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Abstract 

The excretory cell is the functional equivalent to the kidney in the nematode 

Caenorhabditis elegans, and provides an excellent in vivo model to study directional cell 

migration and extension. The leading edges of the growing canals resemble neuronal 

growth cones in that they must be able to sense and integrate directional cues in both 

the dorsoventral and anteroposterior axes. The cytoskeleton regulator UNC-53/NAV2 is 

required for both the anterior and posterior outgrowth of several neurons, as well as the 

excretory cell. UNC-53 and the Abelson kinase interactor (ABI-1) appear to function cell 

autonomously in the excretory canals to promote outgrowth, have overlapping 

expression patterns, and display similar cell migration phenotypes in the canals and 

mechanosensory neurons. Moreover, proteins known to function with abi-1 in actin 

dynamics, including members of the ARP2/3 complex exhibit similar excretory cell and 

neuronal outgrowth defects by RNAi, suggesting that UNC-53 may act as a scaffold that 

links ABI-1 to the ARP2/3 complex to regulate actin cytoskeleton remodelling. Genetic 

analysis of putative interactors of UNC-53 suggests that UNC-53 appears to function 

together with UNC-71/ADAM, while the kinesin-like motor VAB-8 appears to act in a 

separate pathway to control the posteriorly directed excretory canal outgrowth. Analysis 

of putative interactors of VAB-8 suggests that VAB-8, SAX-3/ROBO, SLT-1/Slit and 

EVA-1 are functioning together in the outgrowth of the excretory canals. The known 

VAB-8 interactor, the Rac/Rho GEF UNC-73/TRIO operates in both pathways, as 

isoform specific alleles exhibit enhancement of the phenotype in double mutant 

combination with either unc-53 or vab-8.  Rescue experiments suggest that a cell 

autonomous pathway is mediated by the Rho specific GEF domain of the UNC-73E 

isoform in conjunction with UNC-53, UNC-71, and ABI-1, and a cell non-autonomous 

pathway is mediated by the Rac specific GEF domain of the UNC-73B isoform, through 

partnering with VAB-8 and the receptors SAX-3 and EVA-1. Taken together, my studies 

indicate that the migration of the excretory canals requires two or more signaling 

pathways, and the guidance cues involved are also essential migration molecules 

functioning to guide neuronal cells and axon growth cones.  

Keywords:  Cell Extension; Excretory Canals; C. elegans; Rho/Rac Signaling; Actin 
Cytoskeleton 
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Executive Summary 

Cell migration and nerve cell outgrowth are essential processes required for the 

proper development of multicellular organisms. The nematode Caenorhabditis elegans is 

an ideal model organism for studying migrations for several reasons including its 

sequenced genome, limited but invariant cell lineage, and amenability to genetic   

analysis. In my studies I have chosen to focus on one specific cell within the nematode 

C. elegans, the excretory cell, in order to elucidate genetic pathways involved in the 

outgrowth of processes. The excretory system of the nematode provides an excellent in 

vivo model to study directional extension as it is the largest single cell in the worm and is 

amenable to studies of morphological defects with and without Green Fluorescent 

Protein (GFP) markers. The excretory cell body sends out a thin process on each lateral 

side of the animal, and these processes grow dorsally along the basolateral surface of 

the epidermis (Buechner, 2002). Once they have reached the lateral midline, each canal 

bifurcates to form an anterior branch to the head and a posterior branch to the anus 

(Hedgecock et al., 1987; Buechner, 2002). The leading edges of the growing canals 

resemble growth cones in that they must be able to sense and integrate directional cues 

in both the dorsoventral and anteroposterior axes. Furthermore, it has been found that 

genes affecting dorsal and posterior outgrowth in neurons affect the outgrowth of the 

excretory canals as well (Hedgecock et al., 1987). 

 

  I found that loss of several genes result in reduced excretory canal outgrowth. 

Through genetic analysis I was able to separate these genes into two distinct pathways, 

one where the molecules are required within the excretory cell to regulate canal 

outgrowth, and a second pathway that functions outside of the excretory cell to control 

canal outgrowth. The cytoskeleton regulator UNC-53/NAV2 is required for both the 

anterior and posterior outgrowth of several neurons as well as that of the excretory cell. I 

show that the Abelson kinase interactor ABI-1 and UNC-53 display similar cell migration 

phenotypes in the excretory canals, and both are functioning cell autonomously for the 

canal extension. I show that longitudinal guidance phenotypes were also observed after 

RNAi of proteins known to function with abi-1 in actin dynamics, including nck-1, wve-1 
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and arx-2. I propose that UNC-53/NAV2 acts as a scaffold that links ABI-1 to the ARP2/3 

complex to regulate actin cytoskeleton remodeling. 

 

The kinesin like motor VAB-8 is essential for most posteriorly directed migrations 

in Caenorhabditis elegans, and null mutations in either unc-53 or vab-8 result in reduced 

posterior excretory canal outgrowth, while double null mutants display an enhanced 

canal extension defect suggesting the genes act in separate pathways to control this 

posteriorly directed outgrowth. Genetic analysis of putative interactors of VAB-8, and cell 

specific rescue experiments suggest that VAB-8, SAX-3/ROBO, SLT-1/Slit and EVA-1 

are functioning together in the outgrowth of the excretory canals outside of the excretory 

canals. On the other hand UNC-53 appears to function within the excretory canals in a 

parallel pathway together with UNC-71/ADAM and ABI-1. Interestingly, these distinct cell 

guidance pathways appear to be mediated by two isoforms of the Rac/Rho GEF UNC-

73/TRIO, as isoform specific alleles exhibit enhancement of the phenotype in double 

mutant combination with either unc-53 or vab-8. Based on these results, I propose a 

bipartite model for UNC-73/TRIO activity in excretory canal extension: a cell autonomous 

function that is mediated by the Rho specific GEF domain of the UNC-73E isoform in 

conjunction with UNC-53, UNC-71 and ABI-1, and a cell nonautonomous function that is 

mediated by the Rac specific GEF domain of the UNC- 73B isoform, through partnering 

with VAB-8 and the receptors SAX-3 and EVA-1.  

 

Interestingly, the first part of the posteriorly directed migration of the excretory 

canals to the anterior gonad arm was intact for all genes tested, suggesting that another 

mechanism independent of the genetic pathways mentioned above might be driving the 

initial posterior outgrowth of the canals. Through this work, I have determined that several 

genes known to affect the dorsoventral outgrowth in nerve cells also affect the longitudinal 

outgrowth of the excretory canals. Revealing the mechanisms of these regulatory pathways 

is significant particularly because many of the guidance molecules listed above have been 

conserved in evolution from the simple nematode worm, to vertebrates such as mice and 

humans. 
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1. Introduction 

How do cells acquire the correct patterning and structure for proper development 

of an organism? Molecular and genetic evidence indicates that tight regulation of growth 

by cell division and specialization by differentiation is required. Cell division and 

differentiation dramatically changes cell size, shape, and responsiveness to signals. In 

addition, cell migration is a central process in the development and maintenance of 

multicellular organisms. Migrations during embryonic development, wound healing, and 

immune responses all require the orchestrated movement of cells in particular directions 

to specific targets. 

1.1. The study of migrations 

Migration moves cells and cellular processes from their birthplace to their 

eventual place of function. In vertebrates, migration is essential for the proper 

development of multiple structures including the nervous system and the germline, and 

for proper immune cell development. Morphogenesis is a related process that shapes 

developing organisms through the movement of cells or tissues (Keller and Hardin, 

1987). Morphogenesis can be defined as the development of physical form through 

shape change. For example, during gastrulation, cells of an embryo are given new 

positions and new neighbours, and the multilayered body plan of an organism becomes 

established (Keller and Hardin, 1987). Gastrulation integrates a combination of several 

types of movements, and these movements involve the entire embryo. Cell migrations in 

one part of the gastrulating embryo must be intimately coordinated with the other 

movements that are taking place simultaneously. Vertebrate neurulation is an example 

of a morphogenetic process; neural tube closure occurs via dorsal epithelial infolding in 

response to soluble growth factors secreted by the notochord (Huang and Saint-

Jeannet, 2004). 
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Migration can be distinguished from morphogenesis in that migrating cells do not 

change the overall form of an organism. However, the distinction between the two can 

sometimes be blurred; for example, in vertebrate cortical development large scale 

neuronal cell and axon migrations shape the developing cortex (O'Rourke et al., 1992).  

Cell migration of course, is not limited to embryogenesis; it is an essential process 

beyond the developmental stages of multicellular organisms. For example, neuronal 

migrations persist in the olfactory bulb in adult humans, enabling the continued 

regeneration of the ability to smell (Luskin, 1998). Another example lies within immune 

function: leukocytes must migrate through endothelial cell sheets lining the vasculature, 

throughout the body's circulatory system towards the site of injury or infection 

(Baggiolini, 1998). Chemotaxis signals guide leukocyte migration from blood vessels 

through tissues and to the site of injury. Two families of structurally related secreted 

proteins, the chemokines, mediate leukocyte chemotaxis signaling by signaling through 

G protein coupled seven-pass transmembrane receptors (Baggiolini, 1998). In addition, 

injured tissue and macrophages that become activated by damaged cells produce 

signals that attract the circulating lymphocytes.  

 

Migration is also an essential process in the formation of the nervous system of 

multicellular animals, which connects the tissues and organs and allows for a concerted 

reaction to information from the outside world. Throughout the development of the 

nervous system two different types of migrations can be distinguished: cell body 

migrations and axonal growth cone migrations (Lambert de Rouvroit and Goffinet, 2001). 

Migrating cells and growing axons will frequently read and respond to the same set of 

guidance cues. The growth cones on the tips of advancing axons undertake elaborate 

and precise migrations to establish synaptic connections. Guidance cues, both 

attractants and repellents, include contact-mediated or secreted molecules, acting over 

short or long distances, respectively (Keynes and Cook, 1995). It is now clear that nature 

uses these mechanisms in all combinations, and in fact cues can act in different ways 

depending upon the context. For example many guidance cues, such as Netrins, can act 

both as repellents and attractants (Keynes and Cook, 1995). This bifunctionality 

depends on a variety of factors including the intracellular state of the growth cone, 

differential expression of receptors, and cross talk between intracellular signaling 
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cascades. For example, Drosophila commissural axons must cross the midline and then 

lose sensitivity to the midline attractant Netrin, and acquire sensitivity to Slit repellents 

(Dickson, 2002). The receptor Commisureless (Comm) prevents the Slit receptor Robo 

from being delivered to the growth cone, and instead targets Robo for lysosomal 

degradation (Huber et al., 2003). Once commisural axons have crossed, Comm is 

inactivated, allowing Robo to be delivered to the membrane and confer sensitivity to Slit 

(Huber et al., 2003). Thus, it is not the local synthesis of or activity of the Robo receptor 

that is regulated in commissural axons, but rather its intracellular trafficking. Therefore, 

while a general understanding of how a specific component works is very important, it is 

also imperative to understand how a component acts within a specific context. 

 

In Caenorhabditis elegans and other organisms, studies of the global guidance 

mechanisms controlling migration have revealed that positioning decisions occur along 

both the anteroposterior (AP) and the dorsoventral (DV) axis, and that many of the 

guidance molecules and their downstream effectors have been conserved in evolution 

(Levy-Strumpf and Culotti, 2007; Dickson, 2002). With the continuing progress of 

developmental molecular genetics, studies of migrations can be accomplished in vivo. 

The use of forward genetics has been pertinent to demonstrate that a migration 

phenotype from altered gene function directly reveals a normal role for a gene in a 

developmental process. 

 

What role do migrations play in normal development? At a very fundamental level 

this question is important to us because as humans we are intrinsically interested in how 

we are put together. Furthermore, the disruption of these normal processes underlie 

several devastating diseases that afflict man. Understanding the genetic pathways and 

mechanics of migration in simpler organisms can give us a clearer picture of human 

development, organization, and function. In this introduction I will first review what is 

known about the structure and regulation of the migration machinery. Next, I discuss the 

current knowledge and theories of how migrations are guided along the dorsoventral and 

anteroposterior axes. The goal of my thesis work is to contribute to an understanding of 
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how migrations are guided along the anteroposterior axis of the simple metazoan C. 

elegans. 

 

1.2. Mechanics of migration 

Growth cones and migrating cells navigate through complex environments to 

reach their destinations by responding to guidance cues that are secreted into 

extracellular matrix. These cues provide polarity information and include substrate-

bound molecules present in the extracellular matrix (haptotaxis) and diffusible molecules 

(chemotaxis) acting in a gradient (Reichardt and Tomaselli, 1991; Keynes and Cook, 

1995). The migration of cells and cellular processes to their final positions requires the 

integration of a multitude of attractive and repulsive cues, and in response, the 

coordinated reorganization of the cytoskeleton to direct cell shape changes. During 

migration both cell bodies and cellular processes extend a flattened lamellar process 

and/or microspikes in the direction of migration (Bentley and O'Connor, 1994). The 

lamellar region is changing constantly, acting to sense nearby migration cues. If a cue is 

presented to a cell or cellular process along its migratory path, the lamellar region will 

respond by either moving toward the cue or collapsing and reorienting towards a new 

cue source (Chen et al., 1996; Goodman, 1996). Lamellar structure and dynamics 

depend on the actin cytoskeleton and microtubules (Tanaka and Sabry, 1995). A major 

question in developmental biology is how this extracellular polarity information is 

transduced by the cell to the coordinated cytoskeletal and molecular motor activities that 

affect guided cell and growth cone migrations. 

 

Instruction from extracellular guidance cues are integrated by intracellular 

signaling molecules. These migratory or inhibitory cues are encoded by biological 

molecules that include ligands such as Netrins/UNC-6 (Kennedy et al., 2006, Round and 

Stein 2007), Slits (Dickson and Gilestro, 2006), Semaphorins (Kruger et al., 2005) and 

Ephrins (Flanagan 2006; Quinn and Wadsworth 2006; Mohamed and Chin-Sang, 2006). 

Known transmembrane receptors include integrins and some receptor tyrosine kinases 
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such as fibroblast growth factor receptor (FGFR) (Tessier-Lavigne and Goodman, 1996).  

Instructions received at the leading edge of the migrating cell or growth cone are 

integrated to produce an appropriate internal response that ultimately results in a change 

the orientation of the cell. Though many details are known, the study of migrations has 

not yet fully described the sequence of molecular events from guidance cue detection to 

the cytoskeletal changes that lead to motility. The following sections cover two topics of 

motility; cytoskeletal dynamics and the roles of the Rho family of GTPases responsible 

for altering actin dynamics in cells and cellular growth cones. 

 

1.2.1.   Cytoskeletal dynamics in the growth cone 

The essential directors of migration are actin filaments and microtubules, both of 

which function in steering and motility of the growth cone. Regulation of the dynamic 

behaviour and assembly of actin cytoskeletal filaments allows eukaryotic cells to build a 

range of structures necessary to maintain internal order, to shape and remodel its 

surface, to move organelles, and to move itself to new locations. Actin is an abundant 

protein in all eukaryotic cells and is synthesized as a single polypeptide of 375 amino 

acids, with a molecular weight of approximately 42 kDa (Becker et al., 2009). The actin 

subunit is a single globular monomer which folds roughly into a U-shape with a central 

cavity that binds ATP or ADP (Pollard et al., 1986). An individual actin molecule is 

referred to as G-actin (globular actin), and these monomers polymerize to form 

microfilaments (MFs) referred to as F-actin (filamentous actin). The actin MFs have the 

appearance of a double helix, as two linear strands of polymerized G-actin rotate 166 

degrees around each other, with approximately 13.5 actin monomers per turn (Becker et 

al., 2009). Actin filaments grow in a polarized manner through the addition of ATP-actin 

monomers to the barbed end (Pollard et al., 1986). The ATP bound to the subunits then 

is hydrolyzed to ADP. Therefore, the ends of a growing MF often have ATP-F-actin, 

whereas the majority of the filament is composed of ADP-F-actin. ATP hydrolysis is not 

necessary for actin nucleation, but it is thought to be necessary for debranching of 

Arp2/3-branched actin filaments (Martin et al., 2006). ADP-F-actin is then disassembled 

by removing monomers from the slow growing or pointed end (Baum and Kunda, 2005). 
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The ADP molecule is exchanged for ATP to allow for the actin monomers to be ready for 

the next sequence of nucleation and polymerization. 

 

Actin is a major component of lamellipodia and filopodia. The dynamic control of 

the two distinct structures, lamellipodia and filopodia, is the basis of growth cone 

steering (Figure 1A). The leading edge of an axonal growth cone extends thin, sheetlike 

lamellipodia, which contains a dense cross-linked actin mesh where most of the 

filaments have their plus ends close to the plasma membrane (Alberts, et al., 2002). 

Microspikes of tightly bundled actin called filopodia extend beyond the leading edge of 

lamellipodia in migrating cells (Small, et al., 2002). These stiff protrusions also orient 

with their plus ends pointing outward and can extend up to 50 µm long, helping to probe 

the environment and find the correct path to its target (Figure 1B). Activation of receptors 

at filopodial tips by interaction with ligands generate signals that are transduced as a 

stabilizing signal in the case of an attractant, or a destabilizing signal in the case of a 

repellent (Fan et al., 1993; Lin and Forscher, 1993).  
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Figure 1. Growing axons respond to guidance cues in the extracellular matrix 

 (A) Actin filaments are red and microtubules are green. Axon growth and steering are 

regulated by a wide range of attractive and repulsive cues that can act over short or long 

distances. The growth cone lamellipodium, which contains a branched network of actin 

filaments, mediates growth cone outgrowth. Growth cone filopodia, which contains 

bundles of actin filaments, are thought to mediate growth cone steering. The 

microtubules in the axon shaft are thought to stabilize specific filopodia, which mediates 

axon turning and branching (Adapted from Lundquist, 2003). (B) G-actin units are red 

circles, microtubule subunits are green rectangles. The filopodia extend and retract 

through regulation of the rates of actin polymerization and depolymerization at the plus 

(+) and minus (-) ends of actin filaments, respectively. Repulsive and attractive cues 

influence the growth cone morphology by regulating these processes. Repulsive cues 

will cause retraction in specific areas of a growth cone and will be blocked by other 

areas that should not respond to them, depending on the receptors receiving the 

repulsive signal on the surface. Likewise, attractive cues will cause outgrowth in specific 

areas of a growth cone and will be blocked by other areas that should not respond to 

them, depending on the receptors receiving the attractive signal on the surface (Adapted 

from Huber et al., 2003). 
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1.2.2.  Structural imitation of actin assembly intermediates 

The Arp2/3 complex was the first actin nucleator discovered, and uses structural 

mimicry to catalyze polymerization of actin filaments (Pollard, 2007). The Arp2/3 

complex helps branches to form by nucleating new branches on the sides of existing 

filaments at a characteristic angle of 70 degrees to the host filament (Figure 2, Chhabra 

and Higgs, 2007). These dendritic networks are an important feature of lamellipodia in 

migrating cells. This highly conserved complex is composed of seven subunits; two of 

the subunits (actin related proteins Arp 2 and Arp 3) are structurally akin to actin 

monomers and serve as the template for nucleation by mimicking the barbed end of a 

growing filament (Volkmann et al., 2001). It is important to note that in isolation the 

Arp2/3 complex is a weak actin nucleator and requires nucleation-promoting factors 

including the Wiskott-Aldrich syndrome protein (WASP) and WAVE/Scar (Figure 2, 

Pollard, 2007). WASP is found only in hematopoetic cells, and is mutated in human 

patients who have defects in the actin cytoskeleton of white blood cells and platelets and 

therefore have difficulties forming blood clots (Disanza and Scita, 2008). Its closest 

homolog, N-WASP, is more ubiquitously expressed.  WASP and WAVE/Scar proteins 

have a highly conserved catalytic core (VCA domain) at the carboxy-terminus which 

allows them to form a tripartite composite with G-actin and the Arp2/3 complex 

(Pantaloni et al., 2001). This VCA domain consists of three structural domains including 

the WASP homology 2 (WH2) verprolin homology peptides which bind G-actin, as well 

as central and acidic segments which mediate a direct interaction with the Arp2/3 

complex (Figure 2, Disanza and Scita, 2008). Although similar at their C-termini, 

WASP/Scar and WAVE proteins differ in their N-termini which results in a divergence in 

activity and regulation (Campellone et al., 2008). WASP and N-WASP proteins are 

necessary for clathrin-based endocytosis and the movement of vesicles inside the cell, 

whereas WAVE proteins are essential for formation of lamellipodia and circular ruffles in 

migrating cells (Disanza and Scita, 2008).   
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Figure 2. Model for Arp2/3-dependent branching of actin filaments 

The Arp2/3 complex uses structural mimicry to catalyze polymerization of actin 

filaments, and helps branches to form by nucleating new branches on the sides of host 

filaments. In isolation the Arp2/3 complex is a weak actin nucleator and branching is 

activated by the C-terminal VCA region (V, Verprolin-homology WH2 domain; C, central; 

A, acidic) of Wiskott-Aldrich syndrome family proteins (WASP/Scar/Wave). The WH2 

domain binds the G-actin subunit required for branching and the CA region binds Arp2/3. 

WASP enzymes use the Arp2/3 complex, one G-actin subunit and a ‘mother’ filament as 

substrates to generate a ‘daughter’ filament that grows at 70º angle from the mother 

filament, following incorporation of the Arp2/3 complex at the branched junction. The 

WASP proteins are targeted to the plasma membrane; hence, their filament-branching 

activity directly couples the dynamics of the actin cytoskeleton and of the membrane. 

Capping protein helps to regulate the length of the new branches, and the elongated 

filament ends are recapped to prevent depolymerization and thus conserve the actin 

filament. These dendritic networks are an important feature of lamellipodia in migrating 

cells. (Adapted from Renault et al., 2008). 
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De novo actin filament formation can also be regulated independently of the 

Arp2/3 complex, through proteins known as formins (Baum and Kunda, 2005). Formins 

are necessary to assemble unbranched F-actin structures such as stress fibers, 

filopodia, cytokinetic actin rings, and actin cables, and have been proposed to catalyze 

assembly by stabilizing spontaneously formed actin dimers and trimers (Faix and 

Grosse, 2006). The mechanism of action involves the dimerization to form doughnut 

shaped formin homology 2 (FH2) domains which bind to the barbed ends of filaments 

(Pring et al., 2003). The FH2 dimer stabilizes actin subunits, as exhibited by the co-

crystal structure of the FH2 dimer bridging two actin monomers (Otomo et al., 2005). 

Formins appear to be able to function processively, moving with the growing barbed end 

which allows addition of new actin monomers (Chesarone and Goode, 2009). A 

proposed model of this mechanism suggests that as the filament polymerizes, the formin 

dimer steps between staggered actin monomers, and at the same time forms a cap to 

protect the barbed end from other capping proteins (Baum and Kunda, 2005). Recent 

studies by Higashida et al. (2008) revealed through single-molecule live-cell imaging that 

several treatments including low-dose G-actin-sequestering drugs and unpolymerizable 

actin mutants activate mDia1, a formin family member, to initiate fast polymerization. 

They found that the FH2 domain is sufficient to respond to latrunculin B to increase its 

actin nucleation frequency. In contrast, the Arp2/3 complex was not affected by the G-

actin increase induced by latrunculin B (Higashida et al., 2008). The authors proposed 

that transient accumulation of G-actin works as a cue to promote mDia1-catalyzed actin 

nucleation to execute rapid reassembly of actin filaments. Yang et al. (2007) reveal a 

role for another formin, mDia2, in leading-edge protrusion of migrating cells by loss-of-

function and gain-of-function methods. Surprisingly, the authors found that mDia2 

depletion by short interfering RNA (siRNA) in mouse melanoma B16F1 cells severely 

inhibited lamellipodia (Yang et al., 2007). Structural analysis of the actin network in the 

few remaining lamellipodia indicated mDia2 is involved in formation of long filaments. 

 

1.2.3.  Microtubules role in growing axons  

Microtubules (MTs) have a well established structural role in the axon. They are 

built from subunits of tubulin, each of which is itself a dimer of two structurally similar 
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proteins: α-tubulin and β-tubulin (Mitchison and Kirschner, 1984). These subunits are 

bound by noncovalent bonding and stack together to form hollow cylindrical tubes. A 

microtubule grows from an initial ring of 13 tubulins, added more rapidly to the β-tubulin 

(or plus) end than to the α-tubulin (or minus) end (Mitchison and Kirschner, 1984). This 

polarity difference - the fact that its structure has a defined direction - is crucial for the 

assembly of the microtubule and for its role in defining a direction for intracellular 

transport. In axon extension, microtubules are oriented so that their growing plus ends 

point distally towards the growth cone (Heidemann et al., 1981). The MTs serve as 

tracks for the directional transport of materials synthesized in the cell body but required 

at the axon terminal (such as those required for outgrowth).  

 

One study revealed that drug blocks of microtubule dynamics do not change 

outgrowth rate but do affect directionality decisions, therefore they appear to be involved 

in organizing cellular components for directed outgrowth (Tanaka et al., 1995). To test 

the role of dynamic microtubules in growth cone motility and axon elongation, low doses 

of vinblastine were used to inhibit microtubule dynamics. High concentrations of this 

antimicrotubule drugs cause disassembly of existing microtubules by producing 

microtubule fragments by stimulating microtubule minus-end detachment from their 

organizing centers, and thus induce growth cone collapse (Tanaka et al., 1995). Low 

doses of vinblastine can have subtle effects on suppressing dynamics in vitro. 

Experiments showed that inhibiting the dynamic exploration of growth cone lamellae by 

microtubules does not perturb overall growth cone motility, but abolishes directional 

growth cone movement and axon elongation (Tanaka et al., 1995). 

 

In the presence of an attractive cue on one side of the growth cone, microtubules 

are targeted on that side by microtubule stabilizing proteins, resulting in growth cone 

turning in the direction of the attractant. In the case of repulsive cues, the opposite is 

true: microtubule stabilization is favored on the opposite side of the growth cone as the 

repellent resulting in the growth cone turning away from the negative cue. When a 

growth cone makes the decision to turn, actin polymers are concentrated in lamellipodia 
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and filopodia towards the new direction of outgrowth (Lin and Forscher, 1993; O'Connor 

and Bentley, 1993). Microtubules then rapidly polymerize into and thus “probe” the actin-

rich peripheral region of the growth cone (O'Connor and Bentley, 1993). This process 

coupled with actin-associated processes result in a highly coordinated process of 

directed growth of an axon. 

 

In many different cell types, microtubule and actin filament networks cooperate 

functionally during a wide variety of processes including vesicle and organelle transport 

and directed cell migration (Goode et al., 2000). The mechanisms by which MTs and 

actin filaments cooperate to mediate these different processes can be grouped into two 

broad categories: coordinated MT- and actin-based transport to move vesicles and 

organelles; and targeting and capture of MT ends at cortical actin sites (Goode et al., 

2000). Over the past several years, a growing number of cellular factors that bridge 

these cytoskeletal systems have been identified. For example, during early neuronal 

development the cooperation of microtubule and actin organization is essential. As 

dynamic microtubules invade the cortical regions of the axon and enter the peripheral 

regions of the growth cone, the Rho family of small G proteins regulate the associations 

of the plus end tracking (+TIP) EB family of proteins with microtubule plus ends (Gallo 

and Lanier, 2010). Then the EBs are able to facilitate plus-end associations with CLIP-

170, APC, and IQGAPI, which together establish actin-microtubule capture through 

interactions with actin-associated CLASPs (Gallo and Lanier, 2010). At this time 

microtubule plus ends polymerize and, bound to CLIP-170, begin to bind to p150/glued 

and the dynactin complex. The dynactin complex recruits cytoplasmic dynein, which 

following cortical microtubule capture, generates motor-driven forces between the actin 

meshwork and captured microtubules (Gallo and Lanier, 2010). 

 

1.2.4.  Regulation of cytoskeletal dynamics by Rho-type GTPases 

To understand growth cone migration, it is necessary to understand the 

molecules and mechanisms that control the formation of lamellipodia and filopodia in the 

growth cone. Actin dynamics are regulated by Rac small GTPases, which are GTP-
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hydrolysis-coupled switch proteins that are activated when GTP bound and inactivated 

when GDP bound. The GTPase regulatory cycle involves active, GTP-bound Racs that 

hydrolyze GTP to GDP, rendering themselves inactive. Guanine nucleotide exchange 

factors (GEFs) mediate the exchange of GDP for GTP and therefore favour the active 

GTP-bound state of Racs. GTPase-activating proteins (GAPs) stimulate the GTPase 

activity of Racs and therefore favour the inactive state (Van Aelst and D'Souza-Schorey, 

1997). Another class of Rac GTPase negative regulators are the guanine nucleotide 

dissociation inhibitors (GDIs), which inhibit Rac GTPase association with the plasma 

membrane where they are active (Michaelson et al., 2001). Rac loss of function or 

constitutive activation in Drosophila melanogaster and C. elegans leads to axon 

pathfinding defects (Dickson, 2001; Lundquist, 2003; Luo, 2000). The three key 

members of the Rho subfamily of Rac small GTPases, Cdc42, Rac and Rho, are 

intracellular signaling molecules that regulate both cell motility and attachment (Ridley 

and Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995). These three Rho GTPases 

alter the actin cytoskeleton in distinct ways: Rho activation bundles actin into stress 

fibers, Rac activation leads to lamellar extensions, and Cdc42 activation promotes 

filopodial-like bundling and formation (Mackay and Hall, 1998). In addition, the different 

Rho GTPases can stimulate different types of actin polymerization. For example, Rho is 

known to activate formins, leading to the formation of longer, less branched actin 

filaments. Cdc42 binds to and activates WASP, stimulating actin polymerization by the 

Arp2/3 complex, while Rac can activate WAVE, another WASP family protein (Higgs and 

Pollard 2000; Evangelista et al., 2003; Takenawa and Suetsugu 2007). 

 

The genomes of multicellular animals contain multiple Rac-like genes that 

function redundantly in many morphogenetic events including axon development 

(Lundquist et al., 2001; Kishore and Sundaram, 2002; Wu et al., 2002). In C. elegans, 

three Rac GTPases (CED-10, MIG-2, and RAC-2) have redundant roles in the migration 

of growth cones, embryonic cells during gastrulation, and the cells that comprise the 

vulva (Lundquist et al. 2001; Kishore and Sundaram 2002; Soto et al. 2002). ced-10 

encodes a GTPase orthologous to human RAC1 that is required for phagocytosis during 

programmed cell death and for migration of the distal tip cells of the somatic gonad 

(Zhou et al., 2001). mig-2 affects the migration of Q neuroblasts, HSN cells, and CAN 
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cells as well as axon outgrowth and guidance. rac-2 functions redundantly with mig-2 

and ced-10 to regulate CAN and PDE axon pathfinding and CAN cell migration. 

