligand (Adler et al., 2006; Ziel et al., 2009). The intracellular localization of the other initial Q polarity 
proteins in C. elegans has not been examined in detail. However, in mammalian tissue culture, the 
Fat1 cadherin was found to localize to the protruding front of migratory cells (Moeller et al., 2004; 
Tanoue and Takeichi, 2004). Furthermore, the Drosphila PTP-3 ortholog (LAR) and the Fat2 cadherin 
were found to depend on each other for proper asymmetric localization during egg chamber 
maturation (Viktorinova et al., 2009). DPY-19 appears to localize in a ring around the nuclei in the C. 
elegans hypodermal cells and this could be a reflection of its role as an ER-specific mannosidase for 
the thrombospondin domains on UNC-5 and MIG-21 (Buettner et al., 2013; Honigberg and Kenyon, 
2000). 

Analyzing the intracellular distribution of initial polarity proteins in the Q neuroblasts 
could yield valuable insights into their molecular function. In addition, examining whether and how 
their localization is affected in different mutants backgrounds may further refine our knowledge 
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on the molecular framework that controls Q neuroblast polarization. The introduction of novel 
techniques, including heritable genome editing via the CRISPR/Cas9 system (Friedland et al., 2013; 
Waaijers and Boxem, 2014), together with sensitive imaging methods will likely facilitate future 
protein localization studies.

1.5 Embryonic origin of left/right asymmetry
The majority of left/right asymmetries in C. elegans, including Q neuroblast migration, can be traced 
back to a spindle rotation event at the four-cell stage of the early embryo (Fig. 1) (Bergmann et 
al., 2003; Sulston and Horvitz, 1977; Sulston et al., 1983; Wood, 1991). When the anterior (ABa) and 
dorsal (ABp) blastomeres go into mitosis, their spindles are initially oriented orthogonal to the 
anteroposterior and dorsoventral axes. However, during telophase the spindles are skewed 20° 
counter clockwise resulting in the left daughter cells (ABal and ABpl) to become anteriorly localized 
from their sister cells (ABar and ABpr) (Fig. 1B). Defects in this spindle-skewing event, either triggered 
by micromanipulation or by loss of the gpa-16 gene product, result in animals with either sinistral 
or dextral (as in wild type) handedness (Bergmann et al., 2003; Wood, 1991). QL and QR neuroblasts 
are descendants of the ABpl and ABpr blastomeres respectively and they share an entire bilaterally 
symmetric cell lineage (Fig. 1B).

The polarization of QL and QR neuroblasts is similarly affected in the initial Q polarity 
mutants. These findings suggest that initial Q polarity genes are not the cause of left/right 
asymmetry but rather act as effectors of other left/right asymmetric determinants. Conceptually, 
the left/right asymmetry might either be Q cell intrinsic, in which there is a lineally programmed 
difference between QL and QR, or extrinsic in which QL and QR are similar but respond to a left/right 
asymmetric cue during larval development.
 The C. elegans nervous system contains several cell intrinsic left/right asymmetries that 
are established during early embryogenesis (Sulston et al., 1983). A well-studied example is the 
ASEL/R neuron pair (Hobert, 2014). ASEL and ASER are amphid neurons involved in chemosensation 
of various environmental salt cues. As a result of differentially expressed receptor-like guanylyl 
cyclases, ASEL and ASER are activated by distinct subsets of ions (Ortiz et al., 2009; Pierce-Shimomura 
et al., 2001; Suzuki et al., 2008). The left/right asymmetry of the ASEL/R neuron pair is controlled 
by a network of two transcription factors (cog-1 and die-1) and a miRNA (lsy-6). The lsy-6 miRNA is 
expressed only in ASEL where it inhibits cog-1 directly via two binding sites in the 3’ UTR (Didiano 
and Hobert, 2008; Johnston and Hobert, 2003). The die-1 transcription factor is silenced by cog-1 in 
ASER and is therefore only expressed in ASEL. The left/right asymmetric expression of die-1 and cog-
1 ultimately results in the transcriptional differences between ASEL and ASER (Chang et al., 2004; 
Chang et al., 2003; Cochella et al., 2014; Hobert, 2014).

The left/right asymmetry of lsy-6 originates during early embryogenesis and is established 
5 cell divisions prior to the birth of ASEL/R neurons (Cochella and Hobert, 2012). At the 4-cell stage 
the ABp blastomere (which is the ancestor of ASER) activates Notch signaling in response to APX-1/
Delta presented on the neighboring P2 blastomere (Priess, 2005; Priess et al., 1987). Notch pathway 
activation in ABp inhibits expression of the tbx-37 and tbx-38 transcription factors. Due to its anterior 
position (Fig. 1A), the ABa blastomere (which is the ancestor of ASEL) does not activate Notch 
signaling leading to the production of TBX-37/38 (Good et al., 2004). In turn, TBX-37/38 transiently 
activate lsy-6 expression in ABa which is accompanied by a decompaction of the lsy-6 locus. This 
decompacted “primed” state is maintained in the ASEL lineage and results in robust activation of lsy-
6 in response to the CHE-1 transcription factor. In ABp the absence of TBX-37/38 activity renders the 
lsy-6 locus in a compacted state. Therefore, lsy-6 cannot be activated in ASER despite the presence 
of the CHE-1 transcription factor (Cochella and Hobert, 2012). The ASER/L neuron pair is an example 
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Figure 1. Embryonic origin 
of left/right asymmetry. 
A Lateral view of the 4-cell 
embryo. The ASEL and ASER 
neurons arise from ABa and 
ABp respectively (as indicated) 
and therefore their lineage is 
initially left/right asymmetric. 
B Dorsal view of the 4-cell 
embryo. During mitosis of the 
ABa and ABp blastomeres the 
spindles rotate 20° clockwise 
(when viewed dorsally) 
resulting in the left daughter 
cells to be positioned anterior 
from the right daughter 
cells. QL and QR neuroblasts 
arise from ABpl and ABpr 
respectively and have an 
entirely bilaterally symmetric 
lineage (as indicated). 

of a cell intrinsic left/right asymmetry that is established in the 4-cell stage but is manifested many 
cell divisions later.  
 Since ASEL and ASER are derived from the ABa and ABp blastomeres, their lineage is 
initially left/right asymmetric (Fig. 1A). Only after gastrulation their lineage becomes identical on 
the left and right lateral sides (Harrell and Goldstein, 2011; Sulston et al., 1983). In contrast, QL and 
QR neuroblasts are descendants of ABpl and ABpr respectively and their entire lineage is bilaterally 
symmetric (Fig. 1B)(Sulston and Horvitz, 1977; Sulston et al., 1983). Although fundamentally 
different from the ASEL/R neuron pair, the QL and QR ancestors ABpl and ABpr are positioned left/
right asymmetrically due to the skewed mitosis of ABp. Therefore, these blastomeres may receive 
differential signaling input which, in turn, could provide the basis for the left/right asymmetric 
polarization of Q neuroblasts. 

As opposed to an intrinsic left/right asymmetry, the Q neuroblasts might be intrinsically 
symmetric but respond to asymmetrically expressed cues. At the time of Q neuroblast migration 
two anatomical left/right asymmetries are of potential interest. First, the juvenile ventral cord 
motor neurons DB6 and DA6 send commissural axons via the left and right lateral sides respectively 
(Ackley et al., 2005; Hedgecock et al., 1990; Sulston and Horvitz, 1977). The DB6 axon projects in 
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close proximity of QL while the DA6 axon projects close to QR. Therefore, signals derived from these 
axons may instruct the directional polarization of Q neuroblasts. Interestingly, in cdh-4 mutants 
commissural axons of the juvenile ventral cord neurons display navigation defects and often make 
left/right asymmetric projection errors (Schmitz et al., 2008). The penetrance of these defects is 
similar to the Q cell migration phenotype and therefore there might be a causal relationship. In 
this hypothesis, the function of cdh-4 in Q neuroblast migration would be non-cell autonomous. 
Our observation that cdh-4 is dynamically expressed in Q neuroblasts argues against a cell non-
autonomous role. 

In addition, the position of the mesoblast forms another left/right asymmetry that could 
be involved in Q neuroblast polarization. The mesoblast is a relatively large mesodermal cell that 
generates body wall muscle cells and sex myoblasts during larval development. Upon hatching the 
mesoblast is located in close proximity of the QR neuroblast (Sulston and Horvitz, 1977; Sulston et 
al., 1983). Even though they are separated by a basement membrane, signaling from the mesoblast 
towards QR might control polarization of the QR neuroblast. Ablation experiments may determine 
whether the mesoblast has a role in Q neuroblast migration.
  
1.6 Cell intrinsic chirality
It has been shown previously that various mammalian cell types display intrinsic cell chirality 
(Wan et al., 2011). When grown confluently on a circular surface, cells can collectively orient their 
polarity and migrate either in a clockwise or in a counterclockwise manner. This behavior was found 
to be invariant among cell types; some always migrate clockwise while others always migrate 
counterclockwise. Based on these findings, it was proposed that cellular chirality is a specific feature 
of individual cell types. Furthermore, the left/right orientation bias required cell-cell contacts as 
well as a physical boundary where cell-cell contacts were absent. Together, these results showed 
that intrinsic cell chirality can result in the biased polarization of a group of cells in a confined space 
(Wan et al., 2011).