Mutations in the GEF unc-73/Trio enhance rac-2 defects in axon pathfinding and CAN 

cell migration, thus UNC-73/Trio is a likely candidate to act upstream of RAC-2 and 

stimulate the GTP bound state in vivo (Lundquist et al., 2001; Struckhoff and Lundquist, 

2003). In more recent studies, Wnt/Frizzled activation of the small GTPases Rho and 

Rac has emerged as a key mechanism that regulates cell polarity and movements 

during vertebrate gastrulation, exhibiting molecules that act in migration pathways also 

act as morphogens. This contributes to our understanding of how a limited set of 

secreted molecules can establish patterning of an organism (Habas and He, 2006). In 

the Drosophila eye, the planar cell polarity signaling pathway proceeds through the 

RhoA GTPase. RhoA has been identified as a downstream component of the 

Dishevelled/Frizzled pathway, and mutations in the gene lead to mild orientation defects 

(Winter et al., 2001). 

 

As mentioned above, receptors are thought to utilize intermediate adaptor 

molecules such as guanine nucleotide exchange factors (GEFs) to control Rac activity, 

including UNC-73/TRIO. GEFs stabilize the nucleotide free GTPase and since GTP is 

present in excess over GDP in the cytosol, they promote conversion to the GTP-bound 

active form (Rossman et al. 2005).  In Drosophila and C. elegans, mutations in unc-

73/Trio result in axon defects similar to Rac loss-of function mutations (Lundquist et al., 

2001; Struckhoff and Lundquist, 2003; Bateman et al., 2000; Steven et al., 1998). 

Drosophila Trio has been implicated as a key regulator of axon development by 

signaling through Racs and MIG-2–related proteins to regulate cytoskeletal 

rearrangements necessary for growth cone migrations (Debant et al. 1996; Newsome et 

al. 2000; Awasaki et al. 2000; Bateman et al. 2000; Lundquist, 2003). Human Trio 

interacts with the cytoplasmic tail of a LAR receptor tyrosine phosphatase (RPTP) 

(Debant et al., 1996). Mutations in Drosophila Dlar, which encodes a LAR RPTP, cause 

axon pathfinding defects and enhance Trio mutations, suggesting that Trio acts 

downstream of Dlar RPTP in axon path-finding (Bateman et al., 2000; Krueger et al., 

1996). 
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UNC-73 is related to mammalian Trio and Kalirin, and genetic analysis of the 

unc-73 gene has suggested that these molecules may function in C. elegans cell and 

growth cone migrations (Run et al., 1996). C. elegans unc-73 mutants display the full 

range of axon development defects (outgrowth, guidance, branch formation and branch 

suppression defects), and each of these defects is enhanced by rac loss of function 

(Struckhoff and Lundquist, 2003). UNC-73 is required for the migration of the CAN, QL, 

QR, and ALM cell bodies (Forrester et al., 1998; Honigberg and Kenyon, 2000; Spencer 

et al., 2001; Kishore and Sundaram, 2002; Wu et al., 2002). The locus encodes at least 

eight protein isoforms (A, B, C1, C2, D1, D2, E, F), with several domains, including two 

tandem disabled-homology (DH) and pleckstrin homology (PH) domain combinations, as 

most molecules with Rho family GEF activity contain a DH domain followed immediately 

by a PH domain (Steven et al., 2005). The N-terminal UNC-73 RacGEF domain 

specifically activates the Rac family GTPases CED-10 and MIG-2 in vitro (Steven et al., 

1998; Wu et al., 2002; Kubiseski et al., 2003), while the C-terminal RhoGEF domain is 

specific to Rho (Spencer et al., 2001). The unc-73 locus also contains a Sec14p motif, 

eight spectrin-like repeats, a variant SH3 domain, an immunoglobulin domain (Ig), and a 

fibronectin type III (FnIII) domain. Isoform B contains the RacGEF, isoforms C1, C2, D1, 

D2, E, and F contain the RhoGEF domain, while isoform A contains both (Steven et al., 

2005). Experiments in both C. elegans and Drosophila revealed that UNC-73/Trio 

function in axon guidance involves signaling through its RacGEF domain to the Rac 

GTPase and its downstream effectors (Steven et al., 1998; Awasaki et al. 2000; 

Bateman et al., 2000; Liebl et al., 2000; Newsome et al., 2000; Lundquist et al., 2001; 

Wu et al., 2002; Ng and Luo, 2004). 

 

Racs and unc-73 interact genetically in C. elegans: weak unc-73 mutations are 

enhanced by mutations in each of the three Racs, indicating that UNC-73 acts with all 

three Racs in axon development (Lundquist et al., 2001; Struckhoff and Lundquist, 

2003). Furthermore, unc-73 mutations are suppressed by Rac overactivation, indicating 

that Racs act downstream of unc-73 (Wu et al., 2002; Struckhoff and Lundquist, 2003). 

Overactivation of the RacGEF domain of Drosophila Trio is suppressed by Rac loss-of-

function (Hakeda-Suzuki et al., 2002). Together, these results clearly define UNC-

73/Trio as a key regulator of Rac activity in axon development. More recently, genetic 
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evidence indicates that CRML-1 (the C. elegans homologue of mammalian CARMIL), 

regulates neuronal cell and axon growth cone migrations by inhibiting the activity of the 

RacGEF domain of UNC-73 (Vanderzalm et al., 2009).  

 

The first unc-73 mutations to be characterized were found to cluster near the 

region encoding the N-terminal RacGEF domain, and one has been shown to directly 

inactivate the GEF activity of this domain. However, none of the six smaller transcripts 

encoding the RhoGEF domain were affected by any of the originally characterized 

mutations, including the canonical e936 allele, or the gm40 allele which was thought to 

be a null allele because it introduces a stop codon near the start of the unc-73 coding 

sequence (Steven et al. 1998).  Steven et al. (2005) isolated two deletion alleles, ev802 

and ev803, which eliminate the unc-73 RhoGEF genomic region. The authors' 

characterization of the UNC-73 isoforms C1-F suggests a role for the Rho signaling 

pathway in pharyngeal development and synaptic activity (Steven et al., 2005).  

 

1.3. Global guidance mechanisms 

One of the difficulties to fully understanding nervous system development has 

been to determine how a limited repertoire of secreted guidance cues can establish 

patterning of very complex nervous systems. Signaling cues can guide growth cones to 

their final targets locally through contact mediated interactions, or globally acting at a 

distance. Global signals act from a distance, and thus are thought to be secreted. 

Guidance of commissural axons by Netrin towards the neural tube floor plate is now a 

classic example of a global guidance cue (Serafini et al., 1994; Tessier-Lavigne et al., 

1988). There are four major families of guidance molecules that serve as cues for the 

growth cones of axons, each of which can act as an attractant or repellent depending on 

the receptors present on the surface of the migrating growth cones (Chilton, 2006). The 

cues include the Netrins/UNC-6 (Kennedy et al., 2006, Round and Stein, 2007), Slits 

(Dickson and Gilestro, 2006), Semaphorins (Kruger et al., 2005) and Ephrins (Flanagan 

2006; Quinn and Wadsworth 2006; Mohamed and Chin-Sang, 2006). In the following 
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sections I will review evidence for global guidance cues in both DV and AP migrations. 

Axon migration in the DV direction is largely controlled by Netrins with their receptors 

UNC-40/DCC/Fra (Deleted in Colorectal Cancer/Frazzled) and UNC-5, and the Slits with 

their receptors SAX-3/Robo, while axon guidance in the AP axis is largely controlled by 

Wnts with their receptors the Frizzleds/Fz, though Netrins and Slits appear to play a role 

as well (Kennedy et al., 2006, Round and Stein 2007, Dickson and Gilestro, 2006). 

 

1.3.1.  Netrin and Slit in dorsoventral guidance 

For growth cones to continue to migrate from intermediate targets to their final 

destination, they not only need to up-regulate their responsiveness to a repellent, but 

also must lose their response to the attractive cue that drew them there in the first place. 

This change in response has been shown in C. elegans and Drosophila in commissural 

axons that are attracted to the midline by the laminin-like extracellular matrix protein 

UNC-6/Netrin, which signals attraction through its single pass receptor UNC-40/DCC/Fra 

(Stein and Tessier-Lavigne, 2001). Two genes, netrinA and netrinB, are Drosophila unc-

6 homologs; deletion of both leads to axon pathfinding defects towards the ventral 

midline (Mitchell et al., 1996). Vertebrate Netrin 1 and 2 were cloned from embryonic 

chick brain extracts and found to promote attraction of the commissural neurons while 

repelling the trochlear motor neurons (Serafini et al., 1994; Serafini et al., 1996; 

Colamarino and Tessier-Lavigne, 1995). In mammals, commissural axons lose 

responsiveness to Netrins upon crossing the midline (Stein and Tessier-Lavigne, 2001).  

 

In the 1960s and 1970s Sydney Brenner isolated more than 75 C. elegans genes 

that give an uncoordinated (Unc) phenotype (Brenner, 1974). Among these genes were 

unc-6, unc-40, and unc-5. UNC-6/Netrin was first described in C. elegans mutants that 

have axon guidance defects in neurons that extend from the ventral to the dorsal nerve 

cords resulting in uncoordinated animals (Hedgecock et al., 1990). The C. elegans UNC-

6/Netrin protein is expressed in a variety of guidepost cells on the ventral side that 

guides ventral extensions of axons through the receptor UNC-40/DCC/Fra (Wadsworth 

et al., 1996). At the same time, UNC-6/Netrin also repels axons and cells expressing 
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both UNC-40/DCC/Fra and UNC-5 single pass receptors toward the dorsal side 

(Hedgecock et al., 1990). UNC-5 likely functions by overcoming the interaction between 

UNC-6/Netrin and UNC-40/DCC/Fra, since expression of both UNC-40/DCC/Fra and 

UNC-5 in the growth cone causes the cytoplasmic domains to interact and attraction is 

switched to repulsion (Hong et al., 1999). 

 

Evidence supports the idea that expression of UNC-5 on the growth cone is 

necessary and sufficient for dorsal-ward guidance. Ectopic expression of UNC-5 in touch 

neurons causes their axons to migrate in an abnormal dorsal direction in C. elegans 

(Hamelin et al., 1993). Mammals have three homologs, UNC5H1, UNC5H2, and 

UNC5H3, which are also single-pass transmembrane receptors (Colamarino and 

Tessier-Lavigne, 1995; Ackerman et al., 1997; Leonardo et al., 1997; Kennedy et al., 

2006; Round and Stein 2007). Expression of UNC-5 family receptors in cultured 

Xenopus spinal axons switches their response to Netrin from attraction to repulsion, and 

direct association between the DCC and UNC-5 cytoplasmic domains is required for this 

repulsive guidance event (Hong et al., 1999). Furthermore, the cytoplasmic domain of 

UNC-5 specifies repulsion, and it appears that the extracellular domain is dispensable 

for DCC/UNC-5 mediated repulsion of Xenopus spinal neurons. A DCC-UNC5H2 

chimeric receptor, in which the DCC extracellular domain is fused to the UNC5H2 

cytoplasmic domain, can elicit a repulsive Netrin response that is just as strong as that 

induced by UNC5H2 itself (Hong et al., 1999). The Drosophila Dunc-5 has both long and 

short-range activities on neurons (Keleman et al., 2001).  The Drosophila homologue of 

UNC-40/DCC, Frazzled, is expressed in the central nervous system (Kolodziej et al., 

1996), and a zebrafish homologue of DCC is expressed in the developing brain (Hjorth 

et al., 2001). Another protein homologous to UNC-40/DCC/Fra called Neogenin was also 

found to bind Netrin (Keino-Masu et al., 1996). Evidence shows that the orphan receptor 

Downs Syndrome Cell Adhesion Molecule (DSCAM) is expressed on spinal commissural 

axons in rats and that it can work independent of, or co-operate with, DCC in mediating 

attractive turning responses to Netrin-1 (Ly et al., 2008). 
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Recently, Killeen et al. (2011) identified a novel mutant, enu-3 (enhancer of Unc), 

that enhances the DB4, DB5 and DB6 motor neuron axon outgrowth defects observed in 

worms that lack UNC-5 or UNC-6/Netrin. Thus ENU-3 presumably works in an unknown 

parallel pathway to the UNC-6/Netrin pathway in promoting axon outgrowth. ENU-3 

encodes a novel predicted putative trans-membrane protein, and is a member of a family 

of proteins of previously unknown function in the C. elegans genome.  

 

In C. elegans, in an opposing mechanism to UNC-40/DCC/Fra and UNC-

6/Netrin, dorsal sources of SLT-1/Slit repel axons expressing the SAX-3/Robo and EVA-

1 receptors toward the ventral side (Figure 3A-C, Zallen et al., 1998; Fujisawa, 2007). C. 

elegans SLT-1/Slit is expressed by dorsal body-wall muscle and functions by repelling 

SAX-3/Robo expressing AVM pioneer axons toward the VNC (Fujisawa, 2007). At the 

same time, UNC-40/DCC/Fra attracts these same axons toward the VNC through ventral 

sources of UNC-6/Netrin (Figure 3A-C). 
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Figure 3. Location of the major DV guidance cues in C. elegans 

(A) UNC-6/Netrin is expressed by neurons and other cells in the ventral region of C. 

elegans where it attracts cells and neurons expressing UNC-40/DCC and repels those 

expressing UNC-5. Slit expression by dorsal muscle repels neurons expressing SAX-

3/Robo. Slit expression in the anterior epidermis during embryogenesis repels cells and 

neurons that express SAX-3/Robo (Adapted from Killeen, 2008). (B) Model for the 

circumferential guidance of neuronal growth cones by UNC-6/Netrin. A transverse 

section of the C. elegans body wall is shown. Growth cones migrate along the body wall 

between the epidermis and basement membrane in response to a graded distribution of 

UNC-6/Netrin (purple), which peaks at the ventral midline. Neurons (green) expressing 

the UNC-5 and UNC-40/DCC receptors migrate dorsally, while those expressing UNC-

40/DCC migrate ventrally (Adapted from Wadsworth, 2002). (C) Parallel pathways 

control the guidance of ventral axons. In addition to attraction through UNC-6/Netrin with 

its receptor UNC-40, and repulsion via UNC-6/Netrin signaling through receptors UNC-5 

and UNC-40, SLT-1 repels axons expressing SAX-3/Robo and its co-receptor EVA-1 to 

the ventral side.  
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 Drosophila commissural axons cross the midline and never recross because the 

midline cells, in addition to expressing the attractant Netrin, express the repellent Slit.  

Slit signals repulsion through its receptor Roundabout (Robo), and commissural axons 

upregulate expression of the Robo receptor on their surface only after crossing (Figure 

4, Kidd et al., 1998; Fujisawa et al., 2007). In Drosophila, a single Slit protein is thought 

to account for all midline repellent activity. Robo expression before reaching the midline 

is repressed by the regulatory protein Commissureless (Comm), which keeps Robo in 

intracellular compartments away from the axonal surface and targets it for degradation 

(Figure 4, Keleman et al., 2002; Keleman et al., 2005). The repressive action of Comm is 

lost upon crossing, so that Robo surface expression (and thus Slit sensitivity) is 

upregulated thereby preventing commissural axons from recrossing. These changes 

ensure that the growth cone will continue on the next leg of its trajectory without stalling.  
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Figure 4. Switching sensitivity at the midline 

To reach their targets on the contralateral side of the CNS, commisural axons must first 

grow toward the midline, but then leave it on the opposite side and never turn back. 

Drosophila commissural axons are attracted by Netrin and cross the midline, and only 

become sensitive to the repellent Slit after crossing. This appears to reflect 

Commissureless' (Comm) role in regulating the intracellular trafficking of the Slit receptor 

Robo. Robo receptors are expressed at high levels only after crossing, because Comm 

prevents it from being delivered to the growth cone, targeting Robo for lysozomal 

degradation before crossing. Once commissural axons cross the midline, Comm is 

inactivated, allowing Robo to be delivered to the growth cone. Robo proteins would be 

consistently present and Comm turned off on axons that must avoid the midline, such as 

ipsilateral longitudinal axons in flies (Adapted from Dickson, 2002).  
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Mutations in Robo cause a phenotype where neurons that are normally 

ipsilateral, instead project across the midline (Seeger et al., 1993). Mutations in Comm 

cause growth cones that are normally contralateral to extend only on their own side 

(Tear et al., 1996). Three mammalian homologs of Drosophila Slit (Slit 1-3) and two 

homologs of Robo (Robo 1, 2) have been described, and their mRNAs were found to be 

expressed in structures analogous to those in which their homologs are expressed in 

Drosophila (Brose et al., 1999; Itoh et al., 1998; Kidd et al., 1998; Li et al., 1999). Netrin 

and Slit are also involved in midline crossing in vertebrates, as Netrin 1 in mice is 

needed for corpus collosum and hippocampal commissure development (Serafini et al., 

1996). Mice lacking Slit1 and Slit2 are deficient in all three major forebrain connections, 

the corticofugal, callosal, and thalamocortical tracts (Bagri et al., 2002). In C. elegans, 

the absence of SAX-3/Robo causes repeated midline crossing by neurons that normally 

do not cross (Zallen et al., 1998). This crossing is thought to be suppressed by the 

silencing of Netrin/UNC-6 attraction due to an interaction between SAX-3 and putative 

co-receptor EVA-1 with UNC-40/DCC/Fra (Fujisawa et al., 2007). In C. elegans, 

mutations in unc-40 suppress SLT-1 gain-of-function phenotypes and enhance sax-3 

loss-of-function phenotypes (Yu et al., 2002).  Interestingly, C. elegans SAX-3/Robo is 

also known to physically interact with UNC-40/DCC, suggesting that SAX-3/Robo 

signaling is potentiated by an association between UNC-40/DCC and SAX-3/Robo (Yu 

et al., 2002). 

 

Studies suggest that it is the cytoplasmic portion of the Robo molecule that 

makes the guidance decisions. Robo and the UNC-40/DCC/Fra receptor specify 

attraction or repulsion such that a chimeric molecule with a Robo cytoplasmic domain is 

repulsed by Slit and one with a Frazzled cytoplasmic domain is attracted to Slit, whether 

the extracellular domain is from UNC-40/DCC/Fra or Robo (Bashaw and Goodman, 

1999). Stein and Tessier-Lavigne (2001) found that Slits have a silencing effect on 

Netrin-1 attractants that is mediated by a direct physical interaction of the cytoplasmic 

domains of the Xenopus Robo with the Netrin receptor DCC (Stein and Tessier- 

Lavigne, 2001). 
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1.3.1.1. EVA-1 coactivates SAX-3/Robo in a Slit-dependent manner 

Fujisawa et al. (2007) identified enhancer of ventral-axon guidance defects of 

unc-40 mutants (EVA-1) as a transmembrane receptor for SLT-1. The eva-1 sequence 

was found to encode a protein containing a hydrophobic signal sequence for secretion, a 

single transmembrane domain, and a predicted ectodomain containing N- and C- 

terminal predicted lectin like galactose-binding domains (Fujisawa et al., 2007). 

 

In eva-1 mutant animals, the initial pioneer phase to the VNC of the AVM axon 

frequently fails similar to what is seen in slt-1, sax-3, and rpm-1 mutants (Fujisawa et al., 

2007). unc-6, unc-40, slt-1, and sax-3 mutant animals show defects in AVM pioneer-

axon guidance. Null mutations in both SLT-1 and UNC-6/Netrin causes the AVM to 

adopt an anterior trajectory as a result of a mechanism that is apparent in the absence of 

DV guidance (Hao et al., 2001). The authors determined that EVA-1 acts in parallel to 

UNC-6 and UNC-40 for AVM pioneer-axon guidance as eva-1(ev751); unc-6(ev400) and 

unc-40 (e1430); eva-1(ev751) double-null mutants showed severely enhanced defects. 

Conversely, they found that AVM pioneer-axon guidance defects in eva-1(ev751);sax-

3(ky123) and eva-1(ev751);slt-1(eh15) double-null and eva-1(ev751);sax-3(ky123);slt-

1(eh15) triple-null mutants were not significantly enhanced compared to each single 

mutant, indicating that EVA-1, SLT-1, and SAX-3 act in the same pathway for AVM axon 

guidance (Figure 3C, Fujisawa et al., 2007). 

 

EVA-1 and SAX-3 proteins were found to localize on or near cell membrane 

surfaces with significant regions of overlap in mammalian cells (Fujisawa et al., 2007). 

eva-1 null mutant phenotypes appear similar to the slt-1 null mutants, but only make up 

a fraction of sax-3 null mutant phenotypes, and it is known that SAX-3/Robo has SLT-1– 

dependent and independent functions (Fujisawa et al., 2007). The authors' interpretation 

is that there are cells that coexpress EVA-1 and allow SAX-3 to respond to SLT-1, and 

on the other hand there are cells that express SAX-3 but not EVA-1 and therefore do not 

function with SLT-1. To test this model, they added EVA-1 to SAX-3–dependent SLT-1–

independent cells to see if this causes them to respond to SLT-1. Expression of 
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functional EVA-1 in the ALM touch-receptor neuron caused failure of the cell-body to 

migrate posteriorly and was thus displaced toward the head. This phenotype is also 

seen in sax-3 but not in slt-1 mutants, and interestingly this displacement was 

suppressed by mutations in slt-1, indicating that ectopic EVA-1 made the migration of 

these cells responsive to SLT-1. Furthermore, binding experiments demonstrated that 

SLT-1 binds to SAX-3 and EVA-1, but not to UNC-40–expressing cells. SAX-3 

coimmunoprecipitated EVA-1, and because EVA-1 functions in the same pathway as 

SLT-1, Fujisawa et al. (2007) interpreted these results as showing that EVA-1 binds 

SAX-3 as a coreceptor for SLT-1. Two parallel pathways appear to be occurring, where 

UNC-6/netrin functions through UNC-40 and SLT-1 functions through SAX-3 and EVA-1. 

Additional experiments also suggested that SAX-3 may bind to UNC-40 if SLT-1 or EVA-

1 are absent and therefore inhibit the guidance of the AVM axon by silencing UNC-40. 

This would allow the axons to remain sensitive to high concentrations of UNC-6/netrin 

near the ventral cord in C. elegans (Fujisawa et al., 2007).  

 

1.3.2.  Netrin and Slit in anteroposterior guidance 

While Slit and Netrin are known primarily for their roles in DV guidance, including 

midline crossing, they also play a role in AP guidance. In Slit deficient Drosophila, the 

tracts that normally run parallel to the midline collapse on the midline due to attraction by 

Netrin emanating from the midline (Garbe and Bashaw 2007). However, Netrin attraction 

from the midline also plays a role in longitudinal guidance as the tracts in Net A and B 

mutants run farther from the midline (Mitchell et al.,1996; Bashaw and Goodman, 1999; 

Kidd et al., 1999; Bhat et al., 2007; Garbe and Bashaw, 2007). The Slit phenotype is 

more penetrant than the Netrin phenotypes and it was found that the two pathways 

function both independently and interdependently (Garbe and Bashaw, 2007). In higher 

organisms, longitudinal guidance also relies on Slit–Robo (Devine and Key, 2008). The 

embryonic vertebrate brain requires Slit-Robo for the longitudinal guidance in the tract of 

the postoptic commissure (TPOC), the major longitudinal tract in the forebrain (Devine 

and Key, 2008). Furthermore, mutations in C. elegans unc-40 mainly disrupt ventral 

directed migrations but also disrupt some anteroposterior directed migrations 

(Hedgecock et al., 1990). unc-40 mutants exhibit defects in the anteroposterior 
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migrations of the Q cells and in other unc-6 independent morphogenetic processes 

(Hedgecock et al., 1990). Thus there is more complexity in molecules functioning in 

dorsoventral migrations than initially appreciated. 

 

1.3.3.  Semaphorins and Ephrins  

Semaphorins are a large family of cell surface and secreted guidance molecules 

defined by the presence of a conserved ~420 amino acid Sema domain at their N-

termini. Semaphorins are divided into eight classes; class 1 and 2 are found in 

invertebrates, classes 3-7 are found in vertebrates, and class V semaphorins are 

encoded by viruses (Raper, 2000). Genetic analysis of semaphorins in Drosophila and in 

mice suggests that they primarily act as short-range inhibitory cues that direct axons 

away from inappropriate regions (Raper, 2000). The axon repulsive effects of 

semaphorins in vitro and in vivo are now well documented (Tessier-Lavigne and 

Goodman, 1996). It has also been documented that semaphorins can function as 

attractive cues in some instances (Bagnard et al., 1998; Wong et al., 1999).  

 

Semaphorins are especially important in forcing turns when an axon must 

change direction. Semaphorin-1 (Sema-1a) was discovered as a protein antigen that 

instructs the direction of axonal elongation of Ti1 peripheral neuron in the grasshopper 

limb (Kolodkin et al., 1992). The Ti1 axon projects towards the central nervous system 

(CNS), and when it reaches a band of Sema-1a expressing epithelial cells, the axon 

reorients and extends ventrally along the distal boundary of the Sema-1a expressing 

cells. Only when its filopodia connect with the Cx1 pair of cells does the growth cone 

cross the boundary and project into the CNS. When Sema-1a is blocked by antibodies 

the growth cone searches randomly for the Cx1 cells (Kolodkin et al., 1993). 

Independently, chick Sema3A was purified from brain, by the virtue of its ability to 

collapse chick embryonic day 7 dorsal root ganglion growth cones and halt their advance 

(Luo et al., 1993). Because these proteins share significant sequence similarity and 

repulse axons in a similar manner across a wide evolutionary span, a semaphorin family 

of axon guidance cues was recognized.  
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Conversely, semaphorins do not appear to function in axon guidance in C. 

elegans, but instead have an analogous role in discouraging inappropriate cell contacts. 

Mutations in the three C. elegans semaphorin genes result in epidermal cells that should 

only transiently contact each other but instead make persistent contacts (Roy et al., 

2000; Fujii et al., 2002; Ginzburg et al., 2002).  

 

Ephrins and the Eph family of receptor tyrosine kinases are required for 

embryonic patterning, neuronal guidance, and vascular development during 

embryogenesis (Kullander and Klein, 2002; Lackmann and Boyd, 2008). Ephrins and 

their Eph receptors fall into two categories: ephrin-As, which are anchored to the 

membrane by a glycosylphosphatidylinositol (GPI) linkage and bind EphA receptors; and 

ephrin-Bs which contain a transmembrane domain and bind EphB receptors (Wilkinson, 

2001). During the development of the central nervous system, Eph/ephrin signaling 

plays a crucial role in the cell-cell mediated migration of several types of neuronal axons 

to their targets. Certain families of ephrin ligands and Eph receptor tyrosine kinases 

(RTKs) are found to be overexpressed in several cancer and tumor cell lines; however, 

their role in the development of cancer remains elusive (Dottori et al., 1999; Merlos-Sua´ 

rez and Batlle, 2008).  

 

Eph/ephrin signaling regulates the migration of axons to their target destinations 

largely by decreasing the survival of axonal growth cones and repelling the migrating 

axon away from the site of Eph/ephrin activation (Marquardt et al., 2005). This 

mechanism of repelling migrating axons through decreased growth cone survival 

depends on relative levels of Eph and ephrin expression and allows gradients of Eph and 

ephrin expression in target cells to direct the migration of axon growth cones based on 

their own relative levels of Eph and ephrin expression. Forward signaling by both EphA 

and EphB receptors mediates growth cone collapse, while a unique property of ephrin 

ligands called reverse signaling, via ephrin-A and ephrin-B, induces growth cone survival 

(Marquardt et al., 2005; Petros et al., 2010). Recent studies exhibit that ephrin-A5 was 
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shown to stimulate growth cone spreading in spinal motor neurons and ephrin-B1 was 

shown to promote dendritic spine maturation (Marquardt et al., 2005; Segura et al., 

2007). Mammals have 14 Eph receptors and 8 ephrins while worms and flies both have 

a single Eph receptor and four and one ephrin ligands respectively. In C. elegans, the 

four ephrins and single Eph receptor play a critical role in epithelial morphogenesis, as 

do their vertebrate homologues (Wilkinson, 2001).  

 

The C. elegans Eph RTK, VAB-1, is required together with its ephrin ligands for 

neuronal guidance during neural and epidermal morphogenesis (Chin-Sang et al., 1999, 

2002; George et al., 1998; Mohamed and Chin-Sang, 2006). Brisbin et al. (2009) show 

that VAB-1 Eph RTK negatively regulates one of the most frequently lost tumor 

suppressors and a known inhibitor of insulin signaling, DAF-18/PTEN, in neurons and 

oocytes during development. These results place an Eph receptor as a putative modifier 

of insulin signaling through downregulation of DAF-18/PTEN (Brisbin et al., 2009). In 

order to determine how the VAB-1 Eph RTK regulates axon guidance, Mohamed et al. 

(2012) screened for suppressors of axon guidance defects caused by a constitutively 

VAB-1 Eph RTK and identified NCK-1 and WSP-1/N-WASP as downstream effectors of 

this receptor.  

 

The authors showed that activated VAB-1 can inhibit an NCK-1/UNC-34 

interaction by binding to the NCK-1 SH2 domain in a GST-pull down assay. 

Furthermore, in vitro binding assays showed VAB-1, NCK-1 and WSP-1 can form a 

complex, and NCK-1 can physically bind UNC-34/Enabled (Ena). They propose a model 

for PLM (posterior lateral microtubule) axon termination where the VAB-1 Eph RTK is 

able to prevent axon extension by inhibiting growth cone filopodia formation by 

negatively regulating the activity of the filopodia elongator UNC-34/Ena. Altogether this 

model states that VAB-1 activation results in binding NCK-1 which in turn blocks the 

UNC-34 binding to NCK-1, freeing NCK-1 from the negative influence of UNC-34. 
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The activation of high levels of the Arp2/3 complex is known to produce 

widespread short branched actin networks that prevent the formation of filopodia, and 

thus can inhibit axon extension (Strasser et al., 2004; Ideses et al., 2008). VAB-1 is 

thought to activate Arp2/3 through a VAB-1/NCK-1/WSP-1 complex. Taken together, 

VAB-1 Eph RTK may stop axonal outgrowth by inhibiting filopodia formation at the 

growth cone by activating Arp2/3 through a VAB-1/NCK-1/WSP-1 complex, and by 

inhibiting UNC-34/Ena’s function in actin polymerization. 

 

1.4. Anteroposterior migrations 

1.4.1.  The problem 

Forward genetic screens have been carried out with the goal of identifying all of 

the genes that when mutated, give defects in migration in an unbiased manner 

(Forrester and Garriga, 1997; Wightman et al., 1997). In contrast to DV migrations, we 

are only beginning to unravel the cell guidance pathways that regulate the long-range 

migrations along the AP axis. Why have ligands and receptors involved in AP migration 

been difficult to uncover in genetic screens? One possibility is functional redundancy: 

disrupting a single long-range AP guidance pathway may not be sufficient to cause 

migration phenotypes if more than one pathway functions to guide that migration. For 

example, recovery of mutants in unc-6 homologs in Drosophila would have been difficult 

as there are two functionally redundant Netrins (Mitchell et al., 1996). Another possibility 

is that AP guidance molecules function in essential embryonic processes, thus animals 

mutant for specific AP guidance molecules may arrest development before those 

migrations occur.  Sometimes a purely genetic approach can result in mutations in 

certain components of a pathway that do not exhibit an observable phenotype.  

 

Some of the key signaling molecules that have been implicated in longitudinal 

guidance include the fibroblast growth factor EGL-17/FGF (Burdine et al., 1997) and its 

receptor EGL-15/FGFR (Birnbaum et al., 2005; Bulow et al., 2004; DeVore et al.,1995), 
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LIN-17/Frizzled (Hilliard and Bargmann, 2006), the Wnts LIN-44, CWN-1, CWN-2, and 

EGL-20 (Zinovyeva et al., 2008; Maloof et al., 1999), and UNC-53/NAV2, a cytoskeletal 

binding protein related to the mammalian Neuronal Navigators (NAVs) (Stringham and 

Schmidt, 2009). In the next section I will describe what is known thus far regarding 

signaling along the AP axis in C. elegans. 

 

1.4.2.  Signals guiding anteroposterior migrations  

 

1.4.2.1.  FGF signaling in sex myoblast migration 

FGFs (fibroblast growth factors) and their receptor tyrosine kinases (FGFRs) 

have been assigned many roles during development including induction of mesodermal 

fates in Drosophila and mice (Amaya et al., 1991). Signaling by FGF receptors is 

initiated by FGF ligand binding, which induces receptor dimerization, stimulation of its 

tyrosine kinase activity and the activation of the RAS/MAPK cascade (Huang and Stern, 

2004). FGFs have been implicated in cell migration: during gastrulation in the mouse, 

cells migrate through the primitive streak outward to form most of the definitive tissues, 

and it has been shown that mice deficient for FGFR1 were defective for this migration 

(Ciruna et al., 1997). FGFRs may also be involved in human cancer, as both FGFR1 and 

FGFR2 are amplified in a significant number of certain types of human tumors (Basilico 

and Moscatelli, 1992). In Drosophila, FGF signaling pathways control the branching 

morphogenesis of the tracheal oxygen delivery system (Krasnow, 1997). The FGF 

branchless and the FGFR breathless function to control tracheal branching 

morphogenesis (Samakovlis et al., 1996; Sutherland et al., 1996). 

 

In C. elegans, during the second larval stage, two precursor cells, the sex 

myoblasts (SMs) which are born posteriorly, migrate anteriorly to flank the center of the 

gonad (Figure 5A). After migrating the SMs differentiate to form sex muscles that open 

the vulva during egg laying. Thus, animals with disrupted SM migration are egg-laying 

defective (Egl) and retain their eggs. The attractive cue from the gonad is the 
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extracellular growth factor EGL-17/FGF, which mediates its effect through the EGL-

15/FGFR receptor and a downstream signaling pathway that passes through the 

GRB2/DRK adapter homolog SEM-5 (Figure 5B, Chen et al., 1997). SEM-5 consists 

exclusively of SH2 and SH3 domains (Clark et al., 1992). egl-17 and egl-15 have been 

shown to encode proteins homologous to fibroblast growth factor (FGF) and FGF 

receptor (FGFR) respectively (Burdine et al., 1997; DeVore et al., 1995). Interestingly, 

other genes involved in the sex myoblast EGL-17 pathway also play a role in axon 

guidance. UNC-51 (a serine/threonine kinase), its interactor UNC-14 (Ogura et al.,1997), 

UNC-44 (an ankyrin) (Otsuka et al., 1995), and UNC-34 (Enabled) localize to the 

cytoplasm in the sex myoblasts and function to transduce the EGL-17 signal (Branda 

and Stern, 2000). The sex myoblasts are also subject to what is called a gonad-

independent attraction that requires the activity of unc-53, unc-71 and unc-73 and each 

of these genes have also been linked to migration guidance phenotypes (Figure 5B, 

Chen et al., 1997; Hedgecock et al., 1987; McIntire et al., 1992; Siddiqui, 1990). In 

worms with a mutation that results in the gonad being displaced anteriorly, the SMs 

migrate to the gonad, beyond their normal stopping place. The gonad attracts the SMs, 

but if the gonad is ablated, the SMs are still able to migrate anteriorly but to a variable 

position, revealing that the gonad also functions in precise positioning of the SMs. This 

data unveils the presence of a second gonad independent pathway (GIP) (Chen et al., 

1997). Mutations in unc-53 (neuronal navigator - NAV), unc-73 (GEF similar to the Trio 

protein), and unc-71 (a disintegrin and metalloprotease - ADAM) disrupt sex myoblast 

positioning in the absence of the gonad, while they do not affect positioning in the 

presence of the gonad. Genetic evidence has shown that partial loss of function alleles 

of unc-53 enhance the sex myoblast migration defect of sem-5 null mutants. This 

evidence coupled with data indicating sem-5 functions in the gonad-dependent pathway 

while unc-53 function in the GIP suggests that sem-5 and unc-53 function in parallel 

pathways. On the other hand, sem-5 may also play a role in the GIP because sem-5 

mutants enhanced SM migration defects in the absence of gonad. In addition, 

biochemical evidence has shown the UNC-53 protein can physically bind both SEM-5 

and the mammalian homologue GRB2 in vitro (Stringham et al., 2002). These data could 

suggest a larger role for SEM-5 in both the gonad dependent and independent pathways 

for SM migration (Figure 5B). 
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Figure 5. Genes involved in the two mechanisms that guide SM migration 

 (A) During the second larval stage, two precursor cells, the sex myoblasts (SMs) 

migrate anteriorly to flank the center of the gonad. After migrating the SMs differentiate 

to form sex muscles that open the vulva during egg laying (Adapted from Chen et al., 

1997). (B)The migrations of the sex myoblasts in hermaphrodites involve two guidance 

mechanisms: a gonad-dependent attraction that confers precise positioning of the sex 

myoblasts and a gonad-independent mechanism that is sufficient for broad positioning in 

the absence of the gonad. The attractive cue from the gonad is the extracellular growth 

factor EGL-17/FGF, which mediates its effect through the EGL-15/FGFR receptor and a 

downstream signalling pathway that passes through the GRB2/DRK adaptor homolog 

SEM-5. Mutations in gonad-dependent signaling molecules egl-15 and egl-17 do not 

abolish SM migration, but rather result in the severe posterior displacement of the SMs. 

Mutations in unc-53, unc-71, and unc-73 disrupt sex myoblast positioning in the absence 

of the gonad, while they do not affect positioning in the presence of the gonad. Thus, 

mutations in these genes appear to compromise the gonad-independent mechanism 

without affecting motility or the gonad-dependent attraction. Mutations in sem-5 confer 

dramatic sex myoblast positioning defects in double mutant combinations with unc-53, 

unc-71, or unc-73 mutations, even in the presence of the gonad. This suggests that 

sem-5 is required for the gonad-dependent attractive mechanism. Mutations in let-60 ras 

also confer sex myoblast migration defects in an unc-53 background, implicating this 

gene in gonad-dependent positioning as well. sem-5 and let-60 are placed within the 

gonad independent pathway as well, because of evidence that SEM-5 binds UNC-53 in 

vitro and because the SM migration defect of both sem-5 and let-60 mutants in an unc-

53 null mutant background is more severe than that seen in gonad-ablated unc-53 

animals. Since all SM positioning in gonad-ablated unc-53 null animals is dependent on 

the gonad-independent mechanism, these results suggest that let-60 and sem-5 are 

involved in the gonad-independent mechanism as well. 
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1.4.2.2.  Wnts in anteroposterior migration 

The Wnt signaling cascade has a key role in early embryonic patterning through 

the regulation of cell fate decisions, tissue polarity and cell movements. wnt genes 

encode short-range secreted cysteine-rich signaling proteins that regulate many cell 

behaviors, from the generation of various organs and tissues to brain patterning and 

axon guidance (He, 2003).  Insights into the mechanisms of Wnt signaling have 

emerged from several model systems, and the pathway is remarkably conserved in a 

variety of organisms from worms to humans. In the canonical pathway, the Wnt ligands 

bind Frizzled (Fz) serpentine receptors and initiate a signal causing the receptors to 

release Dishevelled family proteins (Inoue et al., 2004). Dishevelled inhibits a complex of 

molecules including Axin, GSK3β, and APC, which normally promotes the degradation of 

the β-catenin signaling molecule. In the absence of Wnt signaling, association of β-

catenin with GSK3β leads to the phosphorylation, ubiquitination, and subsequent 

breakdown of β-catenin (Cadigan and Nusse, 1997; Wodarz and Nusse, 1998).  The 

Wnt signal thus blocks degradation of β-catenin in proteasomes and leads to its 

accumulation in the cytoplasm, and eventual translocation to the nucleus. Nuclear β-

catenin binds to members of the LEF/TCF family to activate transcription of Wnt target 

genes.  

 

Several lines of evidence suggest that Wnts function as AP guidance cues. Thus 

far the precise mechanism leading to the activation of Dishevelled by Fz remains 

unclear, although it may involve Ryk (related to tyrosine kinase), a catalytically inactive, 

atypical receptor tyrosine kinase (RTK). In Drosophila, commissure choice is controlled 

by Derailed/Ryk, an atypical receptor tyrosine kinase expressed on axons projecting in 

the anterior commissure (Yoshikawa et al., 2003). Derailed/Ryk causes these axons to 

steer away from the posterior commissure by acting as a receptor for Wnt5, a member of 

the Wnt family of secreted signaling molecules that is expressed mainly by axons in or 

close to the posterior commissure (Yoshikawa et al., 2003). Wnt5 is transcriptionally 

repressed in the anterior commissure and this repression allows midline crossing of the 

anterior commissure. Drosophila axon guidance was the first system in which a Ryk 

family member had been shown to function in a Wnt pathway. Furthermore, projections 
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of the cortical axons across the anterior commissure are abnormal in mice lacking Ryk 

(Keeble et al., 2006). In the mammalian spinal cord, ascending commissural neurons 

that have crossed the midline are attracted to high anterior concentrations of Wnt4 by 

Fz3 (Lyuksyutova et al., 2003). Mice lacking the Frizzled receptor Fz3 display AP axon 

guidance defects, suggesting that Wnt-Frizzled signaling controls anterior guidance 

(Lyuksyutova et al., 2003). 

 

C. elegans Wnts ligands and Frizzled receptors appear to play a large role in AP 

migration, namely in the migration of the PLM and ALM mechanosensory neurons 

(Figure 6), and the migration of the Q cell neuroblasts. In worms, five genes, cwn-1, 

cwn-2, egl-20, lin-44, and mom-2, encode Wnt proteins (Herman et al., 1995; Maloof et 

al., 1999; Rocheleau et al., 1997; Shackleford et al., 1993; Thorpe et al., 1997). lin-

44/Wnt and lin-17/Frizzled mutants exhibit a polarity reversal along the body axis of the 

PLM mechanosensory neuron (Hillard and Bargmann, 2006). The long PLM process, 

PLM growth cone, and synapses are posterior to its cell body instead of anterior. In the 

same manner, the polarity of the ALM mechanosensory neuron is reversed in cwn-1; 

egl-20 Wnt double mutants, suggesting that different Wnt signals regulate neuronal 

polarity at different anteroposterior positions. In this case the Wnts appear to function not 

as instructive growth cone attractants or repellents, but as organizers of neuronal 

polarity. 
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Figure 6. Simplified schematic (left lateral view) of the normal migrations of the 
axons of several neurons in C. elegans 

Arrows indicate the direction of axon outgrowth. The axons of the ALM and PLM migrate 

in the anterior direction from their cell bodies. ALMs and PLMs are found on the right 

and left halves of the body and only the ones on the left side are shown. The AVM and 

PVM axons migrate ventrally from their cell bodies and then in an anterior direction. 

AVM is on the right side and PVM on the left side of the body. The ALA neuron sends 

two processes posteriorly along a lateral nerve cord adjacent to the excretory canals. 

Position of each individual neuron was inferred from Wormbase (www.wormbase.org). 
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Mutation in cfz-2, a C. elegans Frizzled gene causes defective cell migration, 

disorganization of head neurons, and can cause ectopic axon outgrowth (Zinovyeva and 

Forrester, 2005). Three Wnts, CWN-1, CWN-2 and EGL-20, and a Frizzled, MOM-5, act 

to antagonize CFZ-2 in directing ALM migration. CWN-2 acts through CFZ-2 for QR 

descendant migration; however, through genetic analysis it appears CWN-2 does not act 

through CFZ-2 for CAN (canal-associated neurons) migration.  

 

The migration of the Q cell neuroblasts are an excellent example of guidance 

along the anteroposterior axis in C. elegans. The Q cells are born bilaterally in the 

posterior half of the body and migrate only after the worm has hatched. The Q cells differ 

from other bilaterally symmetric migratory cells because they migrate in opposite 

directions (QL migrates posteriorly, and QR migrates anteriorly), and because they 

divide three times as they migrate (Kenyon et al., 1997). Most bilaterally symmetric 

migratory cells such as the CANs (canal-associated neurons) and the HSNs 

(hermaphrodite specific neurons) make identical migratory movements on contralateral 

sides, instead QL and QR neuroblast lineages migrate with left-right asymmetry; QL and 

its descendants migrate posteriorly whereas QR and its descendants migrate anteriorly. 

One way of generating this asymmetry is the expression of the Antennapedia-like 

homebox gene mab-5 in the QL descendants but not in the QR descendants. egl-

20/Wnt, mig-1/Fz, and lin-17/Fz are all required to turn on expression of mab-5, 

indicating that components of a canonical Wnt signal transduction pathway regulate 

mab-5 expression in QL descendants (Harris et al., 1996; Korswagen et al., 2000; 

Maloof et al., 1999). Mutations that disrupt EGL-20 signaling eliminate mab-5 expression 

in QL descendants, causing them to migrate anteriorly (Harris et al., 1996; Maloof et al., 

1999). 
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1.4.2.3.   Anteroposterior migration of the CANs and HSNs 

The anteroposterior embryonic migrations of both the CAN and the HSN cells 

and growth cones require several anteroposterior migration guidance genes. The CANs 

are bilaterally symmetrical neurons thought to function in fluid homeostasis, possibly 

through regulating the neighbouring excretory canals (Forrester and Garriga, 1997). The 

excretory canals run in close association with the processes of the PVD, ALA (Figure 6), 

and the CAN neurons (Figure 7). Interestingly, when the CANs are ablated the animal 

dies before becoming an adult (Hedgecock et al.,1987). The CANs are born in the head 

at 300 minutes after the first cleavage and then migrate posteriorly until they reach their 

position slightly anterior to the gonad primordium (Hedgecock et al.,1987).  The CANs 

are pioneers as they are the first cells to migrate posteriorly along the lateral body wall. 

The cells extend two axons; one anteriorly into the head, and one posteriorly into the tail, 

which complete extension by the two-fold stage of embryogenesis (Figure 7, Hedgecock 

et al.,1987). 

 

The HSNs are bilaterally symmetric motorneurons that innervate and regulate 

vulval muscle activity (Hedgecock et al., 1987). The cells are born 400 minutes after the 

first cleavage within the tail, and pioneer from the tail anteriorly to the center of the 

animal (Hedgecock et al., 1987).  The cell bodies position themselves just posterior and 

ventral to the CAN cell body, and send axons first ventrally and then anteriorly (Figure 

7). Along the way it innervates the egg laying muscles which act to stimulate egg laying 

in hermaphrodites.  

 

These two neurons have been studied extensively as they undertake long-range 

migrations along the anteroposterior axis and thus may identify genes functioning in AP 

migration. Numerous screens for CAN and HSN migration mutants resulted in the 

identification of over 30 genes required for migration. The majority of mutations isolated 

affected both the CAN and HSN cell migrations, and most were also required for many 

other long-range cell migrations. Some examples of migration molecules that are 

expressed in the HSNs and affect their migration include sax-3/Robo and the actin 
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binding protein unc-53 (Zallen et al., 1998; Stringham et al., 2002). unc-73/Trio, mig-2, 

unc-129, mig-10, and the ROR receptor tyrosine kinase cam-1 show expression in both 

the CANs and HSNs and mutants show defects in their migration (Steven et al., 2005; 

Zipkin et al., 1997; Colavita et al., 1998; Quinn et al., 2006; Quinn et al., 2008; Forrester 

et al., 1999). The gene vab-8 is expressed in the CAN and is required for its posterior 

migration (Wightman et al., 1996). 

 

Evidence indicates that the Wnts and Frizzled receptors play a large role in the 

migration of both the HSNs and the CANs. Four Wnts (EGL-20, CWN-1, LIN-44, and 

MOM-2) function somewhat redundantly to mediate repulsive effect on the HSNs to 

promote their anteriorly directed migrations from the tail region to mid-body (Pan et al., 

2006). The most important of the Wnts for HSN migration is EGL-20, and the most 

important Frizzled receptor for HSN migration is MIG-1 (Pan et al., 2006). Zinovyeva et 

al. (2008) found that the Wnts CWN-1, CWN-2 and EGL-20 were required for the 

posterior directed migration of the CAN cells.  
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Figure 7. Simplified schematic (left lateral view) of several neurons in the adult 
hermaphrodite C. elegans nervous system 

Diagram indicating the location of neurons and axons mentioned above. Arrows indicate 

the direction of axon outgrowth. The PDE extends an axon posteriorly along the ventral 

nerve cord. The HSN and PDE extend axons anteriorly along the ventral nerve cord. 

HSN and PDE extend axons ventrally. The CAN extends axons posteriorly and anteriorly 

along lateral nerve cords. Position of each individual neuron was inferred from Wormbase 

(www.wormbase.org). 
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1.4.3.  C. elegans excretory canals as a model for migration 

I am interested in understanding the mechanisms underlying anteroposterior 

extension of the excretory canals in the multicellular eukaryote Caenorhabditis elegans. 

The small, free-living soil nematode has many advantages when compared to other 

eukaryotes with more complex body plans and development. C. elegans is an ideal 

system because of the short life cycle of approximately three days, ease of culturing, 

and amenability to genetic analysis. The entire developmental lineage has been 

determined including the time of cell division, position, and identity of each cell which 

ultimately lead to 959 somatic cells in the adult hermaphrodite (Sulston et al., 1983). The 

C. elegans genome size is relatively small (9.7 x 107 base pairs or 97 Megabases), when 

compared to the human genome which is estimated to consist of 3 billion base pairs (3 x 

109 bp or 3000 Megabases), and C. elegans was the first multicellular organism to have 

its entire genome sequenced (Consortium, 1998). About 40% of C. elegans genes have 

human homologs, and remarkably, it has been shown repeatedly that human genes can 

functionally replace their C. elegans homologs when introduced into worms (Hodgkin et 

al., 1998; Muley et al., 2008). Furthermore, several novel molecular biological 

techniques exist for C. elegans experimentation that are not available to researchers 

studying higher eukaryotes.  

 

More specifically, C. elegans is ideal to study migration and extension of cellular 

processes because of the fact that the entire cell lineage is known and there are a wide 

variety of cell specific markers available. Analysis of gene expression and mutant 

phenotypes in the worm has been greatly facilitated by the implementation of fluorescent 

reporter genes such as the jellyfish Aequorea victoria protein Green Fluorescent Protein 

(GFP) that allow for live cell imaging of cells and processes (Prasher et al., 1992; Chalfie 

et al., 1994).  
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Genetic evidence for a global signal guiding migrations was first established in C. 

elegans. The migrations of the excretory canals along the anteroposterior axis have 

been established as a model in the identification of anteroposterior migration guidance 

genes (Hedgecock et al., 1987). The excretory cell is being studied because the canals 

1) undertake long-range migrations along the anteroposterior axis, 2) extend in opposite 

directions, and 3) migrate in a similar manner to axonal growth cones. Evidence 

suggests that mutations affecting the excretory canal extension might identify genes 

functioning in anteroposterior migration (Hedgecock et al., 1987). 

 

1.4.3.1.  Structure and function of the excretory canals 

The excretory system is comprised of four cells which descend from the AB cell 

lineage: the excretory canal cell, the duct cell, the pore cell and excretory gland cell 

(Figure 8A-D, Sulston and Horvitz, 1977). These cells are situated on the hypodermal 

side of the pseudocoelomic basement membrane. The C. elegans excretory system 

regulates the osmolarity of this organism. Laser ablation studies have shown that loss of 

the pore cell, duct cell or canal cell leads to swelling from excess fluid accumulation 

causing premature death of the animal. These results support the idea that the excretory 

system is required for the maintenance of osmoregularity and removal of metabolic 

wastes.  

 

The excretory cell is the largest mononucleate cell in the worm and is born 

midway through embryogenesis at approximately 270 minutes after the first cell division, 

providing an easily identifiable landmark (Sulston et al., 1983). The extension of the 

excretory canals provides us with an in vivo model to study directional migration. Within 

one hour of its birth, the excretory cell extends two processes dorsolaterally from the 

ventral side of the terminal pharyngeal bulb toward the lateral midline (Buechner 2002). 

Once these processes reach the lateral hypodermis, they bifurcate to extend an anterior 

branch towards the head and a posterior branch towards the tail, forming an 'H' shape 

with four arms that taper towards the extremities (Figure 8A-B). At the same time 

vacuoles within the cell body form and coalesce to create the apical lumenal surface 
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(Buechner, 2002). The lumenal material disappears creating a tube, and the lumen of 

the canals is filled with small dead-end channels called canaliculi which greatly increase 

the apical surface area (Figure 8C, Burglin and Ruvkun, 2001). Once the worm hatches, 

the posterior canals reach the midbody of the animal, and they continue to extend in the 

initial 12 hours of first larval stage until they reach the very anterior region of the head 

and beyond the level of the anus posteriorly (Hedgecock et al. 1987; Buechner 2002). 

The canals are hollow tubes connected to the hypodermis through gap junctions along 

the entire length and thus grow passively with the animal through the subsequent three 

larval stages to adulthood. The tips of the canals are enclosed, and only within the cell 

body the lumen connects to external environment via the duct cell (Buechner, 2002). 

The cell body, situated ventral to the terminal bulb of the pharynx, connects all four 

arms. Beneath the pharynx there is a tubular bridge that connects the left and right 

canals to each other, and to the pore and duct cells through which contents are 

eliminated (Figure 8D). As the adult worm ages and senesces, the connection between 

the canal basal surface and the hypodermis weakens and can cause the canal tip to tear 

free of the hypodermis, shortening its length immediately (Buechner, 2002).  
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Figure 8. Structure of the excretory canals in an adult worm 

 (A) Schematic showing the full length of the H-shaped excretory cell as seen from the 

lateral side. In an adult animal, the excretory canals reach from the nose of the 

nematode to the tail region. The excretory cell is the largest mononucleate cell in the 

nematode and is located juxtaposed to the terminal bulb of the pharynx on the ventral 

side. The position of the excretory cell body is shown beneath a grey shadow that 

represents the pharynx. The tips of the canals are enclosed, and therefore the lumen is 

completely surrounded by apical membrane. (B) Head portion from the ventral side. The 

cell body lies below the anterior portion of the terminal bulb of the pharynx, adjacent to 

the ventral epidermal ridge, and forms a bridge between the right and left excretory 

canals. (C) A transverse section. The apical face surrounds the lumen within the canals 

and the excretory sinus, and the basal surface is on the outside of the cell and touches 

the pseudocoelom. Gap junctions exist between the excretory canals and the adjacent 

hypodermis (Adapted from Buechner et al., 1999). (D) The excretory system consists of 

the fused pair of gland cells, the excretory cell (canals), the duct cell and the pore cell. 

The secreted/excreted material from the canal and gland cell passes through a cuticle-

lined excretory duct located just below the terminal bulb of the pharynx and is deposited 

outside via the pore at the ventral midline. Laser ablation of the excretory cell, the duct 

cell, or the pore cell (but not the gland cell) leads to fluid collection within the animal and 

death within a few days, suggesting that these cells have a function in osmoregulation. 

Position of each excretory system cell was inferred from Wormbase (www.wormbase.org). 
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There are several genes expressed exclusively in the excretory cell. One of 

these genes, the ATP-binding cassette family transporter family of proteins (ABC 

transporter) molecule, p-glycoprotein related - 12 (pgp-12) is expressed at a high level in 

the excretory canals through all stages of development from embryogenesis onwards 

(Zhao et al., 2005). PGP-12 is homologous to mammalian PGP proteins which appear to 

play a role in the progression of multi-drug resistance during cancer chemotherapy 

(Sheps et al., 2004). Ex-1 is the cis-regulatory element located upstream of pgp-12, and 

is largely responsible for its expression pattern. Ex-1 (CCATACATTA) is located 238 bp 

upstream of pgp-12's translational start site (Zhao et al., 2005). To visualize and 

document mutant phenotypes, the pgp-12 promoter can be used to drive expression of 

the GFP reporter solely within the excretory cell. Because GFP does not interfere with 

the development or structure of the canals, phenotypes can be observed in live worms 

during development in real time. This promoter::reporter transgene can be assayed 

using a fluorescence microscope which is feasible because of the animal's transparent 

cuticle.  

 

RNA interference (RNAi) was first developed within the worm by Andrew Fire and 

Craig Mello, and has become a powerful tool employed to effectively knock-down gene 

expression (Fire et al., 1998). Neurons have exhibited more resistance to RNAi than any 

other cell type. Experiments designed to unravel RNAi mechanisms in C. elegans have 

led to the identification of two worm proteins, RRF-3 and ERI-1 that can inhibit RNAi 

responses (Timmons, 2004). Animals defective in either protein can display enhanced 

RNAi phenotypes for mRNAs that were previously resistant to dsRNA, namely those 

expressed in neurons. In contrast, I have found the C. elegans excretory cell to be highly 

responsive to RNAi and have thus taken advantage of RNAi as a tool within this cell to 

uncover AP migration molecules.  

 

Its dedicated function as an osmoregulatory system, which removes aqueous 

waste, is consistent with the suggestion that the excretory cell is the closest nematode 

functional equivalent to a kidney. Thus understanding genes functioning in the excretory 
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cell may provide information regarding mechanisms involved in a much more complex 

organ, the kidney. The Aquaporins (AQPs) are transmembrane channels that aid in 

recapturing water from the renal filtrate thereby maintaining osmotic homeostasis, and 

seven of the thirteen human AQPs are expressed in the kidney (Mah et al., 2007). AQP-

8 is a C. elegans aquaporin that is expressed in the excretory cell, and this protein also 

participates in maintaining water balance. Mah et al. (2007) showed that expression of 

AQP-8 is regulated by CEH-6, and CEH-6's mammalian ortholog, Brn1, is expressed 

both in the kidney and the central nervous system. The parallels in transcriptional control 

between Brn1 and CEH-6 suggest that C. elegans may well be an appropriate model for 

determining gene-regulatory networks in the developing vertebrate kidney. 

 

A simple model of unicellular tube morphogenesis is provided by the excretory 

cell, as it forms the major tubular component of the excretory system (Nelson et al., 

1983; Buechner, 2002). The processes of the canals are tunnelled by an inner lumen 

that is closed at its four endings and is presumed to collect fluids and waste, which it 

then empties into the excretory duct (Nelson and Riddle, 1984). Maintenance of the 

tubular structure is also essential in excretory cell morphology. The 12 exc genes 

(excretory canal abnormal) have mutant phenotypes that lead to excretory cell canals 

with various degrees of defects ranging from distended canal lumens to engorgement of 

certain portions of the lumen (Buechner, 2002). In exc mutants, the tubular structure and 

diameter of the excretory cell lumen is disrupted by swellings termed cysts that have 

been proposed to model tubulocystic kidney disease (Buechner et al., 1999). In these 

mutants, the apical surface loses ability to maintain a narrow tubular structure 

(Buechner, 2002). The disruption of tubular morphology in exc-4 mutants has been 

described as a cystic enlargement of the canal’s interior lumen (Buechner et al., 1999). 

More recent genetic epistasis analyses suggests that exc-1 functions downstream of 

exc-9 (a homologue of the mammalian intestinal LIM-domain protein CRIP) and together 

with exc-5, in a pathway that activates CDC-42 at the canal apical surface to maintain 

normal apical cytoskeletal morphology (Tong and Buechner, 2008).  
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1.4.3.2.  Excretory canal extension requires neuronal guidance cues 

The excretory cell resembles somatic neurons in that it extends long, active 

processes between the cell membrane and the basal lamina of the epidermis 

(Hedgecock et al., 1987). The leading edges of these growing processes (canals) 

resemble growth cones in that they must be able to sense and integrate directional cues 

in both the dorsoventral and anteroposterior axes. Genes affecting dorsal and posterior 

outgrowth in neurons frequently affect the outgrowth of the excretory canals as well, 

including unc-5 (Netrin receptor in the immunoglobulin superfamily), unc-34 (Enabled), 

mig-10 (Grb7), mig-15 (Nck-interacting kinase), unc-104 and unc-116 (kinesin genes), 

lin-17 (Frizzled receptor), unc-53 (Neuronal Navigator) and unc-73 (Rho GEF) 

(Hedgecock et al., 1987; Manser et al., 1997; Otsuka et al., 1991; Sawa et al., 1996; 

Stringham et al., 2002; Steven et al., 1998).  

 

In the same manner that axons must be guided during growth cone migration, 

the canal tips must be guided during extension. For example, the initial dorsalward 

outgrowth requires unc-34 (Enabled), unc-6 (Netrin), and unc-5 (Netrin receptor in the 

immunoglobulin superfamily) (Hedgecock et al., 1987). Mutations in unc-73/Trio and 

unc-53/NAV result in truncation of the anteroposterior outgrowth of several neurons and 

the excretory canals (Hedgecock et al., 1987; Stringham et al., 2002).  

 

During development, mig-10 activity is required for cell migration and axon 

outgrowth, including the CANs, HSNs, and ALMs neurons (Manser et al., 1997).  mig-10 

encodes the pleckstrin homology containing adaptor protein that is homologous to the 

vertebrate RIAM, lamellipodin, and Grb7, Grb10, and Grb14 cytoplasmic adaptor 

proteins, and that contain, from N- to C-terminus, an RA-like (Ras association) domain, a 

PH (pleckstrin homology) domain, and a proline-rich motif (Manser et al., 1997). In 

regulating axon outgrowth, mig-10 likely functions downstream of unc-6/Netrin and slt-

1/Slit and in concert with UNC-34, with which it interacts in vitro. mig-10::gfp reporter 

fusions are expressed in neurons as well as in pharyngeal and intestinal tissue (Quinn et 

al., 2006). When expressed in tissue culture cells, a MIG-10::GFP fusion protein 
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colocalizes with F-actin and promotes lamellipodia formation (Quinn et al., 2006). 