Extrapolating the concept of cell intrinsic chirality led to the hypothesis that both Q 
neuroblasts may display a similar chirality. Since QL and QR are positioned on opposite lateral sides, 
a shared chirality could underlie the left/right asymmetric polarization along the anteroposterior 
axis. Following this model, Q neuroblasts only need to sense two axes: the apicobasal axis and the 
dorsoventral axis. Subsequently, the protrusive front needs to be oriented with a typical angel (that 
is identical in QL and QR) relative to the dorsoventral axis. Since ventral protrusions were never 
observed, discriminating dorsal from ventral is an additional requirement for proper Q neuroblast 
polarization. Initial Q polarity components may serve to perceive the orientation of the body axes or 
act as effectors that translate intrinsic polarity to the position of the leading edge.

The putative Q cell intrinsic chirality provides an intriguing model that could explain 
the opposite polarization behavior of Q neuroblasts in the absence of any left/right asymmetric 
determinant. In line with this model is the fact that both QL and QR neuroblasts depend equally on 
initial Q polarity genes. However, the direction of Q neuroblast polarization is reversed in mutants 
with a sinistral handedness (as opposed to a dextral handedness in wild type) (Bergmann et al., 2003; 
Wood, 1991). Following the chirality model, this would imply that the chirality of Q neuroblasts is 
inverted in animals with a sinistral handedness. Since cell chirality was proposed to be a cell type 
specific feature, these results are difficult to explain with a cell chirality model. 
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2. Left/right asymmetry of Wnt signaling

2.1 The combination of positive and negative feedback results in robust Wnt target gene 
activation in the left Q neuroblast
The initial polarization and migration of Q neuroblasts is independent of Wnt signaling (Chapman 
et al., 2008; Honigberg and Kenyon, 2000; Middelkoop et al., 2012). However, during posterior 
initial migration canonical Wnt/β-catenin signaling is activated in the left Q neuroblast (Ji et al., 
2013; Whangbo and Kenyon, 1999). In chapter 2 of this thesis we studied activation of the canonical 
Wnt/β-catenin pathway by analyzing the expression of Frizzled receptors and the Wnt target gene 
mab-5/Antennapedia at the single transcript level. We found that both mab-5 and the lin-17/Frizzled 
receptor are transcriptionally upregulated to a stable range during posterior initial migration. In 
contrast, the mig-1/Frizzled receptor displays opposite dynamics since its expression is initially high 
but decreases during initial migration. Both lin-17/Fz and mig-1/Fz are required for mab-5 activation 
and therefore, their expression dynamics suggest that they act in a temporally regulated fashion; 
at first canonical Wnt/β-catenin signaling is activated via MIG-1/Fz while over the course of initial 
migration LIN-17/Fz takes over (Ji et al., 2013). 

Further analysis revealed that upon loss of the egl-20/Wnt ligand, lin-17/Fz is not 
upregulated while mig-1/Fz expression remains high. These results demonstrated that expression of 
lin-17/Fz and mig-1/Fz is controlled by positive and negative feedback respectively. In addition, we 
found that the Wnt target gene mab-5 inhibits its own expression directly via regulatory sequences 
in the mab-5 locus. The combination of both positive and negative feedback interactions within 
the Wnt pathway is required for the robust activation of the Wnt target gene mab-5 with little 
expression variability (Ji et al., 2013). In turn, this is required for the robust posterior migration of 
the QL descendants. 

2.2 Proper initial Q neuroblast polarization is required for the left/right asymmetric Wnt signaling 
response
Canonical Wnt/β-catenin signaling in the left Q neuroblast is necessary for the subsequent posterior 
migration of its descendants (Harris et al., 1996; Korswagen et al., 2000; Maloof et al., 1999; Whangbo 
and Kenyon, 1999). In the QR neuroblast, canonical Wnt/β-catenin signaling is not activated, which 
results in anterior migration of the QR descendants in response to non-canonical Wnt signaling 
(Zinovyeva et al., 2008). In chapter 3 of this thesis we examined the role of initial Q polarity genes 
in canonical Wnt/β-catenin pathway activation. By analyzing mig-21 single mutants (which display 
random initial migration of QL and QR) and unc-40; mig-21 double mutants (in which posterior 
initial migration is lost) we found a positive correlation between posterior initial polarization and 
activation of the canonical Wnt/β-catenin pathway (Middelkoop et al., 2012). These results indicated 
that posterior polarization is required for the activation of canonical Wnt/β-catenin signaling.

2.3 Two models explaining the left/right asymmetry of Wnt signaling
The EGL-20/Wnt ligand is produced in the tail and forms a posterior to anterior concentration 
gradient. During the initial (Wnt independent) migration, the QL neuroblast moves towards 
the Wnt source and as a consequence it will experience a higher local concentration of EGL-20/
Wnt. Conversely, the QR neuroblast moves away from the Wnt source and experiences a lower 
concentration of EGL-20/Wnt. Therefore, the most intuitive model is that QL and QR neuroblasts 
are equally sensitive to EGL-20/Wnt, but that due to the initial migration, only QL is exposed to 
sufficiently high levels of EGL-20 to activate canonical Wnt/β-catenin signaling. Our results showing 
that posterior initial migration is required for canonical Wnt/β-catenin pathway activation, together 
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with the finding that MIG-1/Fz localizes asymmetrically towards posterior protrusions exclusively in 
the QL neuroblast (see Addendum of this thesis), are consistent with this model. 

However, several lines of evidence favor an alternative mechanism. First, by uniformly 
overexpressing the EGL-20/Wnt ligand from a heat inducible promoter it was shown that at low 
levels of EGL-20/Wnt, the QL but not the QR neuroblast activates canonical Wnt/β-catenin signaling. 
Only upon a high EGL-20/Wnt dosage both QL and QR neuroblasts activate canonical Wnt/β-catenin 
signaling. Furthermore, upon experimental reversal of the EGL-20/Wnt gradient (by expressing it 
ectopically in the pharynx), still only QL activated canonical Wnt/β-catenin signaling (Whangbo 
and Kenyon, 1999). Together, these findings suggest that QL and QR display a differential sensitivity 
for canonical Wnt pathway activation by the EGL-20/Wnt ligand. Following this model, the initial Q 
neuroblast polarization might position the Q neuroblasts in proximity of a local cue that modulates 
the Wnt signaling response.  

Although the differential sensitivity model provides an elegant explanation for the left/
right asymmetric Wnt signaling response, several experimental caveats may render this model 
too premature. Upon overexpression of egl-20/Wnt from the ubiquitous heat shock promoter it 
is assumed that EGL-20/Wnt protein is uniformly produced and secreted. However, Wnt secretion 
requires the sorting receptor MIG-14/Wls, which is expressed predominantly in the posterior region 
(Banziger et al., 2006; Bartscherer et al., 2006; Lorenowicz et al., 2014; Yang et al., 2008). As a result, the 
Wnt protein may still form an anteroposterior gradient in these experiments. Furthermore, reversal 
of the Wnt gradient was achieved by expressing Wnt from the pharynx specific myo-2 promoter. It 
was shown more recently that this promoter also drives expression in several cells in the posterior 
region (Goldstein et al., 2006) and therefore, it cannot be ruled out that EGL-20/Wnt was expressed 
and secreted from the posterior as well. For these reasons, in order to substantiate the differential 
sensitivity model, future experiments need to properly control for these potential pitfalls.

2.4 Negative feedback interactions may prevent canonical Wnt/β-catenin signaling activation in 
QR neuroblasts
As discussed in the previous section, initial Q neuroblast migration could trigger a left/right 
asymmetric Wnt signaling response simply by positioning the QL neuroblast closer to the EGL-
20/Wnt source than QR. In this model the difference between the EGL-20/Wnt concentration 
experienced by QL and QR is sufficient to trigger a differential Wnt signaling response. Given that 
the maximum migratory distance during initial migration is approximately 10-15 μm, Q neuroblasts 
should be very sensitive to minor changes in EGL-20/Wnt ligand concentration. In this final 
section we speculate that the negative feedback in the canonical Wnt/β-catenin pathway may be 
instrumental to establish this sensitivity. 
 In chapter 2 we showed that the canonical Wnt/β-catenin pathway is activated during 
posterior initial migration via MIG-1/Fz and that activation of this pathway, in turn, results in 
inhibition of mig-1/Fz expression (Ji et al., 2013). Interestingly, we found similar Wnt dependent 
expression dynamics of of mig-1/Fz in the anteriorly migrating QR neuroblast (not shown). However, 
neither expression of the mab-5 target gene nor lin-17/Fz was upregulated in QR neuroblasts. These 
findings indicated that canonical Wnt/β-catenin signaling is only transiently activated in the QR 
neuroblast. The lack of robust pathway activation could result from local EGL-20/Wnt levels being 
insufficient to overcome the strong negative feedback interactions onto mab-5 and mig-1/Fz. The 
positive transcriptional feedback onto lin-17/Fz in QL neuroblasts depends on the presence of 
mab-5 and this likely explains why lin-17/Fz upregulation was not observed in the QR neuroblasts. 
Therefore, we propose that the described network acts in both Q neuroblasts and is tailored in 
such a way that a slight increase of the EGL-20/Wnt level is required for robust activation of the 
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canonical Wnt/β-catenin pathway, while decreasing ligand concentrations result in suppression of 
the pathway. 

In order to verify this model the negative feedback interactions need to be abolished. 
We have made several attempts to ectopically express mig-1/Fz but due to technical limitations 
these experiments were inconclusive. Therefore, whether the negative feedback is instrumental in 
ensuring a left/right asymmetric Wnt signaling response remains to be established.  
 