Though MIG-10 is not known to be expressed in the excretory canals, cell autonomous 

expression of MIG-10 isoforms were seen to rescue both the neuronal migration and the 

canal outgrowth defects seen in mig-10 mutants (Eve Stringham and Elizabeth Ryder, 

personal communication).  

 

Alleles of unc-104 (kinesin-like motor) and unc-116 (kinesin heavy chain), also 

cause shortened canals, while lin-17 mutants (Frizzled receptor) which normally specify 

polarity in asymmetric cell divisions including tail hypodermis, result in longer than 

normal canals (Buechner, 2002). This finding suggests that the tail hypodermal cells 

may act as guideposts to control the longitudinal limit of canal extension. Mutations in 

the genes listed above have a similar effect on both canal and neuronal extension and 

this suggests that outgrowth and guidance of the excretory canals is molecularly akin to 

axonal migration.  

 

1.4.3.3. Candidate anteroposterior guidance genes for the excretory 
canals 

For the outgrowth of the posterior excretory canals, three distinct phases can be 

defined: 1) an initial dorsal outgrowth, 2) migration from the cell body to the gonad 

primordium (midbody), 3) migration from the gonad primordium into the tail (Ingele 

Roelens PhD thesis, 2002).  I took a candidate genetic approach to discover molecules 

responsible for the posterior extension of the canals, analyzing three specific subsets of 

molecules: 1) genes known to function in AP migrations elsewhere, and/or 2) genes 

known to show expression in the canals, and/or 3) genes known to work together with 

other candidates in signaling pathways controlling other migrations. Identifying mutations 

that disrupt the canals is practical as the excretory canal is straightforward both by 

Nomarski optics and by GFP tags. Another method I used to validate putative 

candidates was to perform RNAi of the new genes in different genetic backgrounds. 
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1.4.3.4. Candidates that show expression within the excretory canals: 
UNC-53, UNC-73, UNC-71, and ABI-1 

Four genes which have phenotypic characteristics suggesting they are 

components of anteroposterior migration guidance pathways include unc-53/NAV2, unc-

73/Trio, unc-71/ADAM, and abi-1. UNC-53 (Stringham et al., 2002), UNC-73E (Steven et 

al., 2005), UNC-71 (Huang et al., 2003), and ABI-1 (Hurwitz et al., 2009), are expressed 

in the excretory canals, and I have found that UNC-73E, UNC-71, and ABI-1 mutants 

show defects in AP migrations, thus they possibly function cell autonomously for 

extension of the canals. Mutations in unc-53/NAV, unc-73/Trio and unc-71/ADAM disrupt 

sex myoblast positioning in the absence of the gonad, and are thought to function 

together in the gonad-independent pathway that controls sex myoblast migration (Chen 

et al., 1997). A detailed review of unc-73 is found above, and unc-53, unc-71 and abi-1 

are discussed in the following section. 

 

We have been studying unc-53 and its role in signal transduction, cell motility 

and growth cone migration pathways. The first unc-53 allele (e404) was isolated by 

Sydney Brenner in his original screen on the basis of the uncoordinated phenotype 

(Brenner, 1974). Loss of function mutations in unc-53 cause both anterior and posterior 

extension and guidance defects in several cell types including the axons of the 

mechanosensory neurons (Hekimi and Kershaw, 1993), the excretory canals 

(Hedgecock et al., 1990; Stringham et al., 2002) and the sex myoblasts (Stringham et 

al., 2002). In the mutants, ALN and PLN axons frequently stopped prematurely. The 

posterior canals of the excretory cell of n152 animals terminate their migration 

prematurely at the level of the vulva, while the initial dorsal migration is normal. 

Conversely, overexpression of unc-53 leads to exaggerated growth cone extension 

during embryogenesis (Stringham et al., 2002).  

 

The three human homologs of unc-53 (NAV1, NAV2 and NAV3; neuron 

navigator-1,2,3), are expressed in a range of tissues including the developing brain 
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(Maes, et al., 2002; Peeters, et al., 2004). UNC-53 is most closely related to 

NAV2/RAINB1, a gene discovered in a study that identified molecules upregulated in 

response to all trans-retinoic acid (atRA), which is required for patterning of the nervous 

system in mammals (Merrill et al., 2002). The N- and C-termini of UNC-53 are highly 

conserved (residues 11-143 and 164-1533), at 35% and 24% identical (56% and 41% 

similar) respectively, to the corresponding regions of NAV2/RAINB1 (Figure 9, 

Stringham et al., 2002). NAV2 shows expression in nerve tissue, placenta, kidney, and 

in the heart, and mice hypomorphic for NAV2 show several sensory deficits including 

impaired smell, hearing, and the diameter of the optic nerve is highly reduce (Merrill et 

al., 2002; Maes et al., 2002; Peeters et al., 2004). Expression of Human NAV2 in the 

PLM mechanosensory neurons rescued the axon outgrowth defects of unc-53 mutants, 

suggesting NAV2 is an orthologue of UNC-53 (Muley et al., 2008). These authors also 

identified a region required for association with the microtubule cytoskeleton that is 

conserved among the NAVs (Muley et al., 2008). 

 

NAV1 encodes a protein lacking the CH domain present in the amino-terminal 

portion of the other NAV genes, and it shows expression restricted to the nervous 

system (Figure 9, Maes et al., 2002). mNAV1 associates with microtubule plus-ends on 

developing neuronal growth cones and is required for netrin-induced directionality in 

pontine neurons (Martinez-Lopez et al., 2005). This study discovered a novel type of 

microtubule binding domain located centrally in the protein between two coiled-coil 

motifs (Martinez-Lopez et al., 2005). NAV3 is expressed throughout the nervous system, 

and shows particularly high expression at the synapses at neuromuscular junctions 

(Kishi et al., 2005). In neuroblastomas, expression of NAV3 is strongly reduced while 

expression is upregulated in nerve cells after brain injury, indicating that NAV3 is 

involved in neuron growth and regeneration as well as neural tumourigenesis (Coy et al., 

2002). Deletions or re-arrangements of human NAV3 was shown to be present in 50% of 

patients with early stage primary cutaneous T-cell lymphomas and 85% of patients with 

advanced disease, suggesting NAV3 may be a tumour suppressor in lymphoid tissue 

(Karenko et al., 2005). Recently, the zebrafish homologue nav3a has been shown to be 

required for directing endodermal organogenesis involving coordination of endodermal 

cell behavior (Klein et al., 2011). van Haren et al. (2009) show that all three mammalian 
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Navigators are plus end tracking proteins (+TIPs), consistent with the previous study on 

NAV1 (Martinez-Lopez et al., 2005). This suggests that the navigators may function to 

control actin filament-microtubule capture during cell migration and outgrowth. UNC-53 

can bind ABI-1, a regulator of Arp2/3 mediated actin filament assembly (Schmidt et al., 

2009). UNC-53/Navigators may act as linkers which branch actin filament assembly in 

protrusions at the leading edge of migrating cells to the plus ends of microtubules, and in 

this manner stabilize and/or promote directional outgrowth (Stringham and Schmidt, 

2009). Furthermore, expression of GFP-tagged NAVs induces the formation of neurite-

like extensions in non-neuronal cells, showing that Navigators can dominantly alter 

cytoskeletal behavior (van Haren et al., 2009).  

 

unc-53 is a large gene consisting of 23 exons spanning 31kb of genomic DNA 

(Stringham, et al., 2002). Several transcripts of the unc-53 gene have been identified, 

the largest of which encodes a 1583-amino-acid protein (Stringham, et al., 2002). UNC-

53 and the NAVs share several motifs including an actin-binding Calponin-homology 

(CH) domain at the amino-terminus, several coiled-coil domains, two polyproline rich 

SH3 binding domains, putative actin-binding sites of the LKK consensus, and an 

ATPases associated with diverse cellular activities domain (AAA domain) (Figure 9, 

Stringham et al., 2002; Stringham and Schmidt, 2009). CH domains are found in 

numerous actin-binding proteins, including α-actinin and dystrophin, proteins known to 

crosslink actin filaments into bundles and networks. UNC-53 contains several domains 

observed in actin binding proteins, localizes to the cytoskeleton, binds F-actin in vitro, 

and thus is thought to function in actin cytoskeleton dynamics (Stringham et al., 2002). 

UNC-53 may also function in signal transduction as it is known to genetically and 

physically interact with the SH2-SH3 adaptor protein SEM-5/GRB2, a mediator of EGL-

15/FGFR signaling in sex myoblast migration in C. elegans (Chen et al., 1997; 

Stringham et al., 2002). UNC-53 is a cytoplasmic protein which is expressed within the 

cells that require its function for migration and extension (Stringham et al., 2002; 

Schmidt et al., 2009). UNC-53 and the NAVs are subject to gene regulation via both 

alternative SL1 trans-splicing events and internal splicing of alternative exons, resulting 

in several protein isoforms (Stringham et al., 2002; Maes et al., 2002; Schmidt et al., 

2009).  
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Figure 9. General domain organization of Neuronal Navigator family proteins 

General domain organization of Neuronal Navigator family proteins. NAV family proteins 

display a highly conserved domain organization containing multiple domains involved in 

signal transduction and cytoskeletal binding. Domains include a Calponin Homology 

domain (Red), LKK actin-binding motifs (Blue), polyproline rich SH3 binding motifs 

(Purple), Coiled Coil domains (Green), and a AAA ATPase associated with diverse 

cellular activities (Yellow) (Stringham and Schmidt, 2009, used with permission). 
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UNC-53 is expressed in several cells including the cytoplasm of the excretory 

cell, the sex myoblasts, the anal muscles, several neurons in head and tail ganglia, 

coelomocytes, several classes of ventral cord motorneuron, vulval muscles, uterine 

muscles, body wall muscles, and the distal tip cells (Stringham et al., 2002; Schmidt et 

al., 2009). Notably, expression is seen during the development of the nervous system, 

but it also appears to be required in adult cells. Immunofluorescence of adult 

hermaphrodites with UNC-53 antisera stains the excretory canals and several neurons 

indicating that UNC-53 is required in these cells even after outgrowth and extension 

have occurred.  Mammalian NAVs are also expressed in a number of adult tissues 

including brain, heart and kidney (Peeters et al., 2004; Kishi et al., 2005; Coy et al., 

2002; Martinez-Lopez et al., 2005). 

 

Another gene predicted to play a role in AP migrations is unc-71, which encodes 

a disintegrin and metalloprotease-containing transmembrane protein (ADAM) (Huang et 

al., 2003). It is a member of the metzincin superfamily of proteases, and was defined by 

a single allele in the original general screen for C. elegans mutants (Brenner, 1974). The 

ADAM proteins are important regulators of cellular adhesion and recognition because 

they can combine regulated proteolysis with modulation of cell adhesion (Wolfsberg et 

al., 1995; Primakoff and Myles, 2000; Seals and Courtneidge, 2003). unc-71 encodes a 

unique ADAM with an inactive metalloprotease domain, and is required non-cell 

autonomously for motor axon guidance and sex myoblast migration (Huang et al., 2003). 

Many unc-71 mutations affect the disintegrin and the cysteine-rich domains, supporting a 

major function of unc-71 in cell adhesion. UNC-71 is expressed in a restricted pattern in 

the excretory and excretory gland cells, some head neurons, the sphincter muscles, and 

hypodermal cells surrounding the vulva (Huang et al., 2003). Finally, double mutant 

analysis of unc-71 with other axon guidance signaling molecules suggests that UNC-71 

functions in a combinatorial manner with integrins INA-1/PAT-3, and UNC-6/Netrin to 

provide distinct axon guidance cues at specific choice points for motorneurons (Huang et 

al., 2003). 

 



 

57 

unc-71 is involved in various aspects of axon guidance, including axon 

fasciculation of the ventral and dorsal nerve cords, and axonal morphogenesis of the 

HSNs and the phasmid neurons, and as mentioned above, guides the hermaphrodite 

sex myoblasts (Siddiqui, 1990; Siddiqui and Culotti, 1991; McIntire et al., 1992; Chen et 

al., 1997). Expression of unc-71 starts in the excretory cell at the one and a half fold 

stage, when the excretory canals start growing out (Ingele Roelens PhD thesis, 2002).  

Roelens thesis work showed that unc-71/ADAM and unc-5 are both necessary for the 

initial dorsal outgrowth, and mutations in these genes lead to ectopic ventral canals. A 

wild type copy of unc-71/ADAM driven by its own promoter rescues the dorsal canal 

misguidance phenotype, suggesting a cell-autonomous role for this gene. Furthermore 

unc-53 enhances the defect seen in both unc-71/ADAM and unc-5 mutants, and the 

triple mutant exhibits a much stronger ventral canal phenotype than all double mutant 

combinations, thus these genes appear to be members of three distinct, complementary 

pathways for the dorsal canal migration (Ingele Roelens PhD thesis, 2002).  

 

abi-1 (abelson-kinase interactor-1) is a member of the family of ABI proteins, 

potential regulators of ARP2/3 that were initially discovered to function as downstream 

targets of ABL non-receptor tyrosine kinases implicated in RAC-dependent cytoskeletal 

organization and remodeling (Courtney et al., 2000; Funato et al., 2004; Jenei et al., 

2005; Stradal et al., 2001), in addition to processes such as cell migration, neuronal 

development, growth cone pathfinding and endocytosis (Courtney et al., 2000; Grove et 

al., 2004; Ibarra et al., 2005; So et al., 2000). ABI family members localize to the actin-

rich tips of lamellipodia and filopodia, and are widely expressed in the developing murine 

nervous system (Courtney et al., 2000; Stradal et al., 2001). ABI forms part of the 

pentameric WAVE complex together with NAP-1, PIR121/SRA-1, HSPC300 and WAVE, 

which has been shown to mediate actin remodeling through ARP2/3 (Bompard and 

Caron, 2004; Takenawa and Suetsugu, 2007). The WAVE complex members WVE-1, 

GEX-2 (SRA-1) and GEX-3 (NAP-1) have been characterized in C. elegans. GEX-2 and 

GEX-3 colocalize to cell boundaries during embryogenesis and interact physically (Soto 

et al., 2002), and loss of WVE-1 or the GEXs results in defective hypodermal cell 

migration, incomplete ventral enclosure during morphogenesis, and embryonic lethality 

(Soto et al., 2002; Withee et al., 2004). Additionally, ventral enclosure defects in WVE-1 
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and GEX mutants are reminiscent of those found in RAC and ARP2/3 mutant animals, 

suggesting that a conserved pathway involving RAC, the WAVE complex and ARP2/3 is 

maintained during embryogenesis in C. elegans (Sawa and Takenawa, 2006; Soto et al., 

2002; Withee et al., 2004).  

 

ABI-1 was shown to interact with the migration molecule MIG-10 in both a yeast 

two-hybrid screen and by co-immunoprecipitation (Eve Stringham and Elizabeth Ryder, 

personal communication). Single mutants for mig-10 and abi-1 displayed similar 

phenotypes of premature truncation in the ALM neurons and the excretory canals, and 

abi-1(RNAi) enhanced the excretory canal truncation observed in mig-10 mutants, 

suggesting that ABI-1 and MIG-10 act in overlapping pathways rather than in a single 

linear pathway. This suggests that MIG-10 and ABI-1 interact physically to link cell 

surface signaling with polarized actin polymerization (Eve Stringham and Elizabeth 

Ryder, personal communication). Previous work showed that UNC-53/NAV binds ABI-1 

in a yeast two-hybrid screen and GST-pull down (Schmidt et al., 2009), and in this study, 

I show that loss of ABI-1 leads to excretory canal migration defects and that excretory 

canal and mechanosensory defects in ABI-1 mutants were similar to those found when 

unc-53, wve-1, nck-1 and arx-2 (arp2) are removed. 

 

1.4.3.5. Candidates predicted to function outside of the excretory canals: 
VAB-8, SAX-3, EVA-1 and SLT-1 

 vab-8 (variable abnormal-8) thus far does not show expression in the canals, but 

mutants exhibit defects in the extension of the canals. VAB-8 also plays a role in axon 

growth cone migration along the AP axis (Wightman et al., 1996; Wolf et al., 1998). 

Furthermore, I chose to investigate the roles of SAX-3/Robo, EVA-1, and SLT-1/Slit in 

canal extension because these molecules are known to function in migration guidance 

together with VAB-8 (Watari-Goshima et al., 2007; Levy-Strumpf and Culotti, 2007).  
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vab-8 has been proposed as a component of a global directional guidance 

system that steers cell and growth cone migrations posteriorly in the AP axis (Wightman 

et al., 1996; Wolf et al., 1998). The first vab-8 alleles were isolated by Sydney Brenner in 

his original screen on the basis of the withered tail phenotype (Brenner, 1974). vab-8 is 

both necessary and sufficient for many posteriorly directed migrations including the 

CAN, AVKR, and PDE axons, the ALM cell body, and the excretory canals (Wightman et 

al., 1996). In addition to the withered tail phenotype, vab-8 mutants are also 

uncoordinated, and may display multiple or protruding vulvae (Brenner, 1974; Wightman, 

1996). The vab-8 gene spans 12.5 kb of genomic sequence and contains 16 exons, 

potentially encoding six transcripts. All six transcripts encode proteins that share C-

terminal sequences predicted to form a coiled coil (Wolf, 1998). The largest transcript 

(referred to as VAB-8L) contains six 5’ exons that are not shared with the other 

transcripts and encodes a protein that contains a domain at its amino terminus similar in 

sequence to kinesin motors (Wolf, et al., 1998). VAB-8L is necessary and sufficient for 

all vab-8–dependent growth cone extensions but not all cell migrations, while the 

remaining five smaller transcripts (collectively referred to as VAB-8S) lack this N-terminal 

domain, and are necessary only for certain cell body migrations but not for axon 

outgrowth (Wolf et al., 1998).  

 

Recent evidence from Levy-Strumpf and Culotti (2007) and Watari-Goshima et 

al. (2007) shows that VAB-8L promotes the posterior migration of cells and growth cones 

by regulating the activity of guidance receptors that also function in DV guidance. These 

studies utilized the ALM mechanosensory neurons, which are bilaterally symmetrical and 

each ALM extends a single process anteriorly towards the head (Figure 6, Watari-

Goshima et al., 2007). VAB-8 localizes UNC-40/DCC and SAX-3/ROBO in the growth 

cone of the ALM axon and these effects require the activity of the Rho and Rac guanine 

nucleotide exchange factor (GEF), UNC-73/Trio (Levy-Strumpf and Culotti, 2007; 

Watari-Goshima et al., 2007).  
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When the long transcript of vab-8 is ectopically expressed using a pmec-7::vab-

8L::gfp fusion in the ALM mechanosensory neuron, the normally anteriorly directed axon 

was rerouted posteriorly, exactly 180° relative to their usual route, 63-72% of the time 

(Wolf et al., 1998). The axons are misguided in a posterior rather than an anterior 

direction, which suggests that VAB-8L has the ability to steer axons in the posterior 

direction in a cell-autonomous manner, probably by altering the site of axon outgrowth in 

the ALM cell body (Wolf et al., 1998). In order to identify molecules that function with 

VAB-8L, various genes that are known to mediate cell and growth-cone migrations were 

crossed into the pmec-7::vab-8L::gfp background to see if they affected the frequency of 

VAB-8L–dependent ALM rerouting (Watari-Goshima et al., 2007). The authors 

determined that the misdirection of the ALMs was suppressed in various genetic 

backgrounds indicating that all of the genes encoding these proteins are downstream of 

VAB-8L. This included the Rac guanine nucleotide exchange factor UNC-73/Trio, its 

target MIG-2 GTPase, SLT-1/Slit and its receptor SAX-3/Robo as well as UNC-5  and 

UNC-40 receptors (Levy-Strumpf and Culotti, 2007, Watari-Goshima et al., 2007). This 

observation is surprising as it had been thought that UNC-73 and MIG-2 transduce 

signals from receptors to elicit alterations inside of growth cones in response to external 

cues (Forsthoefel et al., 2005). Watari-Goshima et al. (2007) and Levy-Strumpf and 

Culotti describe roles for vab-8 in localizing DV receptors SAX-3 and UNC-40/DCC/Fra; 

here I summarize their findings. 

 

1.4.3.5.1.  VAB-8 localizes receptors SAX-3 and UNC-40 

Expression of the Netrin receptor UNC-40/DCC or the Slit receptor SAX-3/Robo 

in the ALM neuron causes polarity rerouting in a Netrin and Slit independent manner 

(Levy-Strumpf and Culotti 2007, Watari-Goshima et al., 2007). This finding is surprising 

as these receptors are primarily involved in DV guidance in C. elegans. Mutations in 

VAB-8, UNC-73/Trio Kalirin and MIG-2/Rho failed to suppress the misdirection defects 

caused by UNC-40 and SAX-3 suggesting that they are upstream of the receptors. 

Genetic evidence showed that SAX-3 and UNC-40 function in parallel to reverse ALM 

axon polarity, consistent with their parallel functions to guide DV axon growth-cone 

migrations (Levy-Strumpf and Culotti, 2007). 
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Loss-of-function vab-8 could not suppress SAX-3–dependent ALM rerouting, 

however loss of sax-3 could suppress VAB-8L–dependent rerouting, suggesting that 

vab-8 acts genetically upstream of sax-3. Similarly, genetic analysis showed that the 

unc-73 mutation was not able to suppress SAX-3–dependent rerouting or UNC-40-

dependent rerouting, and since unc-73 was required for VAB-8L–dependent but not 

SAX-3–dependent or UNC-40 dependent ALM rerouting this indicates that unc-73 acts 

genetically downstream of vab-8 and upstream of sax-3 and unc-40. Together, this 

points to a model where VAB-8L controls SAX-3, UNC-5 and UNC-40 receptor 

expression or function and these proteins can cause the ALM to extend its process 

posteriorly when VAB-8L is present.  From these findings, it can be concluded that 

mutations in VAB-8, UNC-73/Trio and MIG-2/Rho failed to suppress the misdirection 

defects caused by UNC-40 and SAX-3 suggesting that they are all acting upstream of 

the receptors.  

 

The investigators reasoned that if VAB-8L regulates SAX-3, a change in the 

distribution or abundance of the SAX-3 protein may be seen in ALM neurons that 

produce different levels of VAB-8L. SAX-3::GFP was detected at in the ALMs but rarely 

detected in vab-8 null mutant embryos. The authors also showed that increasing the 

dose of VAB-8L increases the levels of SAX-3::GFP in the ALMs. Full-length UNC-73B, 

containing the Rac GEF but not the Rho GEF domain, interacted with a VAB-8L 

fragment, and this was narrowed down to the smaller fragment of UNC-73B that 

contains spectrin repeats. Furthermore, the cytoplasmic domains of SAX-3, UNC-5 and 

UNC-40 also bound both the full-length and the same small fragment of UNC-73B. 

Watari-Goshima et al. (2007) propose that the increase in SAX-3 levels produced by 

VAB-8L is mediated by physical protein interactions between UNC-73 and both VAB-8L 

and SAX-3. The above results are consistent with the model that VAB-8 localizes UNC-

40 and SAX-3/Robo in the growth cone of the ALM axon through UNC-73 and MIG-2 

(Levy-Strumpf and Culotti, 2007, Watari-Goshima et al., 2007). Watari-Goshima et al., 

(2007) favor a model where VAB-8 could regulate receptor trafficking, which is 

consistent with the fact that VAB-8 can also interact with UNC-51, a kinase that 

regulates membrane trafficking and is involved with the display of UNC-5 in growth 

cones in C. elegans (Ogura et al., 2006). Together these findings suggest that precise 
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regulation of expression levels of receptors on the growth cones of developing axons is 

essential for proper migration of cells and processes. One conclusion we can make from 

these current findings is that modulation of receptor function and localization sheds 

some light on how such a limited number of guidance molecules mediate such complex 

trajectories.  

 

vab-8 and unc-53 mutants display defects in some of the same longitudinally 

migrating cells including the excretory canals, and the ALM, ALA, and PDE axons 

(Figure 6, Figure 7, Stringham et al., 2002; Wightman et al., 1996). The genes also 

share a number of common genetic interactors, including sem-5, egl-15, and egl-17 

(Fleming et al., 2005; Levy-Strumpf and Culotti, 2007). As mentioned above, when the 

long transcript of vab-8 is misexpressed using a pmec-7::VAB-8L::GFP fusion in the 

ALM mechanosensory neuron, the normally anteriorly directed axon was rerouted 

posteriorly, exactly 180° relative to their usual route, 63-72% of the time (Wolf et al., 

1998). This rerouting is enhanced to 86% in unc-53(n152) mutants, indicating unc-53 

may normally act in opposition to vab-8 for posterior directed migrations (Fredrick Wolf 

PhD thesis, 1998). In his Doctoral dissertation Wolf presented two possible models to 

explain these results: 1) UNC-53 negatively regulates VAB-8, therefore removal of UNC-

53 allows VAB-8 to constitutively direct posterior outgrowth of the ALM process; 2) UNC-

53 and VAB-8 operate in separate pathways to control outgrowth (Figure 10). The role of 

UNC-53 is to drive the anterior outgrowth of the ALM. Thus, removal of UNC-53 

removes the anterior driving force and allows ectopic expression of VAB-8 to drive 

posterior migration unabated. I set out to distinguish between these two models using 

our current model cell, the excretory cell, because both genes appear to affect the 

posterior migration of this cell. Thus vab-8 is a candidate gene likely normally functioning 

within this cell, whereas experiments examining the ALM axon utilized an ectopic over-

expression of vab-8. 
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Figure 10. Two models to explain the role of UNC-53 and VAB-8 in ALM axonal 
guidance 

When the long transcript of vab-8 is misexpressed using a pmec-7::VAB-8L::GFP fusion 

in the ALM mechanosensory neuron, the normally anteriorly directed axon is rerouted 

posteriorly, exactly 180° relative to their usual route, 63-72% of the time (Wolf et al., 

1998). This rerouting is enhanced to 86% in unc-53 (n152) mutants, indicating unc-53 

may normally act in opposition to vab-8 for posterior directed migrations (Fredrick Wolf 

PhD thesis, 1998). In his Doctoral dissertation, Wolf presented two possible models to 

explain these results: 1) UNC-53 negatively regulates VAB-8, therefore removal of UNC-

53 allows VAB-8 to constitutively direct posterior outgrowth of the ALM process; 2) UNC-

53 and VAB-8 operate in separate pathways to control outgrowth. In the second model, 

the role of UNC-53 is to drive the anterior outgrowth of the ALM and removal of UNC-53 

removes the anterior driving force and allows ectopic expression of VAB-8 to drive 

posterior migration unabated. 
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1.5. Thesis overview 

Here I present work aimed towards understanding the roles of several molecules 

in posterior guidance of the excretory canals and the nature of the mechanisms involved 

in their extension. Because the leading edges of the growing canals resemble growth 

cones in that they must be able to sense and integrate directional cues in both the 

dorsoventral and anteroposterior axes, I reasoned the discovery of molecules required in 

this outgrowth may also be required for axonal outgrowth. The cytoskeleton regulator 

UNC-53/NAV2 is required for both the anterior and posterior outgrowth of several 

neurons, as well as the excretory cell. 

 

Abelson kinase interactor ABI-1 was previously described as a novel molecular 

partner of UNC-53/NAV2, and I have found that ABI-1 and UNC-53 display similar cell 

migration phenotypes in the excretory cell and mechanosensory neurons.  Furthermore, 

ABI-1 and UNC-53 both appear to function cell autonomously in the excretory canals. I 

discovered excretory cell and neuronal migration defects were also observed after RNAi 

of proteins known to function with abi-1 in actin dynamics, including nck-1, wve-1 and 

arx-2.  It was not surprising that similar longitudinal guidance phenotypes were also 

observed in wve-1 and arx-2, suggesting that the primary mode of unc-53 action in these 

migrations is mediated through conserved interactions. Consistent with this view, both 

UNC-53 and the RAC activator UNC-73/TRIO have been implicated in an EGL-17/FGF 

independent signaling mechanism controlling sex myoblast migration (Chen et al., 

1997), suggesting that modulation of the ARP2/3 complex may be the crucial 

determinant of actin filament assembly in this migration as well. UNC-53/NAV2 may act 

as a scaffold that links ABI-1 to the ARP2/3 complex to regulate actin cytoskeleton 

remodeling.  
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I took a candidate approach and analyzed putative interactors of UNC-53, and 

the results suggest that UNC-53 functions together with UNC-71/ADAM, while the 

kinesin-like motor VAB-8 appears to act in a separate pathway to control the posteriorly 

directed excretory canal outgrowth. Analysis of putative interactors of VAB-8 suggests 

that VAB-8, SAX-3/ROBO, SLT-1/Slit and EVA-1 are functioning together in the 

outgrowth of the excretory canals. The known VAB-8 interactor, the Rac/Rho GEF UNC-

73/TRIO appears to operate in both pathways, as isoform specific alleles exhibit 

enhancement of the phenotype in double mutant combination with either unc-53 or vab-

8.  These results suggest that there is a cell autonomous pathway mediated by the Rho 

specific GEF domain of the UNC-73E isoform in conjunction with UNC-53, UNC-71, and 

ABI-1, and a parallel cell non-autonomous pathway mediated by the Rac specific GEF 

domain of the UNC-73B isoform, through partnering with VAB-8 and the receptors SAX-

3 and EVA-1. Taken together, my studies indicate that the migration of the excretory 

canals requires two or more signaling pathways, and the guidance cues involved are 

also essential migration molecules functioning to guide neuronal cells and axon growth 

cones. Interestingly, the first part of the posteriorly directed migration of the excretory 

canals to the anterior gonad arm was intact for all genes tested, suggesting that another 

mechanism independent of the pathways described in the following chapter might be 

driving the initial posterior outgrowth of the canals. 
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2. Materials and Methods 

2.1. C. elegans strains 

Standard methods of culturing and handling worms were used (Brenner, 1974). 

All genetic crosses were carried out at 20°C unless noted. All strains were cultured at 

20°C for scoring phenotypes, with the exception of eva-1(ev751) which is temperature-

sensitive and was scored at 25°C (Fujisawa et al., 2007). Double-mutant strains were 

constructed using standard genetic methods without additional marker mutations. The 

presence of the mutations was confirmed either by visual inspection of phenotypes or 

outcrossing to him-8 males and examining the F2 progeny. The animals described as 

wild type were C. elegans, variety Bristol, strain N2 (Brenner, 1974). Unless noted 

otherwise, all C. elegans strains were obtained from the C. elegans Genetics Stock 

Center, (U. of Minnesota). C. elegans mutants, reporters, and balancers used in this 

study were as follows: 

BC6288 ppgp12::gfp (sIs10089) 

VA71 unc-53(n166) II; sIs10089 

ZB171 pmec-4::gfp (bzIs7) IV 

VA72 unc-53(n166) II; bzIs7 

VA106 unc-53(n152) II; sIs10089 

VA139 unc-53(n152) II 

VA262 vab-8(e1017) V; sIs10089 

FX494 abi-1(tm494) III (684bp deletion III: 5690340Y5691023) 

VA74 abi-1(tm494) III; sIs10089 
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VA99 abl-1(ok171) X; sIs10089 

VA100 wsp-1(gm324) IV; sIs10089 

VA75 abi-1(tm494) III; bzIs7 

VA76 nck-1(ok694) X; sIs10089 [nck-1(ok694) contains a 1814bp deletion X: 

 4150378Y4152191] 

VA77 nck-1(ok694) X; bzIs7 

VA78 eri-1(mg366) IV; bzIs7 

VA396 unc-73(e936) I; sIs10089 

VA397 unc-73(rh40) I; sIs10089 

VA398 unc-71(e541) III; sIs10089 

VA399 unc-73(ev802) I; sIs10089 

DR2078 mIn1 mIn1[dpy-10(e128) mIs14]/bli-2(e768) unc-4(e120) II 

BW163 ctDf1 V/nT1[unc-?(n754) let-?](IV;V) 

VA415 dpy-5(e907)/dpy-5(e907); pmEx107 [ppgp-12::VAB-8L::GFP + pCeh361] 

XS82 uxEx44 [pXS4 (punc-73E::unc-73E::gfp)] 

VA415 rho-1(ok2418) IV/nT1[qIs51]; sIs10089 

IC699 sax-3(ky123) X; quEx168 [psax-3::sax-3::gfp; odr-1::RFP] 

SP753 unc-4(e120) mnDf87/mnC1 dpy-10(e128) unc-52(e444)II 
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Double-mutant constructs: 

 

VA400 unc-53(n166) II; vab-8(e1017) V; sIs10089 

VA401 unc-73(ev802) I; unc-53(n166) II; sIs10089 

VA402 unc-73(ok936) I; unc-53(n166) II; sIs10089 

VA403 unc-53(n166) II; sax-3(ky123) X; sIs10089 

VA404 eva-1(ev751) I; unc-53(n166) II; sIs10089 

VA405 unc-53(n166) II; slt-1(eh15) X; sIs10089 

VA406 unc-53(n166) II; slt-1(ev740) X; sIs10089 

VA407 unc-73(ev802) I; vab-8(e1017) V; sIs10089 

VA408 unc-73(ok936) I; vab-8(e1017) V; sIs10089 

VA409 vab-8(e1017) V; sax-3(ky123) X; sIs10089 

VA410 eva-1(ev751) I; vab-8(e1017) V; sIs10089 

VA411 vab-8(e1017) V; slt-1(eh15) X; sIs10089 

VA412 vab-8(e1017) V; slt-1(ev740) X; sIs10089 

VA413 unc-73(ev802) I; sIs10089; punc-73::unc-73E::gfp 

VA414 unc-53(n166) II; sIs10089; punc-73::unc-73E::gfp 

VA416 unc-73(ev802) I; dpy-5(e907)/dpy-5(e907); pmEx108 [rCes pmyo-2::GFP     

 + pCeh361 + WRM0628aD12] 

VA417 unc-73(rh40) I; unc-53(n166) II; sIs10089 

VA418 unc-73(e936) I; unc-53(n166) II; sIs10089 
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VA419 unc-73(rh40) I; vab-8(e1017) V; sIs10089 

VA420 unc-73(e936) I; vab-8(e1017) V; sIs10089 

VA421 unc-53(n166) II; unc-71(e541) III; sIs10089 

VA422 unc-71(e541) III; vab-8(e1017) V; sIs10089 

2.2. Construction of double mutant strains 

2.2.1.  Construction of strains containing ppgp-12::gfp or pmec-
4::gfp reporters 

Strains containing the excretory-cell specific GFP reporter ppgp-12::gfp were all 

constructed using a common strategy. ppgp-12::gfp was first crossed to the him-

8(e1489) mutant strain to obtain a strain where hermaphrodite progeny were expressing 

GFP in the canals and giving a high incidence of male progeny (due to the increased 

loss of the X chromosome as seen in him-8(e1489) mutants). This ppgp-12::gfp; him-

8(e1489) strain was maintained and crossed to single mutant alleles causing a visible 

phenotype in order to visualize the excretory canals (Appendix A). 

 

 pmec-4::gfp was first crossed to N2 males, and then heterozygous males 

expressing GFP in the mechanosensory neurons were selected to cross to single mutant 

alleles with a visible phenotype in order to visualize the excretory canals (Appendix A). 

 

2.2.2.  Construction of unc-53(n166) over the deficiency strain 
mnDf87 

unc-53(n166) mutants were placed over the mnDf87 deficiency strain to test if 

the n166 allele is null for the excretory canal phenotype. The deletion within the 

mnDf87/mnC1 dpy-10(e128) unc-52(e444) rearrangement lies on chromosome II and 

includes the region of unc-53. +/ mIn1 males were first crossed to mnDf87/dpy-10 
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balanced hermaphrodites (Appendix B). mnDf87/mIn1 males were selected by the 

presence of pharyngeal GFP and crossed to homozygous ppgp-12::gfp; unc-53(n166) 

hermaphrodites. Non-mIn1 hermaphrodites of the genotype +/ppgp-12::gfp; unc-

53(n166)/mnDf87 were selected by the presence of excretory canal GFP and the egl 

phenotype. These hermaphrodites were allowed to self-fertilize, and finally F3 progeny 

hermaphrodites displaying ppgp-12::GFP expression, and egl phenotype were selected 

and assayed for excretory canal defects. 

 

2.2.3.  Construction of double mutants containing unc-53(n166) 

Double mutant strains containing the excretory-cell specific ppgp-12::gfp 

reporter, unc-53(n166), and a second null allele were all constructed using a common 

strategy. unc-53 can be followed by the failure to lay eggs (egl, egg-laying defective) 

phenotype, which can be monitored under the dissecting microscope. mIn1[mIs14 dpy-

10 (e128)] II (Edgley and Riddle, 2001); mIn1 mIs14 (referred to as mIn1 in this study) is 

a dominant GFP balancer for chromosome II, including the region of unc-53. As an 

example, to construct unc-53(n166); vab-8(e1017) double mutants, +/ppgp-12::gfp; +/ 

mIn1 heterozygous males were first crossed to vab-8(e1017) hermaphrodites (Appendix 

C). vab-8(e1017) homozygous mutants can be followed using the degenerate withered 

tail (wit) phenotype, but because of the defects in the posterior half of the body 

homozygous males cannot mate. Therefore, +/ppgp-12::gfp; +/ mIn1; +/vab-8(e1017) 

heterozygous males were crossed to unc-53(n166) hermaphrodites, and the resulting 

hermaphrodite progeny with ppgp-12::GFP expression and mIn1 GFP expression 

[+/ppgp-12::gfp; mIn1/unc-53(n166); +/vab-8(e1017)] were selected, singled, and 

allowed to self-fertilize. Non-mIn1 GFP animals that displayed ppgp-12 GFP were then 

selected and finally F4 progeny displaying the unc-53(n166) egl phenotype, ppgp-12 

GFP, and the vab-8(e1017) wit phenotype were scored for excretory canal defects. 
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2.2.4.  Construction of double mutants containing vab-8(e1017) 

Double mutant strains containing the excretory-cell specific ppgp-12::gfp 

reporter, unc-53(n166), and a second null allele were all constructed using the same 

approach as illustrated for unc-53(n166); vab-8(e1017).  ctDf1 V/nT1[unc-?(n754) let-

?](IV;V) (referred to as nT1 in this study) is an effective balancer for the right portion of 

chromosome IV from right end through unc-17, and for left portion of chromosome V 

from left end through unc-76, including the region of vab-8. nT1 carries an integrated 

pharyngeal GFP element, and is homozygous inviable. As an example, to construct unc-

73(e936); vab-8(e1017) double mutants, +/ppgp-12::gfp; +/ nT1 heterozygous males 

were first crossed to unc-73(e936) hermaphrodites (Appendix D). unc-73(e936) 

homozygous mutants can be followed using the egl and unc phenotypes. +/ppgp-

12::gfp; +/ nT1; +/unc-73(e936) heterozygous males were crossed to vab-8(e1017) 

hermaphrodites, and the resulting hermaphrodite progeny with ppgp-12 GFP expression 

and nT1 GFP [+/ppgp-12::gfp; nT1/vab-8(e1017); +/unc-73(e936)] expression were 

selected, singled, and allowed to self-fertilize. Non-nT1 GFP animals displaying ppgp-12 

GFP were then selected and finally F4 progeny displaying the vab-8(e1017) Wit 

phenotype, ppgp-12 GFP, and the unc-73(e936) egl and unc phenotypes were scored 

for excretory canal defects. 

 

The identical scheme as outlined above was implemented to construct strains 

containing the temperature sensitive allele eva-1(ev751) with either unc-53 or vab-8. 

Because the eva-1 allele is temperature sensitive, the crosses were performed at 25ºC. 

 

2.2.5.  Construction of double mutants containing one mutation 
on the X chromosome 

The following mutations used in this study are found on the X chromosome. sax-

3(ky123) X: the ky123 allele deletes the signal sequence and the first exon and is likely 

to be a null allele (Zallen et al., 1998). slt-1(eh15) X: the eh15 allele is a duplication of 

the slt-1 locus with an out-of-frame deletion in both copies (Hao et al., 2001). slt-
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1(ev740) X: the ev740 allele disrupted a splice donor site after the sixteenth exon in the 

slt-1 gene and is predicted to destabilize slt-1 mRNA (Hao et al., 2001). These two 

alleles are the best candidate null or strong loss-of-function alleles in slt-1 (Hao et al., 

2001). The following is an example of the scheme used to construct double mutants 

where one mutation is found on the X chromosome. To construct unc-53(n166); sax-

3(ky123), first +/ mIn1 males were crossed to ppgp-12::gfp; unc-53(n166) homozygous 

hermaphrodites (Appendix E). +/ppgp-12::gfp; mIn1/unc-53(n166) males were selected 

by the presence of excretory canal and pharyngeal GFP and crossed to homozygous 

sax-3(ky123) hermaphrodites. +/ppgp-12::gfp; +/unc-53(n166); 0/sax-3(ky123) males 

were selected by the presence of excretory canal GFP and non-mIn1 pharyngeal GFP. 

These males were then crossed to homozygous sax-3(ky123) hermaphrodites and 

+/ppgp-12::gfp; +/unc-53(n166); sax-3(ky123) F3 hermaphrodite progeny were retained. 

These animals were singled, and allowed to self-fertilize, and finally F4 hermaphrodites 

with ppgp-12 GFP expression, egl phenotype and notch phenotype were selected and 

scored for excretory canal defects. unc-53(n166); sax-3(ky123) double mutants were 

viable and were maintained as balanced strains of the genotype ppgp-12::gfp; unc-

53(n166)/mIn1 GFP; sax-3(ky123). unc-53; sax-3 double homozygous mutants were 

analyzed from balanced strains of genotype ppgp-12::gfp; unc-53/mIn1 GFP; sax-3. 

 

2.2.6.  Scheme for rescue experiments 

Rescue strains using transgenic strains were crossed as outlined in Appendix F. 

Transmitting wild type lines carrying the ppgp-12::vab-8L::gfp extrachromosomal array 

pmEx107 were crossed into vab-8(e1017) mutants to test if VAB-8L could rescue 

posterior canal extension defects when expressed within the excretory canals. The 

pmEx107 Dpy+; dpy-5(e907) full rescuing strain is as follows: dpy-5(e907)/dpy-5(e907); 

pmEx107 [ppgp-12::VAB-8L::GFP + pCeh361. Due to very faint GFP expression in the 

strain dpy-5(e907)/dpy-5(e907); pmEx107 [ppgp-12::VAB-8L::GFP + pCeh361], it was 

necessary to cross back into the ppgp-12::gfp fluorescent marker for proper 

visualization. Males of this strain were generated by heat-shock (4-6 hrs, 30ºC) in the 

first step, and then crossed to ppgp-12::gfp; dpy-5(e907) hermaphrodites (Appendix F). 

pmEx107 Dpy+; dpy-5(e907); +/ppgp-12::gfp male progeny were identified by expression 
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of ppgp-12 GFP and dpy-5 rescue, and crossed to ppgp-12::gfp; vab-8(e1017) 

hermaphrodites. pmEx107 Dpy+; dpy-5(e907); ppgp-12::gfp; +/vab-8(e1017) F2 

hermaphrodites were selected for by ppgp-12 GFP, and dpy rescue; these animals were 

singled and allowed to self-fertilize. Finally, pmEx107 Dpy+; dpy-5(e907); ppgp-12::gfp; 

vab-8(e1017) displayed ppgp-12 GFP, dpy-5 rescue, and Wit tail phenotype and were 

scored for rescue of the excretory canal truncation seen in vab-8(e1017) animals.  

 

Rescue of sax-3(ky123) posterior canal defect was tested by crossing the 

previously constructed IC699 sax-3(ky123); quEx168 [psax-3::sax-3::gfp; odr-1::RFP] 

(denoted as sax-3(ky123); quEx168 here) into unc-53(n166); sax-3(ky123) double 

mutants as sax-3(ky123) mutant animals did not display excretory canal (EC) defects 

alone. +/mIn1 males were first crossed to the sax-3(ky123); quEx168 transgenic 

hermaphrodites and quEx168; 0/sax-3(ky123); +/mIn1 male progeny that expressed the 

RFP fluorescent marker, and the mIn1 pharyngeal GFP were crossed to homozygous 

ppgp-12::gfp; unc-53(n166); sax-3(ky123) hermaphrodites (Appendix F). F2 quEx168; 

+/ppgp-12::gfp; mIn1/unc-53(n166); sax-3(ky123) hermaphrodites were identified by the 

ppg-12 GFP, mIn1 GFP, and RFP markers, singled, and allowed to self-fertilize. Non-

mIn1 GFP F3 quEx168; ppgp-12::gfp; +/unc-53(n166); sax-3(ky123) hermaphrodites 

were singled, and allowed to self-fertilize to obtain quEx168; ppgp-12::gfp; unc-53(n166); 

sax-3(ky123) progeny hermaphrodites that were scored for rescue of the excretory canal 

truncation seen in unc-53(n166); sax-3(ky123) animals.  

 

2.3. Specimen mounting and general microscopy 

All worms were mounted on moist 2% agar pads and immobilized in 5 µl of 100 

mM sodium azide immediately prior to imaging. Visualization of fluorescence in live 

worms was performed using either a Leica DMLB fluorescence microscope or Olympus 

IX81 spinning disk confocal fluorescence microscope.  Imaging was performed using an 

Olympus IX81 equipped with epifluorescence and differential interference contrast 
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optics, as well as a QImaging camera and MetaMorph software. All images were taken 

with identical optical filter, lens, and camera settings for all image sets.  

 

2.4. Scoring and analysis of excretory canal extension 
defects 

To score the excretory canal processes, adult hermaphrodites carrying the ppgp-

12::gfp reporter, which is expressed specifically in the excretory cell beginning in the 3-

fold embryonic stage (Zhao et al., 2005), were immobilized in 100 mM sodium azide and 

immediately viewed with epifluorescence to determine canal length and morphology.  

Locations of excretory cell bodies were scored relative to the terminal pharyngeal bulb in 

young adults. Animals were scored for excretory canal outgrowth with respect to the 

position of the gonad arms, the vulva and the anus. Chi-squared analysis was used to 

establish statistical significance between mutants using GraphPad Prism 5 (Sigma Stat). 

In cases where single mutants were compared to wild-type N2 animals, posterior canal 

extension was scored as described, and statistical comparisons were made between 

groups by comparing the number of animals exhibiting normal canal extension (scored 

as a 5) and reduced canal extension (less than 5). In cases where double null mutant 

alleles were examined, the most severe phenotype of the two null alleles was set as the 

baseline for comparison (as indicated on the right side of each figure) while phenotypes 

displaying  a further reduction in canal extension were grouped together. P values 

represent the probability that a given phenotype significantly differs between two strains. 

A P value of <0.05 was considered significant. 

 

2.5. RNA interference 

 RNAi experiments were performed by feeding bacteria expressing dsRNA 

genomic fragments of interest cloned into L4440 that were transformed into HT115 

(DE3), an RNAse III - deficient E. Coli strain with IPTG - inducible T7 polymerase activity 
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(Kamath et al., 2001). RNAi clones were obtained from Geneservice (Cambridge, UK). 

These strains were grown on LB plates containing 25 µg/ml carbenicillin at 37ºC 

overnight and stored at 4ºC afterwards. For feeding plates, standard NGM agar was 

used, as well as carbenicillin to 25 µg/ml final concentration and IPTG to 1mM final 

concentration. Carbenicillin was added to reduce the number of satellite colonies, 

thereby promoting the effectiveness of the RNAi knock-down. IPTG is required to induce 

expression of the T7 polymerase that will bind the T7 sites on the L4440 vector to 

synthesize dsRNA. 

 

A colony from each desired bacterial strain was grown for 12 hours in 2 ml LB + 

50 µg/ml ampicillin at 37ºC, 200 rpm. Cultures were concentrated by centrifugation and 

removal of a portion of the supernatant, then used to seed NGM IPTG/carbenicillin 

plates which were allowed to induce overnight at room temperature. The following day, 

1-3 young adult hermaphrodites were transferred onto each Po plate of the appropriate 

strain and left for 24 hours at room temperature for the adults to lay. F1 progeny were 

transferred onto freshly seeded plates 24 hours later, and scanned for visible 

phenotypes. F1 worms were allowed to lay and L3-L4 progeny were transferred to freshly 

seeded plates every 24 hours. The F2 generation was scored at the L4 to young adult 

stage. Each experiment was repeated three times to confirm phenotypic results. 

 

Animals carrying the ppgp-12::gfp reporter were scored for excretory canal 

outgrowth with respect to the position of the gonad arms, the vulva and the anus. The F2 

progeny of the young adults fed the RNAi were scored for excretory canal migration 

defects as described previously. Neuronal RNAi was carried out using the neuronal 

enhanced sensitive strain eri-1(mg366); pmec-4::gfp for mechanosensory neurons 

(Kennedy et al., 2004). The anterior process of the PLM neuron was scored as abnormal 

if the stop point was posterior to the wild-type position at the mid-body.  
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2.6. Generation of transgenic strains for rescue 

 To create the excretory cell specific VAB-8L construct pVA705, a HindIII/PstI 

genomic fragment containing the ppgp-12 promoter was first cloned into the GFP-coding 

cassette pPD95.77 (gift of Andrew Fire, Stanford University School of Medicine, 

Stanford, USA) to create pVA700 (see Appendix G for primers and Appendix H for insert 

sequence). Phusion polymerase (Finnzymes, New England Biolabs Cat: F530) was 

used for all PCR reactions to ensure fidelity of the resultant construct. Plasmid inserts 

were amplified in a total reaction volume of 50µl according to the following conditions: 

10mM deoxynucleotide triphosphates (dNTPs), 0.5µl Phusion polymerase (1.0 units/50 

µl), Phusion HF reaction buffer (10mM of Tris pH 8.3, 50 mM of KCl), 12.5 µM of each of 

the forward and reverse primers, and 10 ng of template DNA. Thermocycling conditions: 

Initial denaturation at 98ºC for 40 seconds, followed by 30 cycles of denaturation at 98ºC 

for 10 seconds, annealing at 55ºC for 15 seconds, elongation at 72ºC for 25 seconds, 

and a final extension at 72ºC for 10 minutes. 

 

An amplified product comprising of the VAB-8L genomic sequence from exons 1 

-5, fused to the remainder of the VAB8L cDNA at the SalI (+1018) site within exon 5 from 

pFWV8LG (Wolf et al., 1998), was digested with XbaI/XmaI and then inserted into the 

XbaI/XmaI-cut pPD95.77 GFP vector with the ppgp-12 insert (pVA700) and confirmed by 

sequencing to confirm that junctions and insert sequences were correct. The primers 

used for this reaction and for sequencing are listed in Appendices I - K. Transgenic 

strains were generated by injecting 10 ng/µl of pVA705 and 100 ng/µl of pCeh361 

construct [dpy-5(+)], into the dpy-5(e907) strain. Transmitting wild type lines carrying the 

extrachromosomal array pmEx107 were crossed into vab-8(e1017) mutants. Excretory 

canal morphology was scored in young adult animals expressing GFP for general 

defects and for posterior canal extension position, as described above. 

 

Rescue of the unc-73(ev802) posterior canal defects was tested by crossing the 

previously constructed XS82 punc-73E::unc-73E::gfp transgenic strain (Steven et al., 

2005)  into the strain VA399 unc-73(ev802);sIs10089 to create VA413 unc-73(ev802); 
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sIs10089; punc-73E::unc-73E::gfp and scoring transgenic homozygous animals as 

described above. Similarly, I tested the ability of a strain containing the unc-53 fosmid to 

rescue the unc-73(ev802) allele. The unc-53 fosmid expressing array pmEx108 was 

generated by co-injecting pmyo-2::GFP, WRM0628aD12, along with the plasmid 

pCeh361 [dpy-5(+)], into the dpy-5(e907) strain. Transmitting wild type lines carrying the 

extrachromosomal array pmEx108 were crossed into unc-73(ev802) mutants and 

transgenic homozygous animals were scored as described above. Rescue of sax-

3(ky123) posterior canal defect was tested by crossing the previously constructed IC699 

sax-3(ky123); quEx168 [psax-3::sax-3::gfp; odr-1::RFP] into unc-53(n166); sax-3(ky123) 

double mutants as sax-3(ky123) mutant animals did not display EC defects alone. 

 

2.6.1.  Restriction digests and ligations 

DNA was incubated with the appropriate restriction enzymes for one hour at 

37ºC, followed by 20 minutes at 65ºC to inactivate the restriction enzyme. Digested PCR 

fragments and vectors were gel purified to remove restriction enzymes as follows: 1.5 µl 

of loading dye was added to each DNA sample to stop digestion, and run on a 0.8% 

agarose 1x modified TAE gel. Bands were cut out, making sure to minimize the amount 

of agarose, and each band was separately weighed. 3 volumes of QX1 (QIAGEN) was 

added to each sample and solubilized at 50ºC for 10 minutes until completely dissolved. 

1 volume of isopropanol was added, the tubes were mixed by inverting, placed in a 

QIAquick Spin Column (QIAGEN PCR Purification Kit), and centrifuged for 1 minute at 

13,000 rpm. 500 µl of QX1 was added, and the centrifugation repeated to wash the 

DNA. 750 µl of PE Buffer (QIAGEN) was added, and the centrifugation repeated to wash 

the DNA. A final additional centrifugation allowed for efficient removal of any remaining 

PE buffer. DNA was eluted into 15 µl of sterile water (warmed to 55ºC). Vector and insert 

were subsequently run on a 1% modified TAE agarose gel to estimate concentrations. 

Ligations using T4 DNA ligase, and 10x ligase buffer (to a final concentration of 1x) and 

an overall concentration of vector + insert between 1-10 µg/ml (insert:vector molar ratios 

between 2 and 6 are optimal for single insertions), were set up overnight for 15 hours at 

16ºC then held at 4ºC. The ligation product was transformed into DH5α cells (see below) 

and positive colonies were expanded, miniprepped, and digested to confirm the 
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presence of the correct insert. Finally clones with the correct insert were identified and 

one chosen for injection (see below). 

 

2.6.2.  Preparing competent cells 

Three large colonies of DH5α colonies where innoculated in 62.5 ml SOB and 

incubated at 18ºC with vigorous shaking (200-250 rpm) until A600 of 0.6 (approximately 

36 hours). The culture flask was placed on ice for 10 minutes and contents were 

transferred to two 50 ml conical tubes. The tubes were centrifuged at 3000 rpm for 10 

minutes at 4ºC, the supernatant was then discarded, and the pellet resuspended in 10 

ml ice cold TB. A 10 minute ice bath incubation and repeated centrifuging followed, and 

the supernatant was discarded with the pellet being resuspended in 2.5 ml TB. 175 µl of 

DMSO was added with gentle swirling, and the suspension was placed in an ice bath for 

10 minutes, and finally aliquoted into tissue culture cell-freezing tubes and immediately 

immersed into liquid nitrogen. These competent cells can be stored at -80ºC before use.  

 

2.6.3.  DNA transformations 

Competent cells were thawed at room temperature, and 200 µl were dispensed 

into 15 ml conical tubes and placed in an ice bath. 1-5 µl of plasmid solution was added 

to each conical tube, and the solution was incubated in an ice bath for 30 minutes. This 

was heat pulsed (without agitation) in a 42ºC water bath for 30 seconds and then placed 

on ice. 0.8 ml of warm (37ºC) SOC was added and the tubes were placed in a 37ºC 

incubator at 200 rpm for 1 hour. Centrifuged (3500 rpm for 5 minutes) and resuspended 

cells were plated and incubated at 37ºC for 16-24 hours.  

 

2.6.4.  Microinjection and germline transformation 

1.0 mm, 6" filamented capillary tubes (World Precision Instruments) were pulled 

into needles using a Sutter P-97 horizontal needle puller. The needles were mounted 
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into a Leitz Wetzlar micromanipulator. All microinjections were conducted using either 

Olympus BH2-HLSH or Zeiss 47 3016 inverted microscopes. Worms were mounted in 

mineral oil on dry agarose pads atop 48 x 65 mm microscope cover slips. PCR 

constructs were injected into the syncytial portion of the worm gonad at a final 

concentration of 10-30 ng/µl along with 50-100 ng/µl of the marker construct pCeh361 

dpy-5(+) (Thacker, Sheps, and Rose, 2006), a dpy-5 rescuing construct, into the somatic 

gonad of dpy-5(e907) worms. The injected worms were arranged five P0s per plate. dpy-

5 rescued wild type F1s were individually plated, and wild type F2 lines were selected to 

establish the transgenic lines. Only one wild type F2 line was kept per original P0 plate. If 

more than one P0 plate produced viable wild type F2 lines, each were analyzed 

separately and designated as individual segregants.  

 

2.7. Yeast Two Hybrid UNC-53 constructs 

Two UNC-53 bait constructs were generated as follows: pVA206 (pAS1::unc-

53L) was generated by cloning nucleotides 64-5060 (which corresponds to amino acid 1-

1583), of the unc-53 cDNA sequence into the GAL4 DNA binding domain vector, pAS1. 

The full-length unc-53 cDNA was PCR amplified from pTB115, digested with NcoI, gel 

purified, and subcloned into the NcoI digested pAS1 DNA binding domain vector to 

generate pVA206. Plasmid inserts were amplified in a total reaction volume of 50µl 

according to the following conditions: 10mM deoxynucleotide triphosphates (dNTPs), 

0.5µl Phusion polymerase (1.0 units/50 µl), Phusion HF reaction buffer (10mM of Tris pH 

8.3, 50 mM of KCl), 12.5 µM of each of the forward and reverse primers (see Appendix L 

for primer sequences), and 10 ng of template DNA. Thermocycling conditions: Initial 

denaturation at 98ºC for 40 seconds, followed by 30 cycles of denaturation at 98ºC for 

10 seconds, annealing at 55ºC for 15 seconds, elongation at 72ºC for 25 seconds, and a 

final extension at 72ºC for 10 minutes. 

 

This construct is a fusion protein product of the full length UNC-53 protein, which 

includes a calponin homology (CH) domain (amino acids 11-109), two LKK motifs (114-
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133 and 1097-1116), two SH3 binding motifs (487-495 and 537-545), two coiled-coil 

domains (890-923 and 1078-1113), an ATPases associated with diverse cellular 

activities (AAA) domain (1292-1425) that contains a potential nucleotide binding motif 

(1300-1307) and the GAL4 DNA binding domain. This construct will be referred to as 

UNC-53L because it encodes the full-length protein.  

 

The pVA207 construct lacking a portion of the N-terminus (pAS1::unc-53∆1-139) 

was generated by cloning nucleotides 480-5060 (which corresponds to amino acid 140-

1583) of the unc-53 cDNA sequence into the GAL4 DNA binding domain vector, pAS1. 

Nucleotides 480-5060 were PCR amplified from pTB115, digested with NcoI, gel 

purified, and subcloned into the NcoI digested pAS1 DNA binding domain vector to 

generate pVA207. PCR conditions were the same as noted for pVA206. This construct is 

a fusion protein product of the UNC-53 protein lacking the N-terminal portion of UNC-53, 

and thus lacks the calponin homology domain (amino acids 11-109), and one LKK motif 

(114-133). The fusion protein therefore includes one LKK motif (1097-1116), two SH3 

binding motifs (487-495 and 537-545), two coiled-coil domains (890-923 and 1078-

1113), an ATPases associated with diverse cellular activities (AAA) domain (1292-1425) 

that contains a potential nucleotide binding motif (1300-1307) and the GAL4 DNA 

binding domain. This construct will be referred to as UNC-53∆1-139 because it lacks the 

first 139 amino acids.  

 

UNC-53L and UNC-53∆1-139 were used as 'bait' and tested with SAX-3 

cytoplasmic domain as 'prey' fused to the GAL4 activation domain vector pGADT7 

(pIC168 - a kind gift from Ian Chin-Sang). The sequence of both UNC-53L and UNC-

53∆1-139 were confirmed by sequencing. This construct is a fusion protein product of 

the SAX-3 protein containing the cytoplasmic portion and including the cytoplasmic CC1, 

CC2, and CC3 domains (amino acids 900-1273) and the GAL4 activation domain. This 

screen was performed in yeast PJ469 cells and interactors were identified by their ability 

to grow on media lacking leucine and tryptophan and their ability to activate the β-

galactosidase reporter gene. 
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2.7.1. Maintenance and transformation of S. cerevisiae 

Yeast strains were maintained on YEPD plates (10mg/ml Bacto yeast extract, 

20mg/ml Bacto peptone, 20 mg/ml glucose and 2% agarose) or cultured in liquid media 

(10mg/ml Bacto yeast extract, 20 mg/ml Bacto peptone, 20 mg/ml glucose) at 30ºC. In 

addition yeast was grown on drop out (DO) media for selection purposes. DO media 

contained 20 mg/ml glucose, yeast nitrogen base without amino acids (Difco), 2% 

agarose and the appropriate synthetic complete mixture of amino acids lacking leucine (-

Leu) (0.7 mg/ml), lacking tryptophan (-Trp) (0.7 mg/ml), lacking leucine and tryptophan (-

Leu-Trp) (0.6mg/ml), or lacking leucine, tryptophan and histidine) (0.6 mg/ml). Yeast 

transformed with a pAS1::unc-53 plasmid or pAS1 control was selected for on DO media 

lacking tryptophan, while yeast transformed with a pGADT7::sax-3 plasmid or pACTII 

control was selected for on DO media lacking leucine. Doubly transformed yeast cells 

were selected for on (-Leu-Trp) DO media. Additionally, (-Leu-Trp-His) triple DO media 

supplemented with 25mM 3-aminotriazole (3AT) was used to select for doubly 

transformed yeast expressing potentially interacting proteins. 3AT is a competitive 

inhibitor of the yeast HIS3 protein (His3p), and its use inhibits the low levels of His3p 

expressed in some reporter strains (Durfee et al., 1993).  