3. Concluding remarks

The reports in this thesis all revolve around the initial Wnt independent polarization and migration 
of the Q neuroblasts. This left/right asymmetric process provides an elegant and tractable system to 
study various topics in developmental biology. Future studies that build on the work presented here 
may further unravel the mechanisms that underlie left/right asymmetry, address how information 
from different guidance pathways is integrated and give insights into how cells robustly activate 
different Wnt signaling cascades. 
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Abstract
During C. elegans QL neuroblast migration, canonical Wnt/ß-catenin signaling is activated via the 
MIG-1/Frizzled receptor. To gain a better understanding of Wnt pathway activation, we generated 
a transgene that expresses MIG-1::GFP specifically in Q neuroblasts. We found that upon activation 
of canonical Wnt/ß-catenin signaling in the left Q neuroblast, MIG-1 becomes posteriorly localized 
in a punctate pattern. We propose that the transgene described in this addendum can be used as a 
bona fide reporter to visualize the onset of canonical Wnt signaling activation in a spatial manner.

Introduction
The left/right asymmetric migration of the bilateral pair of Q neuroblasts provides an elegant and 
tractable system to study Wnt signaling in vivo. Upon hatching, two Q neuroblasts are located on 
equivalent left/right positions. However, during larval development, the Q neuroblasts migrate 
in opposite directions; the left Q neuroblast (QL) and its descendants (QL.d) migrate posteriorly, 
while the right Q neuroblast (QR) and its descendants (QR.d) migrate towards the anterior (Sulston 
and Horvitz, 1977). Q cell migration can be subdivided into two distinct phases. The first phase is 
independent of Wnt signaling and in this phase the Q neuroblasts polarize and migrate a short 
distance in opposite directions (Chapman et al., 2008; Du and Chalfie, 2001; Honigberg and Kenyon, 
2000; Middelkoop et al., 2012). After the initial migration, both Q neuroblasts divide and in the 
second, Wnt dependent phase, their daughter cells migrate further along the anteroposterior axis. A 
canonical Wnt/ß-catenin signaling pathway is activated in the left Q neuroblast, and this is necessary 
for posterior migration of its daughter cells (Harris et al., 1996; Ji et al., 2013; Korswagen et al., 2000; 
Maloof et al., 1999; Whangbo and Kenyon, 1999). Alternatively, non-canonical Wnt signaling guides 
QR.d cells towards the anterior (Zinovyeva et al., 2008). Previous studies have demonstrated that 
both QL and QR have the potential to activate canonical Wnt signaling. However, at endogenous 
levels of the EGL-20/Wnt ligand, this occurs only in QL (Whangbo and Kenyon, 1999). 

Upon binding to its ligand, MIG-1/Frizzled activates canonical Wnt/ß-catenin signaling in 
the QL neuroblast. In turn, this results in expression of the Hox gene mab-5, which is both necessary 
and sufficient for posterior migration of the QL daughter cells (Harris et al., 1996; Maloof et al., 1999; 
Salser and Kenyon, 1992). In chapter 2 of this thesis, we showed that mig-1 is dynamically expressed 
during initial migration and uncovered several transcriptional feedback loops within the Wnt 
pathway (Ji et al., 2013). However, we hypothesized that analysis of the intracellular distribution of 
MIG-1 protein could provide further insights into the molecular nature of the left/right asymmetric 
Wnt signaling response. 

In this addendum, we describe a fluorescently tagged MIG-1/Frizzled fusion protein that can 
be used to visualize the initiation of canonical Wnt/ß-catenin signaling in migrating Q neuroblasts. 
We found that the EGL-20/Wnt ligand triggers the accumulation of MIG-1 in distinct punctae. In 
wild type, these MIG-1 punctae localize asymmetrically towards the posterior protrusive front of QL. 
Accordingly, in QR neuroblasts, in which canonical Wnt/ß-catenin signaling is not activated, MIG-1 
localization remains uniform. Therefore, the transgene described in this study provides a valuable 
tool to study the ligand-induced dynamics of MIG-1/Frizzled localization in migrating Q neuroblasts.

Results and discussion
In order to examine MIG-1/Frizzled localization in migrating Q neuroblasts, we constructed a 
transgene that drives expression of a C-terminally tagged MIG-1::GFP fusion protein from the Q cell 
specific egl-17 promoter (Branda and Stern, 2000; Cordes et al., 2006). Examination of larvae carrying 
this transgene showed that MIG-1::GFP is expressed in both QL and QR neuroblasts. While MIG-
1::GFP is uniformly distributed in QR, we found an enrichment of MIG-1::GFP in bright, posteriorly 
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Figure 1. Wnt signaling 
triggers the accumulation 
of MIG-1::GFP in distinct 
punctae.
A-B Maximum intensity 
projections of Z-stacks, 
generated by confocal 
microscopy, comprising the 
QL (left panels) or QR (right 
panels) neuroblasts that 
express MIG-1::GFP. A MIG-
1::GFP localizes posteriorly 
in distinct punctate (yellow 
arrowheads) in QL but not 
in QR. B Upon loss of egl-20 
(upper panels) the MIG-1::GFP 
punctae are lost. Ubiquitous 
overexpression of egl-20/Wnt 
from a heat shock promoter 
triggers the formation of 
MIG-1::GFP punctae in a non-
polarized fashion in both QL 
and QR. Scale bar is 5 μm. 
Anterior is left, dorsal is up. C 
Final positions of QL.paa and 
QL.pap (QL.pax) relative to the 
stationary seam cells in the 
indicated genotypes. QL.pax 
position was scored using 
DIC optics. Transgene positive 
animals were compared to the 
transgene negative siblings 
derived from mig-1(e1787); 
huEx353 and tested for 
significance using a Fisher’s 
exact test. N.s. (not significant) 
p=0.36, ** p=0.002. 

localized punctae in QL (Fig 1A). Moreover, these punctae were restricted to the protrusive front of 
QL neuroblasts that migrated posteriorly.   
 In various contexts, one of the first steps of canonical Wnt/ß-catenin signaling activation 
involves the ligand-induced clustering of Frizzled receptors that, together with downstream 
components, are internalized to form intracellular signaling platforms (Bilic et al., 2007; Kim et al., 
2013; Zeng et al., 2008). Since canonical Wnt signaling is activated in QL but not in QR neuroblasts, 
the asymmetric, punctate localization of MIG-1::GFP might be the result of Wnt pathway activation. 
To test this possibility, we next examined MIG-1::GFP localization upon loss of the posteriorly 
expressed egl-20/Wnt ligand. As shown in fig. 1B, the punctate asymmetric localization of MIG-
1::GFP was lost in egl-20 mutants. Previously, it was shown that uniform overexpression of egl-20 
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results in the activation of canonical Wnt signaling in both QL and QR neuroblasts. Therefore, we 
also examined MIG-1 localization upon overexpression of egl-20 from a heat inducible promoter 
(Whangbo and Kenyon, 1999). Following 20 minutes of heat shock treatment (which is sufficient to 
trigger ectopic activation of canonical Wnt signaling in QR, (Whangbo and Kenyon, 1999)) we found 
that MIG-1::GFP localized in bright fluorescent punctae in both QL and QR (Fig. 1B). In addition, 
whereas in wild type animals MIG-1 punctae were only observed in the protrusive front of QL, 
overexpression of the Wnt ligand resulted in MIG-1 punctae emerging all over the cell bodies of QL 
and QR. These results demonstrate that the punctate localization of MIG-1::GFP reflects a ligand-
activated pool of the receptor. 

Next, by using the migration of QL descendants as a readout for canonical Wnt/ß-catenin 
pathway activation, we determined whether the MIG-1::GFP fusion protein is functional. Scoring the 
final positions of QL.d cells relative to the anteroposterior axis revealed that the Pegl-17::mig-1::GFP 
transgene cannot rescue the migration defects observed in mig-1 mutants (Fig. 1C). Therefore, we 
conclude that MIG-1::GFP is not functional, presumably because of the intracellular GFP tag that 
may physically block the interaction with downstream signaling components. Supporting this 
hypothesis is the finding that a similar transgene, expressing an untagged version of MIG-1, could 
faithfully rescue the QL.d migration defects (Fig. 1C).
 Together, the results presented here show that in wild type animals, the initiation of 
canonical Wnt/ß-catenin signaling is spatially restricted towards the posterior side of migrating QL 
neuroblasts. Although the MIG-1::GFP fusion protein is not functional, it can serve as a reporter to 
visualize intracellular Wnt signaling activation. Given that MIG-1 punctae emerge at the protrusive 
front, we propose a model in which Wnt signaling is most effectively activated at sites of  protrusive 
activity. In wild type animals, the EGL-20/Wnt ligand forms a posterior to anterior concentration 
gradient (Coudreuse et al., 2006; Whangbo and Kenyon, 1999). Therefore, protrusions that point 
posteriorly encounter higher levels of the extracellular Wnt ligand which, in turn, may be sufficient 
to overcome the threshold for Wnt pathway activation. In contrast, QR neuroblasts send anterior 
protrusions that are subjected to lower levels of the EGL-20/Wnt ligand, rendering them irresponsive 
to the Wnt signal. In this model the anteroposterior position of the protrusions, rather than the 
position of the entire Q neuroblast, is instrumental for activation of the canonical Wnt/ß-catenin 
pathway. All together, the MIG-1::GFP transgene generated in this study provides a useful tool to 
test this model. 