 

Transformation of yeast: Yeast was grown at 30ºC with shaking (250 rpm) until 

saturation (1 to 6 days). Cells were collected by centrifuging 0.5ml of the culture at 

16,000 x g for 30 sec. The supernatant was aspirated, and 10µl of sonicated salmon 

sperm DNA (10 mg/ml stock) was added. Plasmid DNA (1-2µg) was added, followed by 

500µl of PLATE solution (40% PEG3350 (w/v), 100 mM lithium acetate (LiAc), 10 mM 

Tris, pH 7.5, 0.4 mM EDTA). This is left at 30ºC for 15 min, then heat shocked 42ºC for 

15 min, then ice for 2 min. Cells were collected by centrifuging at 16,000 x g for 30 sec, 

the supernatant was aspirated, cells were resuspended in 200 µl of sterile water 13.  

Cells were incubated on solid media that selected for the plasmid at 30° until colonies 

appeared, and restreaked onto a new plate. 
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2.8. Single worm PCR 

Four to five adult worms were placed in 6-8 µl worm lysis solution (60 µg/ml 

proteinase K, 10 mM Tris pH 8.2, 50 mM KCl, 2.5 mM MgCl2, 0.5% Tween 20, 0.05% 

gelatin) in a PCR tube. The tube was then spun at 13K rpm for 3 minutes and frozen 

rapidly at -80ºC for 15 minutes. Upon thawing, the lysis solution was incubated in a PCR 

machine at 60ºC for 1 hour and then 95ºC for 15 minutes. 3 µl of the lysis solution was 

then used as a template in a 50 µl PCR reaction including: 10mM deoxynucleotide 

triphosphates (dNTPs), 0.5µl Phusion polymerase (1.0 units/50 µl), Phusion HF reaction 

buffer (10mM of Tris pH 8.3, 50 mM of KCl), 12.5 µM of each of the forward and reverse 

primers, and 10 ng of template DNA. Thermocycling conditions: Initial denaturation at 

98ºC for 40 seconds, followed by 30 cycles of denaturation at 98ºC for 10 seconds, 

annealing at 55ºC for 15 seconds, and then elongation at 72ºC for 35 seconds, and a 

final single extension cycle at 72ºC for 10 minutes.  

 

2.9. Genomic DNA preparation 

Several plates of worms were grown on NGM agarose, and subsequently 

washed twice in M9 (5.8g Na2HPO4, 3.0g KH2PO4, 0.5g of NaCl, 1.0g NH4Cl, and dH2O 

to 1 litre), then washed once in NTE (0.1M NaCl, 0.05M Tris, 0.0.02M EDTA). All of the 

supernatant was removed, and the remaining 1ml pellet was frozen at -80ºC. A 

Proteinase K in NTE + 1% SDS was prepared as follows: 5mg of Proteinase K was 

dissolved in 1 ml sterile water and incubated at 55ºC for 30 minutes, then stored as a 

5mg/ml stock at -20ºC. 500 µg/ml Proteinase K in NTE + SDS was then prepared by 

adding 0.5mg of the 5mg/ml stock Proteinase K to 1ml 10% SDS, and 9 ml of NTE 

(stored at -20ºC). 2 ml of Proteinase K in NTE + 1% SDS was added to a thawed worm 

pellet at 65ºC for approximately 2 hours or until carcasses disappear. 2 ml of buffered 

phenol were then added and centrifuged at 5000 rpm for 5 minutes. The aqueous phase 

was transferred and the phenol extraction was repeated two more times. 2.5 volumes of 

ice cold 100% ethanol was added, mixed by gently rocking, and DNA was spooled. DNA 

was dissolved in 400 µl TE and RNAse was added to 20 µg/ml at 37ºC for 30 minutes. 



 

83 

Buffered phenol (0.5 ml) was added and centrifuged at 5000 rpm for 5 minutes. The 

aqueous phase was transferred and phenol extraction repeated (2.5 volumes added). 

When possible, the DNA was spooled (alternatively it was pelleted) and allowed to air 

dry, and finally redissolved in 200 µl of TE. 

 

2.10.  Determination of the sequence change in unc-
53(n166)  

Overlapping templates were amplified from genomic DNA preps using multiple 

PCR reactions for each; the products were pooled, purified, and sent to Macrogen for 

sequencing. Primers were designed using Primer3 approximately every 500 bp of the 

coding region, and are listed in Appendix M. Fragments were amplified in a total reaction 

volume of 50µl according to the following conditions: 10mM deoxynucleotide 

triphosphates (dNTPs), 0.5µl (1.0 units/50 µl), Phusion HF reaction buffer (10mM of Tris 

pH 8.3, 50 mM of KCl), 12.5 µM of each of the forward and reverse primers, and 10 ng 

of template DNA. Thermocycling conditions: Initial denaturation at 98ºC for 40 seconds, 

followed by 30 cycles of denaturation at 98ºC for 10 seconds, annealing at 55ºC for 15 

seconds, elongation at 72ºC for 35 seconds, and a final single extension cycle at 72ºC 

for 10 minutes. Samples were sent for sequencing in 10-15 µl volumes with a 

concentration of 50ng/µl for purified PCR product, and primers in 10 µl volumes with a 

concentration of 5pmole/µl (5µM). Sequence data was analyzed using the DNA 

translation tool Expasy Translate, which showed that the bp change resulted in a 

premature stop codon and a truncated product of 949 amino acids (Appendix N). Wild 

type genomic unc-53 sequence was PCR amplified and sequenced as above, and 

confirmed these results.  
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3. Results 

3.1. unc-53 and abi-1 mutant phenotypes overlap 

UNC-53 controls the migration of several cells and cellular processes along the 

anteroposterior axis in C. elegans, including the sex myoblasts (Chen et al., 1997), the 

ALN/PLN and ALM/PLM axons, and the excretory cell (Stringham et al., 2002). Previous 

results showed the N-terminus of UNC-53 interacts with ABI-1 in a yeast two-hybrid 

screen (Schmidt et al., 2009). The abi-1 genomic locus spans 2624 bp and contains five 

exons encoding a predicted polypeptide of 469 amino acids (Figure 11A). Near the N-

terminus is a QSNARE motif (Echarri et al., 2004), which in the case of mammalian ABI-

1, has been shown to be involved in growth factor receptor endocytosis and to bind 

Syntaxin 1 (Figure 11B, Echarri et al., 2004; Tanos and Pendergast, 2007). Partially 

overlapping with the QSNARE motif is an ABL-homeodomain homologous region that is 

similar to the DNA-binding region of homeodomain proteins, and which is found 

exclusively in adaptor proteins that interact with Abl family tyrosine kinases (Dai and 

Pendergast, 1995). Additionally, C. elegans ABI-1 contains a serine-rich region and 

multiple polyproline-rich putative SH3-binding motifs (Figure 11B). A single SH3 domain 

is located at the C terminus of C. elegans ABI-1 and this domain has been shown to 

mediate the interaction of ABI-1 with Abelson tyrosine kinases (Shi et al., 1995), and to 

control the ability of ABL to phosphorylate downstream targets, including mammalian 

enabled (Mena) (Tani et al., 2003). The abi-1(tm494) allele (Mitani Laboratory, National 

BioResource Project) carries a 684-bp deletion beginning at nucleotide 1659 in exon 4 

(Figure 11A), and encodes a predicted truncated product ending at proline 350 followed 

by TGPVRL and a premature stop codon, resulting in a 356 amino acid product. 
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Figure 11. Molecular organization of C. elegans ABI-1 gene and protein 

 (A) Gene structure of abi-1. The boundaries of introns, exons and the abi-1(tm494) 

deletion are indicated. (B) Protein structure of ABI-1. ABI-1 contains a Q-SNARE domain 

(Q-SNARE, green; amino acids 56-110) (Echarri et al., 2004), an Abl interactor 

homeodomain homologous region (ABLHHR, purple; 95-173), a serine-rich region (Ser-

rich, orange; 243-259), three proline-rich SH3-binding motifs (SH3b, red; 296-306, 347-

351 and 371-374) and an SH3 domain (SH3, blue; 416-469). ABL-HHR and SH3 

domains were predicted using the Simple Modular Architecture Research Tool (SMART, 

http://smart.emblheidelberg.de).  
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Based on these findings, I contributed to the Development publication (Schmidt 

et al., 2009) by determining whether the observed interaction between ABI-1 and UNC-

53 is relevant in vivo by determining if loss of abi-1 and unc-53 produces similar 

excretory canal extension phenotypes. The migration and outgrowth of both the anterior 

and posterior excretory canal processes were visualized using the transgenic reporter 

ppgp-12::gfp, which is expressed exclusively in the excretory cell from the 3-fold 

embryonic stage onwards (Zhao et al., 2005).  

 

I chose to examine strong loss-of-function unc-53(n166) mutants, and in order to 

identify the molecular lesion associated with the n166 allele of unc-53, I isolated 

genomic DNA from homozygous mutant animals, PCR amplified and sequenced each 

exon of unc-53. The template DNA was amplified in overlapping segments of 

approximately 500 bp, covering the coding region. I identified a C to T transition in exon 

19 which results in a glutamine (CAA) becoming a premature ochre stop codon (TAA) at 

amino acid 950, creating a truncated product of 949 amino acids (Appendix N). As a 

result, the allele is predicted to cause premature termination of the protein, removing a 

coiled-coil, an LKK and AAA domains from all isoforms (Figure 12). The previously 

characterized unc-53(n152) is a 319-bp deletion removing parts of exons 18 and 19, 

producing a stop codon in exon 20 (Stringham et al., 2002), thus putative null or strong 

loss of function alleles appear to cluster.  

 

In wild-type animals, when the canals reach the lateral hypodermis they cross the 

hypodermal basement membrane and bifurcate, sending processes anteriorly to the 

head and posteriorly to the tail (Figure 13A, Nelson et al., 1983). By contrast, although 

the excretory cell body is positioned normally in unc-53(n166) animals, both the anterior 

and posterior canals are severely truncated. In the case of the anterior processes, they 

terminate close to the excretory cell body, often not extending further than the anterior 

pharyngeal bulb, while the majority of posterior canals grow out approximately half way, 

terminating at the level of the vulva (Figure 13B). These phenotypes were also observed 

by unc-53(RNAi) and in unc-53(n152) mutants (Figure 13C).  
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Figure 12. Structure of the unc-53 gene 

The start of the various UNC-53L and UNC-53S isoforms are indicated by arrows. The 

promoter for UNC-53SA is between exons 5 and 8, and the promoter for UNC-53SB is 

located between exons 8 and 13 (Stringham et al., 2002). Alternatively spliced exons are 

shown in red. unc-53(n152) is a 319-bp deletion removing parts of exons 18 and 19, 

producing a stop codon in exon 20 (Stringham et al., 2002), and n166 is a single 

nucleotide C-to-T transition in exon 19 that introduces a premature stop codon (Schmidt 

et al., 2009). The longest polypeptide, UNC-53LA, is 1654 amino acids and contains a 

calponin homology domain (CH, yellow; amino acids 11–109), two LKK motifs (LKK, 

orange; 114–133 and 1097–1116), two proline-rich SH3-binding motifs (SH3b, purple; 

487–495 and 537–545), two coiled-coil regions (CC, blue; 890–923 and 1078–1113), 

and an AAA domain (light blue; 1292–1425). n166 introduces a premature stop codon at 

amino acid 949. Both n152 and n166 remove the coiled-coil, an LKK, and AAA domains 

from all isoforms. 
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To determine the role of abi-1 in excretory cell migration, I examined the length of 

canals in abi-1(tm494) and by RNAi. Animals carrying the abi-1(tm494) deletion are 

superficially wild type, with the exception of a mild uncoordination defect, characterized 

by an increased frequency of backing. Although the cell body of the excretory cell in abi-

1(tm494) is positioned normally, examination of the posterior excretory canals of tm494 

revealed a failure of the majority of the posterior canals to exit the gonad region (Figure 

13E). The position of the excretory cell body was also normal in abi-1(RNAi) animals, but 

a range of migration defects were observed, including truncated anterior and posterior 

excretory canals (Figure 13D), which is reminiscent of unc-53 loss-of-function alleles, in 

addition to dorsoventral defects not observed in unc-53 mutants (data not shown) and 

excretory cell cysts (Figure 13G). Notably, excretory canal defects were observed to be 

no more severe in unc-53(n166); abi-1(tm494) double mutants than in unc-53(n166) 

(Figure 14). Although the deletion in abi-1(tm494) results in a truncated protein, the abi-

1(tm494) allele behaves as a hypomorph, as abi-1(RNAi) exacerbates excretory canal 

defects in an abi-1(tm494) background (Schmidt et al., 2009). As is the case for the abi-

1(tm494); unc-53(n166) double mutant, abi-1(RNAi) in an unc-53(n166) background 

does not reduce the extension of the posterior excretory canals beyond that of unc-

53(n166) alone (Figure 14), suggesting that these genes function within the same 

pathway to control outgrowth of the posterior excretory canals. In addition, I found that 

defects in the posterior migration of the excretory canals and the egl phenotype seen in 

unc-53(n166) animals were equally as strong as in heterozygous n166/mnDf87 worms, 

suggesting that unc-53(n166) is indeed a null allele at least for these phenotypes (Figure 

14). Previous work suggests that unc-53 may function cell autonomously (Stringham et 

al., 2002), so given the physical interaction observed between UNC-53 and ABI-1, I 

hypothesized that ABI-1 and UNC-53 may both function within the excretory canals. 

Consistent with this prediction, full length abi-1 and unc-53 cDNA driven by the ppgp-12 

excretory cell specific promoter showed partial rescue of the canal outgrowth defects in 

abi-1(tm494) and unc-53(n152) mutants, respectively (Figure 14).  
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Figure 13. Excretory canal morphology in wild type, unc-53 and abi-1 animals 

(A-G) Fluorescence micrographs of hermaphrodites carrying the ppgp-12::gfp transgene, 

allowing for the visualization of the excretory cell body and canals (anterior and posterior 

termini marked by arrows, A-E). Anterior is to the left and animals are displayed laterally 

with the exception of B and E, which are shown ventrally. (A) Morphology of the wild 

type excretory cell body and processes. The excretory cell body is positioned on the 

ventral side of the posterior pharyngeal bulb and extends two canals towards the 

anterior of the animal to the tip of the head and two canals posteriorly to the tail. (B) unc-

53(n166). (C) unc-53(RNAi). (D) abi-1(RNAi). (E) abi-1(tm494). (F,G) Lateral view of 

wild-type excretory canal (F) and abi-1(RNAi) canal (G), showing numerous small cysts 

(arrows). Scale bars: 100 µm. 
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Figure 14. Quantification of posterior excretory canal outgrowth defects in unc-53 
and abi-1 mutants 

The outgrowth of the posterior canals was divided into three regions (1-3) between the 

vulva and the tail as shown. The stop point of canals was determined by fluorescence 

microscopy for wild type (n=72), abi-1(RNAi) (n=141), abi-1(tm494) (n=116), unc-

53(RNAi) (n=87), unc-53(n152) (n=37), unc-53(n166) (n=55), unc-53(n166)/mnDf87 

(n=107), unc-53(n166); abi-1(RNAi) (n=55), unc-53(n166); abi-1(tm494) (n=55), abi-

1(tm494); ppgp-12::abi-1 (n=51) and unc-53(n152); ppgp-12::unc-53L (n=28). All mutant 

strains were constructed in the background of the ppgp-12::gfp transgene for 

visualization of the canals.  
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To determine whether ABI-1 functions in the migration of axons, I examined the 

outgrowth of the mechanosensory neurons that control the touch response. The cell 

bodies and axons of the mechanosensory neurons are reproducibly positioned in wild-

type animals, and can be visualized using the cell-specific pmec-4::gfp reporter. In wild-

type animals, PLML/R cell bodies are positioned within the lumbar ganglia of the tail, 

where they extend a short posteriorly directed process and a long anteriorly directed 

axon that grows out along the lateral commissure and terminates near the cell bodies of 

the ALM neurons (Figure 15A). By contrast, in unc-53(n166) animals, both the anterior 

and posterior processes are shorter than in wild type. The anterior axons of the PLML/R 

were prematurely truncated and terminate shortly after beginning their trajectory (Figure 

15B). Similar phenotypes were observed in unc-53(RNAi) (Figure 15C). Although no 

posterior defects were observed in abi-1(RNAi) animals, a significant number of 

anteriorly directed PLM axons terminated prematurely at positions posterior to the 

ALML/R cell bodies (Figure 15D). None of the PLM axons was shorter in abi-1(RNAi) 

animals than in unc-53(n166). In the weak abi-1(tm494) allele, outgrowth of PLM was 

normal but misdirection of the AVM axonal projection was observed (Figure 15E, F). 

During wild-type development, the AVM axon undergoes a short ventral migration 

followed by a turn and migration anteriorly along the ventral cord, where it extends past 

the nerve ring into the tip of the head (Figure 15E). In abi-1(tm494) animals, the initial 

ventral and longitudinal anterior migrations of the AVM axons were wild type but, instead 

of terminating along their anterior trajectory, the AVM would reroute in 6% of animals, 

turning dorsally away from the ventral cord and then posteriorly back towards the nerve 

ring (Figure 15F). 
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Figure 15. Mechanosensory neuron phenotypes in wild-type, unc-53 and abi-1 
animals 

(A) Fluorescence micrograph showing a lateral view of a wild-type hermaphrodite 

carrying the pmec-4::gfp transgene. The PLM, PVM and ALM neuronal cell bodies and 

axons are shown. The stop point of the PLM axon was scored with respect to the wild-

type position near the ALM cell body (arrowheads indicate final position of the PLM 

axon). (B) unc-53(n166) animal with truncated PLM and PVM axons. (C) unc-53(RNAi) 

animal with truncated PLM and PVM axons. (D) abi-1(RNAi) animal showing truncated 

PLM axon stopping short of the PVM cell body. (E) AVM axon in a wild-type animal. 

AVM axons were considered wild type if they projected anteriorly past the nerve ring 

(NR) and terminated at the tip of the animal. (F) abi-1(tm494) animal showing an AVM 

axon misdirected dorsally (arrow), followed by an abnormal posteriorly directed 

migration. Scale bars: 100 µm. 
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3.2. Mutations in actin-polymerization proteins disrupt 
longitudinal migration 

The extension of cellular processes is mediated primarily through the extension 

of growth cones, highly motile ends at cell tips that undergo constant cytoskeletal 

reorganization. ABI-1 functions in cytoskeletal organization through its ability to regulate 

the ARP2/3 complex to induce actin polymerization. Evidence suggests that ABI-1 may 

regulate ARP2/3 through a complex with WAVE in response to RAC (Bompard and 

Caron, 2004; Stradal et al., 2004) or by binding WASP (Innocenti et al., 2002). To test 

whether these and other proteins known to function with ABI-1 are involved in 

longitudinal migration in C. elegans, the excretory canal phenotypes of mutant and 

RNAi-treated animals were analyzed. Of the genes tested, wve-1(RNAi), nck-1(ok694), 

arx-2(RNAi), arx-3(RNAi), arx-5(RNAi), arx-7(RNAi) and aex-3(RNAi) produced 

excretory canal migration phenotypes reminiscent of unc-53 and abi-1 mutants (Figure 

16 and Figure 17) while wsp-1 and abl-1 did not (Figure 17). Notably, none of the genes 

tested had more severe phenotypes either alone or in the background of the null unc-53 

allele (n166), suggesting that the initial trajectory of the posterior excretory canals to the 

anterior gonad arm is unaffected by loss of unc-53, abi-1 or known abi-1 interactors 

(Figure 17). Though act-5, an ortholog of human cytoplasmic actin, is expressed in the 

excretory canals, no defects were seen in RNAi treated animals (Figure 17). 

Interestingly, nck-1 is expressed in the excretory cell and ventral cord motoneurons 

(data not shown), two cell types affected in unc-53 and abi-1 mutant backgrounds. I also 

examined the potential role of these proteins in the migration of PLM axons and found 

that RNAi had modest effects (Table 1).  
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Figure 16. Excretory cell morphology in wild type, wve-1(RNAi), nck-1(ok694), and 
arx-2(RNAi) animals 

(A-D) Fluorescence micrographs of hermaphrodites carrying the ppgp-12::gfp transgene. 

The final positions of the posterior excretory canals are marked by arrows and the anus 

is marked by arrowheads. Lateral views are shown in all cases except for B, which is a 

ventral view. Anterior is to the left. Scale bars: 100 µm. (A) Wild type animal with 

posterior canals terminating near the anus. (B-D) RNAi-treated and mutant animals, as 

indicated have posterior excretory canals that stop anterior to their wild-type positions 

(arrows).  
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Figure 17. Quantification of posterior excretory canal defects in molecules known 
to play a role in actin dynamics  

The outgrowth of the posterior canals was divided into five regions (1–5) before the 

anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy. All mutant strains were constructed in the background of the 

ppgp-12::gfp transgene for visualization of the canals. Chi-squared analysis was used to 

establish statistical significance between mutants using GraphPad Prism 5 (Sigma Stat). 

For this comparison, phenotypes were grouped into two categories and the mutant 

compared to a baseline of either wild type, or the most severe single allele in the case of 

double mutants, as indicated. *P value is not statistically significant.  
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Table 1. Percentage of anteriorly directed PLM axons truncated in an eri-1(mg366); 
pmec-4::gfp background 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

99 

3.3. UNC-53 and VAB-8 function independently to 
control excretory cell development 

UNC-53 and VAB-8 are required for the longitudinal migration of several cells 

and cellular processes along the longitudinal axis in C. elegans including the excretory 

cell and the axons of both the PDE neuron and the ALA neuron (Wightman et al., 1996; 

Wolf et al., 1998; Stringham et al., 2002), thus I wanted to determine if VAB-8 may be 

functioning in an UNC-53 pathway for the outgrowth of the excretory canal. As noted 

above, in unc-53(n166) mutants, a null allele, the excretory canal (EC) body is 

positioned normally with respect to the posterior pharyngeal bulb, but both the anterior 

and posterior canals are severely truncated when compared to wild type (Figure 18A-B). 

The anterior processes terminate close to the EC body and do not extend further than 

the anterior pharyngeal bulb, while the posterior canals grow out to the mid-body, 

terminating at the level of the vulva (Figure 18B).   

 

Examination of the null mutant vab-8(e1017) revealed a failure of the majority of 

the posterior canals to exit the gonad region (Figure 18C). Unlike unc-53(n166) animals, 

vab-8(e1017) mutants also have displaced EC bodies, positioned posteriorly to the 

terminal pharyngeal bulb of the pharynx compared to wild type (Figure 18C).  

Additionally, vab-8(e1017) mutants alone did not display truncated anterior canals as 

observed in unc-53(n166) (Figure 18C). Together, these results suggest that unc-53 and 

vab-8 both function in the posterior outgrowth of the excretory canals, and that vab-8 but 

not unc-53 is required for determining the anterior position of the EC body.  
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Figure 18. Excretory canal morphology in unc-53, vab-8, and unc-53; vab-8 

(A–D) Fluorescence micrographs of animals carrying the ppgp-12::gfp transgene, 

allowing for the visualization of the excretory cell body and canals (anterior and posterior 

termini are marked by long thin arrows, vulva is marked by an arrowhead, terminal bulb 

of the pharynx is marked by a short arrow. Bar, 100 mm. Anterior is to the left and 

animals are displayed laterally. (A) Morphology of the wild-type excretory cell body and 

processes. The excretory cell body is positioned on the ventral side of the posterior 

pharyngeal bulb and extends two canals toward the anterior of the animal to the tip of 

the head and two canals posteriorly to the tail. (B) Excretory canal outgrowth phenotype 

of unc-53(n166). The posterior canals terminate midway at the vulva. (C) In vab-

8(e1017) mutants, the posterior canals terminate beyond the vulva within the posterior 

gonad arm. (D) The unc-53(n166); vab-8(e1017) double mutants exhibit enhanced canal 

defects where termination occurs before reaching the vulva, and often before reaching 

the anterior gonad arm. 
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To determine if vab-8 and unc-53 function in the same or distinct genetic 

pathways to control excretory cell development I examined the EC in unc-53(n166); vab-

8(e1017) double mutants. The posterior excretory canal defects were observed to be 

more severe in unc-53(n166); vab-8(e1017) than in either unc-53(n166) or vab-8(e1017) 

single mutants (Figure 18D).  As vab-8(e1017) and unc-53(n166) are null alleles (Figure 

12 and Figure 19), these findings suggest the genes act in separate pathways, with each 

exerting their influence independently, on the posterior outgrowth of the excretory 

canals.  
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Figure 19. Structures of the six characterized vab-8 transcripts 

The first six exons encode the kinesin-like motor domain. The position of the vab-

8(e1017) null allele is indicated, where a C-to-T transition at bp 10,647 results in 

premature stop codon (Wolf et al., 1998). The VAB-8L protein contains a kinesin-like 

motor domain (green) at its N terminus, and a domain predicted to form a coiled-coil 

(blue) is shared with all isoforms of VAB-8 (Adapted from Wolf et al., 1998). 
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As shown previously, UNC-53 is required cell autonomously to control the 

outgrowth of the excretory canals because full length unc-53 cDNA driven by the ppgp-

12 excretory cell specific promoter is sufficient to rescue the canal outgrowth defects of 

unc-53(n166) mutants (Figure 14 and Figure 20; Stringham et al., 2002; Schmidt et al., 

2009). To determine if vab-8 also functions cell-autonomously I expressed the long 

isoform of VAB-8 (VAB-8L) specifically in the excretory cell under the control of the 

ppgp-12 EC specific promoter. As the long isoform of VAB-8 is known to drive growth 

cone extension while the small isoform (VAB-8S) is required for cell body migrations 

(Wolf et al., 1998), I questioned specifically if VAB-8L could rescue excretory cell 

outgrowth if deliberately expressed in this cell. Expression of VAB8L in the EC was 

unable to rescue defects seen in the excretory cell body, or the posterior excretory 

canals of vab-8(e1017) mutants, suggesting that, unlike UNC-53, VAB-8 functions cell 

non-autonomously in excretory cell development and posterior canal outgrowth (Figure 

20).  
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Figure 20. Quantification of posterior excretory canal outgrowth defects in unc-53 
and vab-8 null mutants 

The outgrowth of the posterior canals was divided into five regions (1–5) before the 

anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy. All mutant strains were constructed in the background of the 

ppgp-12::gfp transgene for visualization of the canals. Chi-squared analysis was used to 

establish statistical significance between mutants using GraphPad Prism 5 (Sigma Stat). 

For this comparison, phenotypes were grouped into two categories and the mutant 

compared to a baseline of either wild type, or the most severe single allele in the case of 

double mutants, as indicated. *P value is not statistically significant. 
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 Examination of the anterior canals in the double mutants revealed that they were 

severely shortened or even absent compared to wild type or either single mutant (Figure 

21A-D).  As vab-8(e1017) mutants have normal anterior canals, these results suggest 

that the presence of wild type unc-53 masks a previously unidentified anterior guidance 

function for vab-8, at least for the EC canals. To address the possibility of a secondary 

effect on the anterior canals as a result of defects in a pioneering posteriorly migrating 

process in the head, I examined the phenotype of neighboring cell migrations. The ALA 

cell body sends processes laterally adjacent to excretory canal and also along the dorsal 

nerve cord (Figure 22). Both vab-8(e1017) and unc-53(n166) have outgrowth defects in 

the ALA posteriorly migrating  processes, so I reasoned that this migration may be so 

severely disrupted in double mutants, that if the outgrowth of the canals relied on these 

pioneers, they would be unable to extend. However, using the pida-1::gfp marker, 

defects seen in the ALA processes of unc-53(n166); vab-8(e1017) double mutants were 

no more severe than in each null allele alone, eliminating the possibility that the 

enhanced anterior canal phenotype was secondary to the ALA pioneer (Table 2). 
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Figure 21. Anterior excretory canal morphology in wild type, unc-53(n166), vab-
8(e1017), and unc-53(n166); vab-8(e1017) 

(A–D) Fluorescence micrographs showing a lateral view of hermaphrodites carrying the 

ppgp-12::gfp transgene. The stop point of the anterior canals was scored with respect to 

the wild-type position near the head (arrows mark the final positions of the anterior 

excretory canals). Anterior is to the right. (A) Wild-type canals extend to the anterior end 

of the animal. (B) The anterior canals terminate prematurely in the strong allele unc-

53(n166). (C) The anterior canals were considered wild type in vab-8(e1017) mutants, 

though the excretory cell body was displaced posteriorly with respect to the static 

terminal bulb of the pharynx (arrowhead). (D) unc-53(n166); vab-8(e1017) animal 

showing the anterior canals are severely truncated and often absent. (E) Quantification 

of anterior longitudinal extension defects. unc-53(n166) (n =72), vab-8(e1017) (n = 111), 

and unc-53(n166); vab-8(e1017) (n = 95). 
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Figure 22. A schematic diagram showing the ALA neuron and axons 

The ALA cell body is positioned in the head and sends processes laterally adjacent to 

excretory canal and also along the dorsal nerve cord. Position of the neuron was inferred 

from Wormbase (www.wormbase.org). 
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Table 2. Percentage of posteriorly directed ALA axons truncated in unc-53, vab-8 
and unc-53; vab-8 mutants 
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3.4. Molecules functioning in the gonad-independent 
pathway for sex myoblast migration also function in 
EC outgrowth 

 During the second larval stage, two precursor cells, the sex myoblasts (SMs) 

migrate anteriorly to flank the center of the gonad. The gonad attracts the SMs, but if the 

gonad is ablated, the SMs are still able to migrate anteriorly but to a variable position, 

revealing the presence of a second gonad independent pathway (Chen et al., 1997). The 

attractive cue from the gonad is EGL-17/FGF, which mediates its effect through the 

EGL-15/FGFR receptor and a downstream signaling pathway that passes through the 

GRB2 adapter homologue SEM-5 (Chen et al., 1997). Mutations in unc-53, unc-73 (GEF 

similar to the Trio protein), and unc-71 (ADAM) disrupt sex myoblast positioning in the 

absence of the gonad, while they do not affect positioning in the presence of the gonad. 

Thus, these genes appear to be part of a gonad-independent pathway that controls sex 

myoblast migration (Chen et al., 1997). Interestingly, like unc-53, unc-71 and unc-73 are 

expressed in the excretory cell and vulval cells, two cell types affected in unc-53 mutants 

(Huang et al., 2003; Steven et al., 2005; Stringham et al., 2002). 