Materials and methods

C. elegans strains and culture
C. elegans strains were grown at 200 C, unless stated otherwise, using standard culture conditions. 
The Bristol N2 strain was used as wild type. The alleles and transgenes used in this study are LGI: mig-
1(e1787), LGIV: egl-20(n585), LGV: muIs53 [Phs16-2::egl-20; unc-22 antisense] (Whangbo and Kenyon, 
1999), unknown linkage group: huIs153 [Pegl-17::mig-1::GFP; Pmyo-2::GFP], extrachromosomal 
arrays: huEx328 [Pegl-17::mig-1; Pmyo-2::Tomato], huEx353 [Pegl-17::mig-1::GFP; Pmyo-2::GFP]. 
 huIs153 was generated by integration of the huEx353 extrachromosomal array using 
gamma irradiation. After isolating the integrated huIs153 transgene it was outcrossed 3 times. Heat 
shock experiments were performed as described previously (Middelkoop et al., 2012; Whangbo and 
Kenyon, 1999). Briefly, a population of worms was synchronized 0-1 hours and  after given a 20 min 
heat shock pulse at 33°C. The control group was kept at room temperature. Worms were analyzed 
by confocal microscopy 3 hours after the heat shock.



157

A
D

D
EN

D
U

M

Molecular biology 
In order to generate Pegl-17::mig-1::GFP we first amplified mig-1 without stop 
codon from cDNA using primers that include gateway compatible attB1 and attB2 
sites: GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGACCATTTCGTGGTTAC and 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTAATCATATTATTAGTTCGAAACGTCGACGC-3’. This PCR 
product was cloned into pDONR221 using Gateway technology generating pKN121. In addition, GFP 
was amplified from pPD95.75 (derived from the Fire lab vector kit) using primers that include attB2 
and attB3 sites: 5’-GGGGACAGCTTTCTTGTACAAAGTGGATGAGTAAAGGAGAAGAACTTTTCAC-3’ 
and 5’-GGGGACAACTTTGTATAATAAAGTTGCTATTTGTATAGTTCATCCATGCCATG-3’. The GFP PCR 
product was recombined into pDONRP2R-P3 to generate pKN119 using gateway cloning. Finally, 
Pegl-17::mig-1::GFP (pKN135) was generated by recombining an entry clone containing Pegl-17 
(pKN115) together with pKN121 and pKN119 into the pKN133 destination vector (Middelkoop et al., 
2012), which contains an unc-54 3’ UTR.
 In order to generate Pegl-17::mig-1 we first amplified mig-1 cDNA 
including the stop codon using primers containing attB1 and attB2 sites: 
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGACCATTTCGTGGTTAC-3’ and 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAATCATATTATTAGTTCGAAACGTCGACG-3’. This PCR 
product was cloned into pDONR221 using Gateway technology. Then, it was recombined using 
Gateway cloning into pCFJ150 together with the Pegl-17 entry clone (pKN115) and an entry clone 
containing an unc-54 3’ UTR (pKN118) (Middelkoop et al., 2012) to generate Pegl-17::mig-1 (pKN191).
 The Pegl-17::mig-1::GFP (pKN135) construct was injected in wild type at 25 ng/μl together 
with Pmyo-2::GFP (5 ng/μl) and pBluescriptII (120 ng/μl) to generate huEx353. To determine the 
rescuing activity it was crossed into mig-1(e1787). The Pegl-17::mig-1 (pKN191) construct was 
injected directly into mig-1(e1787) mutants at 25ng/μl together with Pmyo-2::Tomato (5ng/μl) and 
pBluescript (120 ng/μl) to generate huEx328. 

Phenotypic analysis and microscopy
The positions of the Q descendants QL.pap-QL.paa and QR.pap-QR.paa were scored relative to the 
stationary seam cells by DIC microscopy in late L1/early L2 stage larvae as described (Coudreuse et 
al., 2006). Fisher’s exact test was used to compare different genotypes.

For confocal and DIC microscopy worms were mounted on 2% agarose pads containing 
10 mM sodium azide. Confocal Z-stacks were made with 0.3 μm Z-slice spacing using a Leica TCS 
SPE confocal microscope (63X Objective, zoom 2.5, 488 nm laser). Image acquisition was performed 
using LASAF software and maximum intensity projections, of Z-stacks that comprise the entire Q 
neuroblast, were made using ImageJ. Adobe photoshop was used to process images.
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Nederlandse samenvatting

Tijdens de normale ontwikkeling van meercellige organismen is de correcte positionering van 
cellen cruciaal. In veel gevallen is het noodzakelijk dat cellen migreren van hun geboorteplek 
naar hun uiteindelijke bestemming, alwaar ze hun functie gaan vervullen. Defecten in dit proces 
gaan dan ook vaak gepaard met uiteenlopende embryonale afwijkingen. Om cel migratie beter 
te begrijpen hebben wij de worm Caenorhabditis elegans als modelorganisme gebruikt. Tijdens de 
larvale ontwikkeling van deze microscopisch kleine wormen zijn er twee neuroblasten, aanvankelijk 
gepositioneerd op equivalente plekken aan de linker en rechter zijde van de worm, die tijdens het 
eerste larvale stadium in tegenovergestelde richting migreren. De studies in dit proefschrift hebben 
de links/rechts asymmetrische migratie van deze twee neuroblasten, Q neuroblasten genaamd, als 
centraal thema. 

Een van de verschillen tussen de linker en de rechter Q neuroblast is de expressie van het 
Hox gen mab-5. Aanvankelijk is dit gen inactief in beide Q neuroblasten maar gedurende de eerste 
fase van de migratie, de initiële migratie, wordt het mab-5 gen uitsluitend in de linker Q neuroblast 
geactiveerd. Eerdere studies hebben laten zien dat de Wnt signaal transductie route, via Frizzled 
receptoren, verantwoordelijk is voor de activatie van mab-5 in de linker Q neuroblast. In hoofdstuk 
2 van dit proefschrift zijn de expressie patronen van zowel het mab-5 gen als de Frizzled receptoren 
in detail bestudeerd. Hierbij is gebruik gemaakt van een recent ontwikkelde techniek die het 
mogelijk maakt individuele mRNA transcripten, en daarmee dus de expressie van genen, met een 
lichtmicroscoop te visualiseren en te kwantificeren. Deze experimenten hebben zowel positieve als 
negatieve transcriptionele feedback interacties in de Wnt signaal transductie route geïdentificeerd. 
Uit deze studie is ook gebleken dat de combinatie van positieve en negatieve feedback uiteindelijk 
resulteert in de robuuste activatie van het mab-5 gen met een lage variabiliteit. 

In hoofdstuk 3 van dit proefschrift is de oorzaak van de links/rechts asymmetrische 
activatie van het mab-5 gen nader bestudeerd. Daartoe is een mutant geïsoleerd en gekarakteriseerd 
waarin de links/rechts asymmetrie van Q neuroblast migratie verstoord is. In deze mutant, mig-
21 genaamd, is de richting van de initiële migratie willekeurig geworden. Uit verder onderzoek 
is gebleken dat de expressie van mab-5 in deze mig-21 mutant positief correleert met de netto 
verplaatsing van de Q neuroblast in de posteriore richting; als een neuroblast naar achter (richting 
de staart) beweegt wordt mab-5 geactiveerd terwijl migratie naar voren (richting de kop) resulteert 
in Q neuroblasten zonder mab-5 expressie. Hieruit kan geconcludeerd worden dat de richting van 
de initiële Q neuroblast migratie bepaalt of het mab-5 gen al dan niet wordt geactiveerd.
 Het mig-21 gen codeert voor een transmembraan eiwit. Zoals hierboven is vermeld leidt 
afwezigheid van dit eiwit (in een mig-21 mutante achtergrond) tot defecte Q neuroblast migratie 
met een willekeurige richting. Studies in het verleden hebben een verschillende andere genen 
geïdentificeerd die ook coderen voor transmembraan eiwitten en betrokken zijn bij de regulatie van 
de initiële Q neuroblast migratie. In hoofdstuk 4 van dit proefschrift is gekeken naar twee van deze 
genen, cdh-3 en cdh-4, die beide behoren tot de “Fat-cadherin” gen familie. Genetische analyse van 
deze genen laat zien dat ze waarschijnlijk in hetzelfde genetische proces een rol vervullen. Verder 
suggereert de Q neuroblast-specifieke expressie dat beide genen in de Q neuroblast fungeren. In 
het laatste experimentele hoofdstuk, hoofdstuk 5, is een genetische analyse beschreven van alle 
genen die betrokken zijn bij de initiële Q neuroblast migratie en die coderen voor transmembraan 
eiwitten. Door op een systematische manier verschillende dubbel- en triple mutanten te genereren 
en te bestuderen is gebleken dat al deze genen samenwerken om de initiële migratie correct te 
laten verlopen. Zo kan de genetische regulatie van Q neuroblast migratie worden onderverdeeld in 
ten minste 3 afzonderlijke genetische regulatiemechanismen. In een wild type worm worden deze 
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regulatiemechanismen geïntegreerd om zo uiteindelijk de correcte migratie van Q neuroblasten te 
bewerkstelligen.   
 Samen hebben de studies beschreven in dit proefschrift bijgedragen aan de kennis 
over de links/rechts asymmetrie van Q neuroblast migratie. Een aantal van de genen die Q 
neuroblast migratie reguleren zijn geconserveerd en ook betrokken bij cel polarisatie en migratie 
in zoogdieren. Dit gegeven maakt dat het gebruik van Q neuroblast migratie in C. elegans als model 
een belangrijke bijdrage kan leveren aan het fundamentele begrip van cel migratie op zowel het 
genetische en moleculaire niveau. De in hoofdstuk 2 beschreven studie heeft daarnaast inzicht 
verschaft in de wijze waarop een signaal transductie route, zoals de zeer geconserveerde Wnt 
pathway, via terugkoppelingsinteracties kan resulteren in robuuste genexpressie output. Aangezien 
de Wnt signaal transductie route betrokken is bij uiteenlopende fysiologische processen en vaak 
gedereguleerd is in tumoren kunnen deze vindingen in neuroblast migratie geëxtrapoleerd worden 
naar een grote verscheidenheid aan andere systemen. 
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