 

To test whether these proteins postulated to function with UNC-53 in SM 

migration are also involved in EC outgrowth, I analyzed the excretory canal phenotypes 

of mutant and RNAi-treated animals. I reasoned that if two molecules act in the same 

pathway, animals with null mutations in both genes should not be more severely affected 

than single null mutants. If, by contrast, the molecules act in parallel pathways, the 

double mutants should be more severely affected. Of the genes tested, unc-71(e541), 

and unc-73(ev802) produced excretory canal extension phenotypes reminiscent of unc-

53 mutants, while sem-5 (RNAi) did not (Figure 23). Notably, none of these alleles tested 

had more severe phenotypes either alone or in the background of the null unc-53 allele 

(n166) when compared to unc-53(n166) single mutants (Figure 23). This suggests that 

the initial trajectory of the posterior excretory canals to the anterior gonad arm is 

unaffected by loss of unc-53 or other members of the gonad independent SM migration 

pathway. Like the unc-53; vab-8 double mutants, unc-71; vab-8 double mutants 
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displayed an enhanced phenotype suggesting unc-71 operates solely within the unc-53 

pathway.  
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Figure 23. Loss of molecules involved in the gonad-independent pathway for SM 
migration disrupt excretory canal extension 

The outgrowth of the posterior canals was divided into five regions (1–5) before the 

anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy. All mutant strains were constructed in the background of the 

ppgp-12::gfp transgene for visualization of the canals. Loss of UNC-53, VAB-8, UNC-71, 

and UNC-73 perturb posterior canal outgrowth. unc-71(e541) and unc-73(ev802) 

mutants do not enhance the migration phenotype seen in unc-53(n166). By contrast, 

vab-8(e1017) mutants were enhanced in double mutant combination with unc-71(e541) 

or unc-73(ev802). Chi-squared analysis was used to establish statistical significance 

between mutants using GraphPad Prism 5 (Sigma Stat). For this comparison, 

phenotypes were grouped into two categories and the mutant compared to a baseline of 

either wild type or the most severe single allele in the case of double mutants, as 

indicated. *P value is not statistically significant. 
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3.5. Excretory canal extension requires DV guidance 
cues and their receptors  

 I was inspired to test the role of the guidance receptor SAX-3 in the outgrowth of 

the excretory canals because of evidence that VAB-8 and UNC-73 regulate SAX-3 to 

direct cell and growth cone migrations (Watari-Goshima et al., 2007). These investigators 

found that VAB-8L promotes the posterior migration of cells and growth cones by 

regulating the activity of guidance receptors that also function in dorsoventral (DV) 

guidance (Watari-Goshima et al., 2007). A null mutation in sax-3 on its own did not exhibit 

significant defects in EC extension, however the homozygous unc-53; sax-3 double null 

mutant showed severely enhanced truncation (Figure 24). 
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Figure 24. The known DV guidance receptor SAX-3 plays a role in excretory canal 
migration 

The outgrowth of the posterior canals was divided into five regions (1–5) before the 

anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy. All mutant strains were constructed in the background of the 

ppgp-12::gfp transgene for visualization of the canals. sax-3 mutants do not enhance the 

extension phenotype seen in vab-8(e1017). By contrast, unc-53(n166) mutants were 

enhanced in double-mutant combination with sax-3. sax-3(ky123); quEx168 [psax-

3::sax-3::gfp; odr-1::RFP] rescue strain was able to partially rescue defects seen in unc-

53(n166); sax-3(ky123) double mutants, and rescued animals resembled unc-53 

mutants, which is consistent with unc-53 and sax-3 functioning in parallel pathways. Chi-

squared analysis was used to establish statistical significance between mutants using 

GraphPad Prism 5 (Sigma Stat). For this comparison, phenotypes were grouped into two 

categories and the mutant compared to a baseline of either wild type or the most severe 

single allele in the case of double mutants, as indicated. *P value is not statistically 

significant. ***psax-3::sax-3::gfp; unc-53(n166); sax-3(ky123) is the sax-3(ky123); 

quEx168 [psax-3::sax-3::gfp;odr-1::RFP] rescue strain in unc-53(n166); sax-3(ky123) 

double mutants. 
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 Interestingly, in the course of constructing the double-mutant combinations, I found 

unc-53(n166)/mIn1; sax-3(ky123) heterozygous animals displayed a possible gene 

dosage dependence of unc-53 in that the animals exhibited as severe canal truncation as 

unc-53 homozygous null mutants. Thus I hypothesized that sax-3 may be operating in 

both an unc-53 pathway and an independent pathway. Gene-dosage sensitivity between 

two genes can be interpreted genetically as two proteins acting in a complex. For 

example, VAB-1 Eph receptors appear to be sensitive to dosage and show non-allelic non-

complementation (Ghenea et al., 2005). In the course of making double-mutant 

combinations with vab-1 and sax-3/Robo, Ghenea et al. (2005), found a gene-dosage 

dependence of vab-1 because +/vab-1(dx31); sax-3 heterozygotes were completely 

inviable. Thus, removing just one copy of the vab-1 gene revealed an essential role for 

sax-3 during embryogenesis. Because VAB-1 exhibits gene dose sensitivity with SAX-3, 

the authors tested whether these two receptors can physically interact and found that the 

VAB-1 tyrosine kinase region and the full length intracellular region of SAX-3 can interact 

in a yeast two-hybrid assay. 

 

 Therefore, I decided to test the possibility that UNC-53 and SAX-3/Robo could 

interact physically in a yeast two-hybrid assay. I constructed two UNC-53 yeast two hybrid 

clones to test for binding with the SAX-3 full length intracellular region (pIC168, a gift from 

Ian Chin-Sang, Queen's University, Canada) (Figure 25). I found that the full-length UNC-

53 (UNC-53L) and a smaller fragment of UNC-53 lacking a portion of the N-terminus 

(UNC-53∆1-139) fused to the GAL4 DNA binding domain vector pAS1 did not interact with 

the SAX-3 cytoplasmic domain fused to the GAL4 activation domain vector pGADT7 

(Table 3). 
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Figure 25. Schematic diagrams of the domains of UNC-53 (UNC-53L), UNC-53∆1-
139, SAX-3, and the intracellular region of SAX-3 

Diagrams of the domains of full length UNC-53 (UNC-53L), UNC-53∆1-139, full length 

SAX-3, and the intracellular region of SAX-3 are shown. pVA206, pVA207, and pIC168 

were used in the yeast two-hybrid assays and the corresponding number of amino acids 

are as listed. pVA206 (pAS1::unc-53L) includes amino acids 1-1583, which includes a 

calponin homology (CH) domain (yellow), two LKK motifs (orange), two SH3 binding 

motifs (purple), two coiled-coil (CC) domains (dark blue), and an ATPases associated 

with diverse cellular activities (AAA) domain (blue). pVA207 lacks a portion of the N-

terminus (pAS1::unc-53∆1-139), and corresponds to amino acid 140-1583, and includes 

one LKK motif (orange), two SH3 binding motifs (purple), two coiled-coil (CC) domains 

(dark blue), and an ATPases associated with diverse cellular activities (AAA) domain 

(blue). SAX-3 receptors contain five immunoglobulin (IgG) domains (light blue), three 

fibronectin type III (FNIII) domains (red), a transmembrane domain (black), and three 

conserved cytoplasmic regions (CC1, CC2, CC3) (green). pIC168 contains the full length 

intracellular region encompassing amino acids 900-1273 and including the three 

conserved cytoplasmic domains CC1, CC2, and CC3 (green).  
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Table 3. Yeast two hybrid candidate analysis for interactions of UNC-53 with SAX-
3/Robo  
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My examination of unc-53; vab-8 mutants suggested that these genes function in 

separate pathways. As noted previously, the unc-53; unc-71 double mutants exhibited 

canal truncation no more severe than the single mutants, while unc-71; vab-8 double 

mutants displayed an enhanced phenotype, consistent with these genes also operating 

in separate pathways. As noted above, the unc-53; sax-3 double mutants showed more 

severe excretory canal truncation, as was the case for unc-53; vab-8 doubles (Figure 

24). This may indicate that in the sensitized situation of the unc-53 heterozygous mutant 

background, an underlying role for sax-3 is revealed that was not seen in sax-3 null 

homozygous single mutants. Only when the two parallel pathways are being reduced is 

a role for the SAX-3/Robo receptor revealed in this outgrowth. Therefore I tested 

whether this known VAB-8 interactor could be restricted to a VAB-8 pathway. The vab-8; 

sax-3 double mutants showed the same level of truncation as the vab-8 single mutant, 

suggesting that VAB-8 acts through SAX-3 to promote excretory canal extension (Figure 

24). Taken together, this implies sax-3 may be operating exclusively in a parallel 

pathway with vab-8.  

 

I chose to further examine SAX-3 and obtained the strain sax-3(ky123); quEx168 

[psax-3::sax-3::gfp; odr-1::RFP] (a gift from Ian Chin-Sang, Queen's University, Canada), 

which has the ability to rescue sax-3(ky123) and resembles the true endogenous 

expression pattern (Ghenea et al., 2005). To determine if SAX-3 can rescue canal 

extension defects under control of its endogenous promoter, this strain was crossed into 

unc-53(n166); sax-3(ky123) double null mutants, as sax-3 single mutants do not display 

posterior canal truncation. The sax-3(ky123); quEx168 [psax-3::sax-3::gfp; odr-1::RFP] 

transgenic strain was sufficient to partially rescue the posterior canal defects seen in 

unc-53(n166); sax-3(ky123), and rescued animals resembled unc-53(n166) single 

mutants (Figure 24). This partial rescue supports the idea that SAX-3 is indeed in a 

VAB-8 pathway parallel to UNC-53 as I observed no animals with canal extension 

rescued beyond the level of unc-53 mutants. Also, because SAX-3 is not expressed in 

the excretory canals, this suggests that another member of the pathway that acts 

genetically with VAB-8 also acts non-autonomously. 
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SLT-1 encodes the sole C. elegans homolog of Drosophila Slit, a secreted 

extracellular protein that functions as a ligand for the SAX-3/Robo receptor to direct 

ventral axon guidance and guidance at the midline (Hao et al., 2001). Loss of SLT-1 

caused posterior canal truncation similar to vab-8(e1017) mutants (Figure 26A). 

Interestingly, slt-1 mutants also displayed reduced anterior canal extension (truncated in 

71%, absent in 16%, n=89), a phenotype not seen with any other single mutant 

examined except for unc-53. EVA-1 is predicted to be a receptor for SLT-1 that acts as a 

co-receptor with SAX-3 to provide cell specificity for the activation of SAX-3 signaling by 

SLT-1 (Fujisawa et al., 2007). Loss of EVA-1 also caused truncation reminiscent to that 

of vab-8(e1017) mutants (Figure 26B). There was no enhancement of the vab-8 

phenotype in double mutant combination with either eva-1 or slt-1 (Figure 26A-B). On 

the other hand, unc-53 in double mutant combination with either slt-1 or eva-1 resulted in 

an enhancement of the unc-53(n166) mutant phenotype (Figure 26A-B). Collectively, 

these data suggest that VAB-8, SAX-3/Robo, SLT-1/Slit and EVA-1 are functioning 

together in the outgrowth of the excretory canals, while UNC-53 appears to function in a 

parallel pathway with UNC-71/ADAM. These observations are consistent with the 

canonical view that SAX-3/Robo receptors mediate the effects of SLT-1/Slit cues and 

that UNC-53 functions together with UNC-71 in the gonad-independent pathway for SM 

migration (Hao et al., 2001; Chen et al., 1997).  
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Figure 26. Loss of molecules known to function in dorsoventral guidance disrupt 
excretory canal migration 

 (A–B) The outgrowth of the posterior canals was divided into five regions (1–5) before 

the anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy. All mutant strains were constructed in the background of the 

ppgp-12::gfp transgene for visualization of the canals. Loss of UNC-53, VAB-8, EVA-1, 

and SLT-1 perturb posterior canal outgrowth. (A) slt-1, and (B) eva-1 mutants do not 

enhance the extension phenotype seen in vab-8(e1017). By contrast, unc-53(n166) 

mutants were enhanced in double-mutant combination with slt-1 or eva-1. Chi-squared 

analysis was used to establish statistical significance between mutants using GraphPad 

Prism 5 (Sigma Stat). For this comparison, phenotypes were grouped into two 

categories and the mutant compared to a baseline of either wild type or the most severe 

single allele in the case of double mutants, as indicated. *P value is not statistically 

significant.  
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 Because my findings suggested a role for known dorsoventral molecules 

functioning in an AP migration, I was inspired to test other well known dorsoventral 

ligands and receptors, namely unc-5, unc-6/Netrin, and unc-40/DCC/Fra (Figure 27). 

unc-5, unc-6/Netrin, and unc-40/DCC/Fra did not show canal truncation by RNAi or gene 

mutation. unc-5 and unc-40/DCC/Fra RNAi did not enhance unc-53 or vab-8 truncation, 

while unc-6/Netrin showed moderate enhancement of unc-53(n166) (Figure 27). This 

may indicate that unc-6 functions within the vab-8 genetic pathway, however additional 

experimentation is required to determine the role of unc-6. The function of these genes 

within the posterior migration of the EC may be masked by redundancy, and needs to be 

further investigated. unc-5 is known to be expressed in the EC and required for the initial 

dorsal migration of the canals (Ingele Roelens PhD thesis, 2002). A role for these genes 

in the posterior lateral outgrowth may be explored by examining double and triple null 

mutant combinations together with molecules functioning in both the vab-8 and unc-53 

genetic pathways. 
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Figure 27. Loss of UNC-5 or UNC-40/DCC/Fra does not disrupt anteroposterior 
migration of the excretory canals 

The outgrowth of the posterior canals was divided into five regions (1–5) before the 

anterior gonad arm to the tail as shown. The stop point of canals was determined by 

fluorescence microscopy using the ppgp-12::gfp transgene for visualization of the 

canals. Loss of UNC-5, UNC-6/Netrin, or UNC-40/DCC/Fra did not perturb posterior 

canal outgrowth. unc-5 or unc-40/DCC/Fra mutants did not enhance the migration 

phenotype seen in unc-53(n166) or vab-8(e1017) mutants. unc-6/Netrin RNAi 

moderately enhanced unc-53(n166) animals. Chi-squared analysis was used to 

establish statistical significance between mutants using GraphPad Prism 5 (Sigma Stat). 

For this comparison, phenotypes were grouped into two categories and the mutant 

compared to a baseline of either wild type or the most severe single allele in the case of 

double mutants, as indicated. *P value is not statistically significant. 

 



 

124 

3.6. UNC-73 functions in two distinct genetic pathways 

 I chose to further examine unc-73 because VAB-8 and UNC-73 physically 

interact and together regulate SAX-3/Robo to direct cell outgrowth (Watari-Goshima et 

al., 2007), and unc-73 functions in SM migration together with unc-53 and unc-71 (Chen 

et al., 1997), yet my results suggested that unc-53 and vab-8 function in parallel 

pathways to control excretory cell outgrowth. To resolve this paradox, I examined 

multiple isoform specific alleles of unc-73. The unc-73 gene is complex in that it encodes 

at least eight differentially expressed UNC-73 intracellular protein isoforms (Figure 28, 

Steven et al., 2005). unc-73 encodes proteins with several domains, including two GEF 

and PH domain combinations, a Sec14p motif, eight spectrin-like repeats, a variant SH3 

domain, an immunoglobulin domain (Ig), and a fibronectin type III (FnIII) domain. The N-

terminal UNC-73 GEF domain specifically activates the Rac family GTPases CED-10 

and MIG-2 in vitro (Steven et al., 1998; Wu et al. 2002; Kubiseski et al., 2003), while the 

C-terminal GEF domain is specific to Rho (Figure 28, Spencer et al., 2001). Moreover, 

Watari-Goshima et al. (2007) found that UNC-73B, an isoform containing the RacGEF 

but not the RhoGEF domain, interacted with VAB-8L in a yeast two-hybrid assay and 

that this was mediated through a region containing the spectrin repeats of UNC-73B 

(Watari-Goshima et al., 2007).  
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Figure 28. Genomic organization of the predicted unc-73 transcripts and 
corresponding UNC-73 isoforms 

 (A) The locations of mutations of the unc-73 gene are indicated above the locus 

(modified from Steven et al., 2005). The mutation ok936 (in pink) affects the SH3 domain 

and results in an Unc phenotype, the mutations rh40 and e936 (in red) affect the 

RacGEF domain, and ev802 (in green) eliminates the RhoGEF domain and is 

associated with L1 lethality (54% of animals arrest at L1) (Steven et al., 2005; Williams 

et al., 2007). Exons of the predicted unc-73 transcripts (A, B, C1, C2, D1, D2, E, and F) 

are shown. Only isoform E shows expression within the excretory cell (Steven et al., 

2005). (B) The predicted UNC-73 isoforms are shown. unc-73 encodes proteins with 

several domains, including the two tandem RhoGEF and PH domain (gray) 

combinations (RacGEF (red) and RhoGEF (green), a Sec14p motif (blue), eight spectrin-

like repeats (yellow), a variant SH3 domain (pink), an immunoglobulin domain (Ig, 

orange), and a fibronectin type III (FnIII) domain (purple). 
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To determine the impact of the RacGEF domain on EC migration, I chose to 

examine the alleles unc-73(rh40) and unc-73(e936). In the case of unc-73(rh40), which 

contains a missense mutation (amino acid 1216 S to F), within the RacGEF, severe 

posterior canal truncation was observed (Figure 29). For unc-73(e936), a splice site gt to 

tt substitution allele, the level of posterior canal extension phenotype was highly variable, 

ranging from wild type length canals to canals that were as short as unc-53; vab-8 

double mutants (Figure 29). This mutation potentially affects the frequency and accuracy 

of splicing, and may allow for a low level of wild type transcripts of both the A and B 

isoforms. This may explain why several animals displayed wild type canal outgrowth. 

Both unc-73(rh40) and unc-73(e936) alleles affect the RacGEF domain of unc-73, and 

therefore are predicted to disrupt the RacGEF-containing A and B isoforms. Neither 

allele showed an enhancement in excretory canal truncation in double mutant 

combination with vab-8(e1017). Furthermore, unc-73(rh40) and unc-73(e936) alleles 

showed an enhancement in excretory canal truncation in double mutant combination 

with unc-53(n166), suggesting that the RacGEF domain of UNC-73 may be required 

solely for mediating the VAB-8 pathway (Figure 29). I also found that ok936, an allele 

affecting the SH3 domain of unc-73 and consequently isoforms A, B, C1, C2, and F, 

showed enhancement of the excretory canal truncation in double mutant combination 

with unc-53 but not with vab-8 (Figure 29).  

 

In contrast, the unc-73(ev802) deletion allele eliminates the RhoGEF but not the 

RacGEF genomic region, disrupting isoforms A, C1, C2, D1, D2, F, and E (Figure 28, 

Steven et al., 2005). Interestingly unc-73(ev802); unc-53(n166) double mutants are no 

more severely affected than the unc-53 single mutant alone, while unc-73(ev802); vab-

8(e1017) animals exhibited severe enhancement of defects when compared to vab-8 

null mutants (Figure 29). This suggests that one or more of the UNC-73 isoforms other 

than isoform B may be unc-53 specific. The UNC-73 isoform E is the smallest isoform 

and the only one known to be expressed in the excretory canals, as is unc-53 (Steven et 

al., 2005). Indeed, the punc-73E::unc-73E::gfp transgenic strain was sufficient to partially 

rescue the posterior canal defects seen in unc-73(ev802) (Figure 29), suggesting that 

UNC-73E, which contains the RhoGEF domain, is required cell-autonomously together 

with UNC-53 for the proper migration of the excretory canals. Placing punc-73E::unc-
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73E::gfp in the background of unc-53(n166) mutants was insufficient to rescue the unc-

53(n166) excretory canal truncation. Similarly, expressing unc-53 was insufficient to 

rescue unc-73(ev802) suggesting these genes are mutually interdependent. Consistent 

with the view that the RhoGEF domain of UNC-73E is important for UNC-53 activity, rho-

1 mutants enhanced the vab-8 null phenotype but not that of unc-53 null mutants (Figure 

29). 

 

RNAi experiments revealed that unc-73 RNAi in the background of unc-53(n166); 

vab-8(e1017) double mutants or unc-53 RNAi in the background of vab-8(e1017); unc-

73(ev802) double mutants exhibits no more severe canal defects than either double 

mutant alone, suggesting that unc-73 is not functioning in a third, separate pathway 

(Figure 29). This data is also consistent with the isoform specific model as the unc-73 

RNAi clone targets isoforms A and B but not the six smaller isoforms. 
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Figure 29. UNC-73 may function in both the UNC-53 and the VAB-8 pathways for 
excretory canal outgrowth 

Alleles affecting the RacGEF domain of UNC-73, unc-73(rh40) and unc-73(e936), do not 

enhance the excretory canal truncation in double-mutant combination with vab-8(e1017), 

but showed an enhancement in excretory canal truncation in double-mutant combination 

with unc-53(n166). This suggests that the Rac-GEF domain of UNC-73 is required solely 

for mediating the VAB-8 pathway. In contrast, unc-73(ev802); unc-53(n166) double 

mutants are no more severely affected than the unc-53 single mutant alone, while unc-

73(ev802); vab-8(e1017) animals exhibited severe enhancement of defects when 

compared to vab-8 null mutants. This suggests that one or more of the UNC-73 isoforms 

other than isoform B is unc-53 specific. Supporting this hypothesis, transgenic analysis 

showed that the punc-73E::unc-73E::gfp transgenic strain was sufficient to partially 

rescue the posterior canal defects seen in unc-73(ev802), suggesting that UNC-73E, 

which contains the RhoGEF domain, is required cell autonomously together with UNC-

53 for the proper migration of the excretory canals. RNAi data showing unc-73 RNAi in 

the background of unc-53; vab-8 double mutants or unc-53 RNAi in the background of 

vab-8; unc-73 double mutants exhibits no more severe canal defects than either double 

mutant alone, suggesting that unc-73 is likely not functioning in a third, separate 

pathway. Also, the rho-1(ok2418)/nT1 heterozygous strain was able to enhance defects 

seen in vab-8 null mutants but not in unc-53 null mutants. The outgrowth of the posterior 

canals was divided into five regions (1–5) before the anterior gonad arm to the tail as 

shown. All mutant strains were constructed in the background of the ppgp-12::gfp 

transgene for visualization of the canals. Chi squared analysis was used to establish 

statistical significance between mutants using GraphPad Prism 5 (Sigma Stat). For this 

comparison, phenotypes were grouped into two categories, and the mutant compared to 

a baseline of either wild type or the most severe single allele in the case of double 

mutants, as indicated. *P value is not statistically significant. **pmEx289 is: dpy-

5(e907)/dpy-5(e907); pmEx289 [rCes pmyo-2::GFP + pCeh361 + WRM0628aD12]. 
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4. Discussion 

The main focus of this study was the anteroposterior outgrowth of the excretory 

canals. I chose to study the outgrowth of the canals due to its similarity in outgrowth to 

axonal migration, its distinct function in osmoregulation, and the large size of the cell. 

The development of the excretory canals requires guidance cues that are also used in 

neuronal outgrowth including unc-34 (Enabled), mig-10 (Grb7), mig-15 (Nck-interacting 

kinase), unc-104 and unc-116 (kinesin genes), lin-17 (Frizzled receptor), unc-53 

(Neuronal Navigator) and unc-73 (RhoGEF), and mutations in these genes produce 

shortened or misguided canals (Hedgecock et al., 1987; Manser et al., 1997; Otsuka et 

al., 1991; Sawa et al., 1996; Stringham et al., 2002; Steven et al., 1998). In this thesis, I 

have identified and analyzed two parallel signaling pathways regulating posterior 

excretory canal extension. This study shows that at least two molecular pathways are 

required for proper posterior migration of the canals, and these pathways are 

complementary in that removing only one of them has only a limited effect, but removing 

both leads to a drastic enhancement of the phenotype. Furthermore, conserved 

components of dorsoventral migration pathways such as SAX-3/Robo and its ligand Slit, 

have now been implicated in an anteroposterior migration. Most intriguing is the finding 

that the only known guanine nucleotide exchange factor to contain two tandem GEF 

domains appears to be functioning in two genetic pathways, where one isoform functions 

outside of the excretory canals and one functions within the canals to promote 

outgrowth. I was also able to identify novel interactors of unc-53, such as abi-1, nck-1, 

and several members of the Arp2/3 complex, that appear to regulate excretory canal 

extension through modulation of the cytoskeleton.  
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4.1. A role for ABI-1 in cell migration and growth cone 
extension 

In this study, I showed that animals with mutations in abi-1 exhibit guidance 

defects in the neurons and the excretory canals which is consistent with ABI-1 being 

required for these migrations. In mammals, ABI proteins are highly expressed in the 

developing brain, where they guide nerve cell placement and axon outgrowth (Courtney 

et al., 2000; Grove et al., 2004). ABI-1 localizes to the motile tips of lamellipodia and 

filopodia, which is consistent with a role for ABI-1 in actin-polymerization events (Echarri 

et al., 2004; Stradal et al., 2001). To determine where abi-1 is expressed, Hurwitz and 

colleagues created an abi-1::gfp reporter transgene and observed expression of the abi-

1 reporter broadly throughout embryogenesis (Hurwitz et al., 2009). ABI-1 expression 

was not seen in the EC after embryogenesis (Schmidt et al., 2009) even though UNC-53 

is expressed in the EC in adult animals (Stringham et al., 2002). The physical interaction 

between UNC-53 and ABI-1 suggest these genes function together during development. 

However, it is possible that endogenous levels of ABI-1 in adults are very low and/or that 

sequences required for expression in these cells were absent in the reporter fusions 

tested. Nonetheless, the ability of both ABI-1 and UNC-53 to rescue outgrowth when 

expressed specifically in the excretory cell strongly suggest that ABI-1 and UNC-53 

function together in the excretory cell. The incomplete rescue observed in these 

experiments may indicate that abi-1 and unc-53 are also required outside of the EC. 

Alternatively, the copy numbers or isoforms being expressed when artificially driven by 

the pgp-12 promoter may not reflect the endogenous state. In addition the pgp-12 

promoter is expressed beginning at the three-fold stage, whereas the EC begins its 

outgrowth at the one and a half-fold stage. Nevertheless, both ppgp-12::abi-1::gfp and 

ppgp-12::unc-53::gfp were able to completely restore a percentage of animals to wild-

type levels, suggesting each gene is sufficient to rescue the posterior canal extension 

phenotype. 

 

UNC-53 clearly plays a role not only in the extension and the guidance of the 

developing excretory canals, but is also expressed and required there in adulthood. 

Immunofluorescence of adult hermaphrodites with UNC-53 antisera stains the excretory 
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canals and several neurons suggesting that UNC-53 activity is continually required in 

these cells after completion of outgrowth (Schmidt et al., 2009). The mammalian 

Navigators are also expressed in a range of adult tissues including brain, heart and 

kidney (Peeters et al., 2004; Coy et al., 2002; Martinez-Lopez et al., 2005).  

 

The observation that loss of abi-1 and unc-53 function disrupts the dorsal 

outgrowth of motoneuron commissures suggests that these genes may participate 

together in dorsoventral guidance decisions (Schmidt et al., 2009). A role for the 

navigators, vertebrate homologs of UNC-53, in dorsal ventral guidance is also apparent. 

Mouse NAV1 is expressed in neurons that migrate along both the longitudinal and 

dorsoventral axes during development, and rat pontine neuronal explants are unable to 

respond to the netrin 1 guidance cue when mouse NAV1 is knocked down by RNAi 

(Martinez-Lopez et al., 2005). Circumferential guidance of growth cones in C. elegans is 

controlled by multiple guidance cues, including UNC-6/netrin, which is expressed 

ventrally, where it attracts UNC-40/DCC-expressing growth cones and repels those 

expressing both UNC-40 and UNC-5 (Wadsworth, 2002). Interestingly, UNC-34/Ena, 

which controls multiple aspects of cell migration and guidance (Gitai et al., 2003; Shakir 

et al., 2006; Withee et al., 2004; Yu et al., 2002), can suppress ectopic UNC-5 

expression, placing UNC-34 downstream of UNC-5 in circumferential guidance (Colavita 

and Culotti, 1998). Mammalian Ena function is partially dependent on ABI proteins, and 

could suggest a role for ABI-1 in circumferential guidance in worms. (Comer et al., 1998; 

Juang and Hoffmann, 1999; Tani et al., 2003). 

 

4.2. ABI-1 interactors and ARP2/3 control longitudinal 
migration 

The migration defects observed in both abi-1 and unc-53 mutants is consistent 

with the biochemical interaction observed between them (Adetayo Adele, Masters thesis, 

2003; Schmidt et al., 2009). Moreover, the phenotype of the ABI-1 interactor nck-1 in the 

excretory cell suggests a similar role for nck-1. The adaptor NCK-1 exerts its influence in 
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part through the modulation of WVE-1, as NCK-1 and/or RAC activation is able to 

release SCAR-1 from an inhibitory complex containing ABI-2 to activate the ARP2/3 

complex (Eden et al., 2002). The ARP2/3 complex is a critical component of the actin 

cytoskeleton in all eukaryotes and plays a central role in the assembly of actin networks 

(Goode et al., 2001). Sawa et al. (2003) reported the presence of the ARP2/3 complex in 

C. elegans which also consists of seven subunits including actin related protein 2/3 

complex (arx)-1 through arx-7. Therefore, I decided to test these molecules by RNAi to 

determine if defects were seen in the EC outgrowth. It was not surprising that similar 

longitudinal guidance phenotypes were also observed in wve-1 and arx-2, arx-3, arx-5, 

and arx-7, suggesting that the primary mode of unc-53 action in these migrations is 

mediated through conserved interactions. Consistent with this view, both UNC-53 and 

the RAC activator UNC-73/TRIO have been implicated in an EGL-17/FGFindependent 

signaling mechanism controlling sex myoblast migration (Chen et al., 1997), suggesting 

that modulation of the ARP2/3 complex may be the crucial determinant of actin filament 

assembly in this migration as well. Experiments in both cell culture and model systems 

reveal that cell shape changes, and the extension of cellular processes are mediated 

through GTPases of the RHO family, including CDC42 and RAC, which induce the 

formation of lamellipodia and filopodia by interacting directly or indirectly with the WASP 

family of proteins, resulting in the activation of the ARP2/3 complex and directed actin 

nucleation (Bompard and Caron, 2004; Stradal et al., 2004; Takenawa and Suetsugu, 

2007). For example, in C. elegans, loss of WSP-1 or WVE-1 disrupts hypodermal cell 

migration and ventral enclosure during embryogenesis, phenotypes that are also 

characteristic of CED-10/RAC-1 mutants (Lundquist et al., 2001) and ARP2/3-complex 

knockdown (Sawa et al., 2003). Moreover, the motoneuron guidance defects observed 

in unc-53 and abi-1 animals are similar to those observed in ced-10 and wve-1 

(Lundquist et al., 2001; Lundquist, 2003; Withee et al., 2004), consistent with a model in 

which these proteins operate together in cytoskeletal remodelling. ABI-1 is a member of 

a complex consisting of WAVE-1 (WVE-1), GEX-2, GEX-3 and HSPC300 that promotes 

actin nucleation (Innocenti et al., 2004; Stroschein-Stevenson et al., 2006). The defects 

in cell movements during morphogenesis reported for gex-2 and gex-3 (Soto et al., 

2002), and the similarities in the phenotypes of abi-1 and wve-1 reported here are 

consistent with a model in which these proteins form a similar complex in C. elegans. 
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 Two models of ARP2/3 complex activation have been proposed; one that relies 

on WAVE and another that relies on WASP (Bompard and Caron, 2004; Stradal et al., 

2004). ABI-1 seems to participate in both, binding through its N terminus to WAVE to 

regulate membrane protrusion and macropinocytosis, and through its SH3 domain to 

NWASP to stimulate actin-dependent vesicular transport and endocytosis (Innocenti et 

al., 2005). Thus ABI-1 may be a central figure that regulates the proportion of actin 

filament nucleation designated for particular processes by partitioning WASP versus 

WAVE activation (Innocenti et al., 2005). These results indicate a role for WAVE in 

excretory canal extension as opposed to WASP in C. elegans. 

4.3. A model for UNC-53–ABI-1 action 

Previously, it was shown that UNC-53 interacts physically with SEM-5/GRB2 

(Stringham et al., 2002), a SH2-SH3 adapter involved in multiple RTK pathways, 

including FGFR (Dixon et al., 2006), EGFR (Moghal and Sternberg, 2003), and IR 

(Hopper, 2006) signaling. At present, it is unclear whether UNC-53 is a participant in one 

or several signaling cascades. For example, whereas both unc-53 and egl-15/FGFR are 

expressed in the migrating sex myoblasts (Goodman et al., 2003), egl-15 is not 

expressed in axons (where it regulates outgrowth) but instead exerts its effect through 

the underlying hypodermis on which they migrate (Bulow et al., 2004). As UNC-53 is a 

cytoplasmic protein that functions cell autonomously, this suggests that it does not act 

directly downstream of EGL-15/FGFR signaling in neuronal cell migrations, but that it 

might be recruited by a different receptor upstream of SEM-5/GRB2. Moreover, UNC-53, 

the cell adhesion molecule UNC-71/ADAM and UNC-73/TRIO, have all been implicated 

in a EGL-17/FGF-independent signaling mechanism controlling sex myoblast migrations 

(Chen et al., 1997), suggesting non-FGFR signaling is involved in this pathway as well. 

Therefore the identity of ligands and receptors upstream of the SEM-5/UNC-53 

interaction in cell migration remain elusive.  UNC-53 may be a scaffold that coordinates 

upstream signals transduced through SEM-5/GRB2 to ABI-1 and the actin cytoskeleton 

(Figure 30). Consistent with the findings in this study, immunofluorescence analysis 

recently demonstrated colocalization of the zebrafish Nav3a with Abi1 and actin 

filaments in protrusions of migrating ZFL liver cells (Klein et al., 2011). Furthermore, 
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actin polymerization in these cell protrusions was significantly reduced after knockdown 

of nav3a. The authors also show Nav3a co-immunoprecipitated with F-actin, confirming 

that Nav3a interacts physically with actin (Klein et al., 2011). I propose a model where 

UNC-53 may act to localize regulators, such as ABI-1, to the actin cytoskeleton 

machinery to modulate the formation of branched actin filaments at the leading edge of 

motile cells.  
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Figure 30. Proposed model for the function of UNC-53/NAV in cytoskeletal 
remodelling 

UNC-53 may control actin filament-microtubule capture during cell outgrowth or 

migration. The navigators are microtubule + end TIPs that bind ABI, a regulator of Arp2/3 

mediated actin filament assembly. Therefore, UNC-53/Navigators may link branched 

actin filament assembly in protrusions at the leading edge of migrating cells to the plus 

ends of microtubules, thereby stabilizing and/or promoting directional outgrowth.  
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4.4. UNC-53 and VAB-8 function in parallel pathways to 
control cell migration 

The enhanced reduction of excretory canal outgrowth observed in vab-8; unc-53 

double null mutants suggest that these genes act in separate pathways on the posterior 

outgrowth of the excretory canals, with each exerting their influence independently. 

Interestingly, the anterior excretory canal outgrowth is more severely disrupted in unc-

53(n166); vab-8(e1017) double mutants suggesting a role for vab-8 in anterior guidance 

processes not previously reported. Moreover, the misplaced EC body in vab-8 null 

mutants suggests that VAB-8 is required for both the anterior migration of the excretory 

cell body as well as the outgrowth of the anterior canals. This is the first reported 

example of VAB-8 functioning in an anterior migration, and suggests that removing 

multiple pathways may be required to uncover such roles. In contrast, UNC-53 is 

apparently required for anterior canal outgrowth but not for proper placement of the cell 

body. 

 

This study confirmed a role for the guidance cue SLT-1 in the longitudinal 

guidance of the excretory cell. In Drosophila, it has been shown that migrating 

mesodermal cells in vivo respond to Slit as both an attractant and a repellent and ROBO 

receptors are required for both functions (Kramer et al., 2001). During early 

embryogenesis in C. elegans, SLT-1 is expressed at high levels in the anterior of the 

embryo, moderate levels in the dorsal tail muscles, while lower levels are seen in cells in 

the center of the body (Hao et al., 2001). By the first larval stage, SLT-1 is predominantly 

expressed from the dorsal body wall muscle (Hao et al., 2001). The EC processes begin 

migration during embryogenesis and have completed outgrowth at the L1 stage, 

suggesting that early SLT-1 expression in the anterior and posterior ends of the animal 

may act as an attractant both for the VAB-8 mediated anterior migration of the EC body, 

as well as for posterior canal outgrowth. This model is supported by the observation that 

slt-1 mutants were the only single mutant animals besides unc-53 mutants to display 

anterior canal truncation.  
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4.5. DV guidance cues and their receptors are also 
utilized in AP migrations 

Several global guidance molecules functioning in DV migrations have been 

identified, however less is known about an equivalent global guidance system in the AP 

axis. Why have ligands and receptors functioning in AP guidance been more difficult to 

uncover? One possibility is that there are several redundant signaling pathways guiding 

long-range AP migrations. Disrupting a single pathway would therefore be insufficient to 

cause generalized migration defects. Another possibility is that AP guidance cues and 

receptors function in essential processes during development, and thus disrupting a 

guidance pathway might result in lethality. 

 

The data collected in this study demonstrate a role for SAX-3/ROBO and SLT-1, 

two known DV guidance molecules, in the AP migration of the excretory canals. There is 

other evidence of these molecules functioning in other AP migrations. For example, sax-

3 and slt-1 mutants show defects in the posterior migration of the CAN and ALM cell 

bodies (Hao et al., 2001). In addition, mutations in sax-3 and slt-1 have been shown to 

suppress the ALM axon rerouting phenotype caused by VAB-8L misexpression (Watari-

Goshima et al., 2007). Isoform specificity, as seen in this study with UNC-73B and UNC-

73E, as well as modulation of receptor function may partially explain how a small 

number of conserved  guidance cues and receptors regulate such a large number of 

trajectories along both the DV and AP axes. For example, Fujisawa et al. (2007) predict 

that there are two classes of cells that express and respond to SAX-3. One class 

coexpresses EVA-1, allowing the SAX-3 receptor to respond to SLT-1, while the other 

class expresses SAX-3 but not EVA-1 and does not respond to SLT-1.  In this case, it 

would appear that the excretory cell belongs to the first class, since both eva-1 and slt-1 

mutants exhibited a reduction in posterior canal outgrowth. The discovery that several 

cues and receptors function in both DV and AP migration has contributed to our 

understanding of how a rather limited repertoire of guidance molecules can establish 

migration of several growth cones in C. elegans. 
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Results in this study suggest that the full-length UNC-53 does not interact with 

the SAX-3 cytoplasmic domain in a yeast two hybrid assay. Consistent with these 

results, Watari-Goshima et al. (2007) found that both full-length UNC-73 and the smaller 

VAB-8-interacting domain of UNC-73B (containing the RacGEF) can bind the 

cytoplasmic domain of SAX-3 in a yeast two hybrid analysis. The authors provide 

genetic evidence that VAB-8L regulates the SAX-3 receptor through the RacGEF activity 

of UNC-73 and show that VAB-8L controls the levels of the SAX-3 receptor (Watari-

Goshima et al., 2007). Because UNC-73B contains the VAB-8-interacting RacGEF but 

not the UNC-53-interacting RhoGEF domain, and because the findings of the present 

study suggest VAB-8 and UNC-53 are functioning in parallel, this data is consistent with 

SAX-3 functioning exclusively in a VAB-8 pathway and not in an UNC-53 pathway for 

excretory canal outgrowth. 

 

How do vab-8 and its molecular partners function in posterior migration 

guidance? Here I have taken a genetic approach for identifying additional components of 

the posterior outgrowth of the excretory canals. Because vab-8 and unc-53 are now 

known to function in parallel pathways for the outgrowth of the posterior canals, 

enhancer screens utilizing mutations in either of these genes to create a sensitized 

background would potentially reveal molecules functioning in this outgrowth, even if the 

single mutant does not exhibit a phenotype on its own. vab-8 could also be used to 

identify additional posterior canal extension components through biochemical means. 

Proteins that directly interact with VAB-8 are potential candidates not only for canal 

outgrowth but for functioning as global posterior guidance cues. VAB-8L may interact 

with microtubules through the amino terminal kinesin-like motor domain. Additionally, 

VAB-8 proteins are possibly localized to the periphery by PDZ binding proteins 

interacting with the VAB-8 carboxy-terminal tail. This may allow VAB-8L to function in 

localizing or regulating cell surface receptors to migrating cells and growth cones 

posteriorly. 
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It is possible that vab-8 may change SAX-3’s response to SLT-1 from repulsive 

to attractive. Kramer et al. (2001) found that migrating mesoderm cells expressing Robo 

receptors respond to Slit first as a repellent, and a few hours after migration the same 

cells require Robo to extend towards Slit-expressing muscle attachment sites. Individual 

cells in vivo may switch their response to Slit from repulsion to attraction, and this may 

reflect a change in another receptor subunit or a change in the internal state of the cell.  

 

One possibility is that VAB-8L, through its kinesin-like motor, is responsible for 

shuttling SAX-3 receptors to the membrane surface (Watari-Goshima et al., 2007). 

Another possibility is that SAX-3 may function with a coreceptor to specify attraction to 

Slit within the excretory cell. For example, SAX-3 is known to physically interact with the 

VAB-1 Eph receptor during embryogenesis, while EVA-1 physically interacts with SAX-3 

to provide cell specificity to the activation of SAX-3 signaling by SLT-1 in the AVM and 

PVM neurons (Ghenea et al., 2005; Fujisawa et al., 2007).  

 

4.6. The Rac and Rho GEF domains of UNC-73/TRIO 
mediate two genetically distinct pathways to 
regulate EC outgrowth 

In this study I found that alleles affecting the RacGEF domain of UNC-73 (rh40 

and e936), thereby disrupting the RacGEF-containing UNC-73B isoform, did not show 

enhancement of the excretory canal truncation in double mutant combination with vab-8, 

suggesting that the UNC-73B isoform may operate solely through VAB-8. This is 

consistent with data showing the full-length UNC-73B interacted with a VAB-8L fragment 

in a yeast two-hybrid assay (Watari-Goshima et al., 2007). On the other hand, the unc-

73(ev802) deletion allele that eliminates the RhoGEF but not the RacGEF genomic 

region, disrupting all isoforms except for UNC73B (Steven et al., 2005), was no more 

severe in the background of an unc-53 mutant than either mutant alone, while unc-

73(ev802); vab-8(e1017) animals exhibited severe enhancement. As the UNC-73 

isoform E is expressed in the excretory canals (Steven et al., 2005), I predict that UNC-
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73E is required cell-autonomously together with UNC-53 for the proper extension of the 

excretory canals. Collectively, these observations point to a model that the RacGEF 

domain of UNC-73 is specific to the VAB-8 pathway while the RhoGEF domain is 

specific to the UNC-53 pathway. Notably, C. elegans unc-73 is the only gene, aside from 

its orthologs Trio and Kalirin, that encodes two GEF domains (Steven et al., 2005). 

 

From Beadle and Tatum's classic work with Neurospora arose a basic 

hypothesis: one gene specifies the production of one polypeptide (Beadle and Tatum, 

1941). This idea was exceptionally fruitful, however, recent evidence suggests that the 

'one gene-one polypeptide' hypothesis is now considered too simple to describe the 

relationship between genes and proteins (Bussard, 2005). This is because the one 

gene-one polypeptide perspective cannot account for the various isoforms via intronic 

promoters or alternatively spliced versions of RNA transcripts in many eukaryote 

organisms. My work highlights the current shift in this paradigm, as I show at least two 

differentially expressed proteins isoforms of UNC-73 are functioning in different cells and 

in diverse ways. This study demonstrates that VAB-8 and UNC-53 function in parallel 

genetic pathways to control excretory cell outgrowth, and that the dual GEF domains of 

UNC-73 allows it to modulate both pathways. While UNC-73 and UNC-53 were 

previously shown to function together in the gonad-independent pathway for sex 

myoblast migration (Chen et al., 1997), the results from this study further suggests that 

the RhoGEF domain of UNC-73 is specific to the UNC-53 pathway. Conversely, UNC-73 

and VAB-8 had been shown to function together in neuron outgrowth, with the RacGEF 

domain mediating this pathway (Levy-Strumpf and Culotti, 2007; Watari-Goshima et al., 

2007).  Here, I observed that pathway specificity of the two GEF domains of UNC-73 

apparently allows this molecule to control the outgrowth of a single cell via two distinct 

mechanisms, one occurring within the excretory cell and another outside the cell.  
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4.7. A model for excretory cell outgrowth 

 Genetic analysis suggests that VAB-8, SAX-3/ROBO, SLT-1/Slit and EVA-1 are 

functioning together in the migration and outgrowth of the excretory cell, and it appears 

that the Rac-specific GEF domain of UNC-73 may mediate this pathway (Figure 31A). 

These molecules are known to function together elsewhere as sax-3 null mutants 

suppress rerouting of the ALM caused by vab-8 misexpression (Watari-Goshima et al., 

2007). The authors found that there is higher SAX-3/ROBO receptor in animals with 

increased amounts of VAB-8 and they proposed that VAB-8, together with the UNC-

73/TRIO, promotes localization of the SAX-3/ROBO receptor to the cell surface or 

inhibits its removal by endocytosis. In addition, unc-73 mutants disrupting the B isoform 

can also suppress rerouting of the ALM caused by vab-8 misexpression (Watari-

Goshima et al., 2007). UNC-73B interacts physically with VAB-8L and the cytoplasmic 

domain of SAX-3/ROBO, which suggests that these protein interactions mediate VAB-

8L's regulation of the SAX-3/ROBO receptor. VAB-8L may work through SAX-3 and a 

second co-receptor, as I found SAX-3 to have no excretory canal phenotype on its own. 

SAX-3 may function with a coreceptor to specify attraction to Slit within the excretory 

cell, and my data is consistent with EVA-1 being the potential SAX-3 coreceptor. There 

are other examples of SAX-3 functioning with a co-receptor to specify receptor function: 

SAX-3 is known the physically interact with the VAB-1 Eph receptor during 

embryogenesis, while EVA-1 physically interacts with SAX-3 to provide cell specificity to 

the activation of SAX-3 signaling by SLT-1 in the AVM and PVM neurons (Ghenea et al., 

2005; Fujisawa et al., 2007). Already known for being involved in DV guidance, my 

findings confirm a role for SLT-1, SAX-3/ROBO, and EVA-1 in AP migration of the 

excretory cell. 

 

VAB-8, SAX-3/ROBO, SLT-1/Slit and EVA-1 are not known to be expressed in 

the excretory canals (Wolf et al., 1998, Zallen et al., 1998, Hao et al., 2001, and 

Fujisawa et al., 2007), and deliberate expression of VAB-8 specifically in the excretory 

cell failed to restore canal outgrowth. In addition, a sax-3::gfp rescuing strain driven by 

its endogenous promoter was able to partially rescue the extension of the posterior 

excretory canals in unc-53(n166); sax-3(ky123) double mutants, supporting a non-
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autonomous role for both SAX-3 and VAB-8. Thus I predict this pathway is functioning 

cell non-autonomously in this extension.  

 

VAB-8 and its molecular partners may be functioning within the canal associated 

neurons, which run adjacent to the EC and are connected to the EC via gap junctions 

(Buechner, 2002). The CANs are bilaterally symmetrical neurons thought to function in 

fluid homeostasis, possibly through regulating the neighbouring EC (Forrester and 

Garriga, 1997). The CANs are pioneers as they are the first cells to migrate posteriorly 

along the lateral body wall (Hedgecock et al., 1987). The cells extend one axon 

anteriorly and one axon posteriorly, and these axons complete extension by the two-fold 

stage of embryogenesis (Hedgecock et al., 1987). This axonal migration is complete at 

the time that the excretory canals are making their initial dorsal migration, and therefore 

may influence the lateral extension of the canals (Buechner, 2002). Seeing as VAB-8 

(Wolf et al., 1998), UNC-73B (Steven et al., 2005), SAX-3 (Zallen et al., 1998), and EVA-

1 (Fujisawa et al., 2007) are expressed in the CANs during their time of migration, it 

would be reasonable to test the effects of the CANs on the EC. Furthermore, each of the 

C. elegans Rac GTPase homologues (mig-2, ced-10, and rac-2) exhibit redundant 

function within the CANs and UNC-73 affects all Rac pathways in CAN cell migration 

and axon pathfinding (Lundquist et al., 2001). It is important to note that only mutations 

affecting the RacGEF domain of unc-73 (rh40, e936) show CAN migration phenotypes, 

consistent with the hypothesis that UNC-73B containing the RacGEF may function in a 

VAB-8 pathway within the CANs. pak-1 (p21-activated serine/threonine kinase) is a 

Cdc42/Rac-interactive binding (CRIB) domain containing effector that is activated by 

Rac, and is expressed in the CAN neurons, and is thus a putative candidate as a 

downstream effector in this pathway (Lucanic et al., 2006). 

 

Driving vab-8S and vab-8L behind the CEH-23 homeodomain protein promoter, 

which is expressed in nine pairs of head neurons and the CAN neurons, would test for 

rescue of CAN cell body and axon phenotypes seen in vab-8(e1017) animals. This may 

answer whether rescue within the CANs affects the EC extension. CEH-10 is a 
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homeodomain protein that specifies the fate of the CANs: the neurons fail to differentiate 

and migrate in ceh-10(gm58) mutants, but unlike vab-8 mutants other migrations are 

largely unaffected (Pan et al., 2006). Examination of EC phenotypes in ceh-10(gm58) 

mutants may further answer the question of the effects of the CANs on the EC. 

Alternatively, the hypodermis is another candidate location of the VAB-8 pathway. VAB-8 

(Wolf et al., 1998), UNC-73B (Steven et al., 2005), SAX-3 (Zallen et al., 1998), and EVA-

1 (Fujisawa et al., 2007) show expression in the hypodermis, and the excretory canals 

are connected to the hypodermis via extensive gap junctions along the entire canal 

length, as well as through interactions with the hypodermal basement membrane 

(Buechner, 2002). Driving expression of vab-8 within the hypodermis through the lin-26 

promoter will test its ability to rescue the EC extension defects seen in vab-8 mutant 

animals.  

 

UNC-53 on the other hand appears to function in a parallel pathway with the E 

isoform of UNC-73/TRIO and UNC-71/ADAM to promote extension of the excretory 

canals (Figure 31B). This is consistent with the fact that unc-71, unc-73, and unc-53 

function together in SM migration and the observation that UNC-53, UNC-73E, and 

UNC-71 are all expressed in the excretory canals (Stringham et al., 2002, Steven et al., 

2005, and Huang et al., 2003). Moreover, expression of unc-53 only in the excretory cell 

is sufficient to rescue the canal outgrowth phenotype of unc-53 null mutants (Schmidt et 

al., 2009).  Likewise, in this study I found that expression of the UNC73E isoform alone 

was sufficient to rescue the outgrowth phenotype of unc-73 mutants where the Rho GEF 

domain was disrupted.  Collectively, these data suggest that UNC-53, UNC-71 and 

UNC-73E function cell autonomously in excretory canal extension, and that this pathway 

is mediated via the Rho specific GEF domain of UNC-73. Consistent with this model, 

reduction of rho-1 activity was sufficient to enhance the phenotype of vab-8 null mutants, 

suggesting the RhoGEF domain of UNC-73 mediates cell outgrowth independently of 

VAB-8. 
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Interestingly, the first part of the posteriorly directed migration of the excretory 

canals to the anterior gonad arm was intact for all genes tested, suggesting that another 

mechanism independent of unc-53, vab-8 and their putative interactors might be guiding 

the initial posterior outgrowth of the canals. The molecules in this study may be required 

to coordinate actin filament assembly with microtubule capture only as an outgrowing 

growth cone becomes more distant from the cell's synthetic machinery in the cell body. 

Because the members of the gonad independent pathway for SM migration are required 

for excretory canal migration from the midbody to the tail, it would be reasonable to test 

for a gonad dependent mechanism controlling the initial outgrowth of the canals. In fact, 

removal of both somatic gonad precursors induced premature termination of the 

outgrowth of the EC between the point of bifurcation and the midbody (Ingele Roelens, 

PhD thesis, 2003). Examining mutants with abnormal gonad development (such as gon-

1, gon-2 and gon-4, of which gon-2 is expressed in the excretory canals) in double and 

triple mutant combinations with the molecules studied here may help elucidate the role 

of the gonad in this migration.  
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Figure 31. A model for two parallel pathways controlling posterior extension of the 
excretory canals 

Triangles represent a proposed guidance cue. (A) Genetic analysis suggests that VAB-

8, SAX-3/ROBO, SLT-1/Slit, and EVA-1 are functioning together in the migration of the 

canals. VAB-8L may regulate the SAX-3 receptor via the RacGEF activity of UNC-73B 

by promoting localization of SAX-3/ROBO to the cell surface or inhibiting its removal by 

endocytosis (Watari-Goshima et al., 2007). (B) UNC-53 functions in a cell autonomous 

pathway with UNC-73E and UNC-71/ADAM to promote migration of the excretory 

canals. In this pathway the RhoGEF domain of UNC-73E activates UNC-53 (either 

through direct binding or indirectly) to promote formin-mediated assembly of actin 

filaments. In addition, UNC-53 binds ABI that forms part of the WAVE complex, which 

has been shown to mediate the actin nucleation activity of ARP2/3. UNC-53 therefore 

may be a scaffold that coordinates multiple signals to the actin cytoskeleton machinery. 
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Guanine nucleotide exchange factors stimulate the Rho family GTPases 

(Lundquist et al., 2001). The three key members of this family of GTPases include Rho, 

Rac, and Cdc42 (Steven et al., 2005). Each Rho GTPase has a different effect on the 

actin cytoskeleton: activation of the Rho pathway results in the formation of stress fibers, 

activation of Rac results in extension of lamellipodia, and Cdc42 activation results in the 

formation of filopodia (Lundquist et al., 2001). In addition, the different Rho GTPases can 

stimulate different types of actin polymerization. For example, Cdc42 binds to and 

activates WASP, stimulating actin polymerization by the Arp2/3 complex, Rac can 

activate WAVE, another WASP family protein, while Rho is known to activate formins, 

leading to the formation of longer, less branched actin filaments. (Evangelista et al., 

2003; Takenawa and Suetsugu, 2007; Higgs and Pollard, 2000).  

 

What is the functional relationship between unc-53, abi-1, unc-71, and unc-73? A 

better understanding of the role of the actin binding protein UNC-53 in actin cytoskeletal 

regulation is crucial, and additional epistasis experiments need to be done. Here I build a 

speculative model for the roles of these genes in posterior guidance.  The Rac-specific 

GEF domain of UNC-73 is known to activate Rac GTPases, which in turn mediates actin 

filament assembly by Arp2/3 by activating WAVE (Steven et al., 1998). I have shown 

previously that UNC-53 binds ABI-1 (Schmidt et al., 2009), a member of the WAVE 

complex which has been shown to mediate the actin nucleation activity of ARP2/3 

(Bompard and Caron, 2004, and Takenawa and Suetsugu, 2007). I predict that UNC-53 

may be a scaffold that coordinates upstream signals to ABI-1 and the actin cytoskeleton 

(Schmidt et al., 2009). Interestingly however, I found that it is the Rho-specific GEF 

domain of UNC-73 that may mediate UNC-53 activity, while the Rac-specific GEF 

domain appears to mediate VAB-8 activity. The duality of the UNC-73 Rac/Rho GEF 

raises the possibility that UNC-53 could be modulating actin cytoskeleton dynamics via 

both Rho and Rac signaling. UNC-53 may mediate actin cytoskeletal rearrangement 

through Rac activation of the WAVE/ABI-1 and ARP2/3 complex, while also functioning 

with the RhoGEF domain of UNC-73 to activate formins. daam-1 (Disheveled-

Associated Activator of Morphogenesis) encodes a C. elegans member of the 

diaphanous-related formins (Wu and Herman, 2006). Mammalian DAAM1 co-

immunoprecipitated with RhoA and Cdc42 in a GTP-dependent manner (Aspenstrom et 
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al., 2006). Diaphanous-related formins are autoinhibited until binding RhoA; upon 

binding, a newly exposed FH2 domain is able to catalyze actin nucleation (Aspenstrom 

et al., 2006). Furthermore, a pdaam-1::gfp transcriptional fusion showed expression of 

C. elegans DAAM-1 solely in the excretory canals in both larva and adults (Hunt-

Newbury et al., 2007). Thus it would be reasonable to test the formin DAAM-1 as a 

possible downstream target of the Rho-specific GEF UNC-73E and RHO-1 in the UNC-

53 cell-autonomous pathway for canal extension. 

 

TRIO is an UNC-73 human homologue that was isolated based on its ability to 

interact with the LAR receptor tyrosine phosphatase (Debant et al., 1996). In Drosophila, 

LAR homologues function in axon guidance (Kruger et al., 1996). The N-terminal UNC-

73 GEF domain specifically activates the Rac family GTPases CED-10 and MIG-2 in 

vitro (Steven et al., 1998; Wu et al., 2002; Kubiseski et al., 2003). C. elegans mig-2 

affects the migration of Q neuroblasts, HSN cells, and CAN cells as well as axon 

outgrowth and guidance. Activated alleles of mig-2 cause widespread cell and axon 

growth cone migration defects (Forrester and Garriga, 1997). Loss of function mig-2 

mutants; however, have only a few subtle cell migration defects. It may be that MIG-2 

acts redundantly with another Rac. UNC-73 acting as a RacGEF is predicted to increase 

activated Rac signalling, and thus increase stress fiber formation and lamellar 

protrusion. Mutations in VAB-8, UNC-73/Trio and MIG-2/Rho failed to suppress the 

misdirection defects of the ALM axon caused by expression of either UNC-40 or SAX-3, 

suggesting that they are all acting upstream of the receptors (Levy-Strumpf and Culotti, 

2007, Watari-Goshima et al., 2007). The above results are consistent with the model that 

VAB-8 localizes UNC-40 and SAX-3/Robo in the growth cone of the ALM axon through 

UNC-73 and MIG-2 (Levy-Strumpf and Culotti, 2007, Watari-Goshima et al., 2007). 

 

ced-10 encodes a GTPase orthologous to human RAC1 that is required for 

phagocytosis during programmed cell death and for migration of the distal tip cells of the 

somatic gonad (Zhou et al., 2001). rac-2 functions redundantly with mig-2 and ced-10 to 

regulate CAN and PDE axon pathfinding and CAN cell migration. Mutations in the GEF 
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unc-73/Trio enhance rac-2 defects in axon pathfinding and CAN cell migration, thus 

UNC-73/Trio is a likely candidate to act upstream of RAC-2 and positively regulate its 

GTPase activity in vivo (Lundquist et al., 2001; Struckhoff and Lundquist, 2003). It will be 

important to determine if MIG-2 functions together with VAB-8 and the RacGEF-specific 

isoforms of UNC-73 for the excretory canals. Investigation into the targets of the 

RacGEF and RhoGEF specific isoforms of UNC-73 will contribute to a better 

understanding of the mechanistic activity of these pathways. 

 

4.8. Upstream activators of UNC-53 remain 
undetermined 

Currently, it is unclear which upstream receptors and ligands might act with UNC-

53 and UNC-73 RhoGEF, or what cells present these potential guidance molecules. 

UNC-53 is known to interact genetically and physically with the SH2-SH3 adaptor protein 

SEM-5 (GRB-2), a mediator of EGL-15/FGFR signaling in sex myoblast migration in C. 

elegans (Chen et al., 1997; Stringham et al., 2002). However, although unc-53 and egl-

15/FGFR are both expressed in migrating sex myoblasts (Goodman et al., 2003), egl-15 

is not expressed in axons but instead regulates outgrowth through the underlying 

hypodermis on which they migrate (Bulow et al., 2004). Because UNC-53 is a 

cytoplasmic protein that functions cell autonomously, and because egl-15 is not 

expressed in the excretory canals, this suggests that it does not act directly downstream 

of EGL-15/FGFR signaling in neuronal cell migrations and extension of the excretory 

canals. In addition, UNC-53, UNC-71/ADAM and UNC-73/TRIO are thought to function 

in an EGL -17/FGF independent signaling pathway controlling sex myoblast migration 

(Chen et al., 1997) suggesting non-FGFR signaling is involved in the SM pathway and 

probably here as well. 

 

The UNC-53 human homologue NAV1 associates with microtubule plus-ends on 

developing neuronal growth cones and is required for netrin-induced directionality in 

pontine neurons (Martinez-Lopez et al., 2005). I hypothesized that UNC-53 may function 
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with the ligand UNC-6/Netrin, and its receptors UNC-40/DCC and UNC-5, however none 

of these proteins displayed defects in the extension of the anterior or posterior excretory 

canals by RNAi or null mutation (Figure 27). unc-5 and unc-40/DCC/Fra RNAi did not 

enhance unc-53 or vab-8 truncation, while unc-6/Netrin showed moderate enhancement 

of unc-53(n166) (Figure 27). It is possible that the role of these genes within the 

posterior migration of the EC is masked by redundancy, and it will be necessary to 

examine double and triple null mutant combinations together with molecules functioning 

in both the vab-8 and unc-53 genetic pathways. The unc-5 receptor shows expression 

within the excretory canals, but may only be required for the first part of the excretory 

canal migration which includes a dorsal outgrowth to the lateral midline (Hedgecock et 

al., 1987). Indeed, unc-5 and unc-71 are both necessary for the initial dorsal outgrowth, 

leading to ectopic ventral canals in each single null mutant (Ingele Roelens, PhD thesis, 

2003). Furthermore, a drastic enhancement is seen in unc-5; unc-71 double mutants, 

suggesting these genes function in separate pathways for this migration.  

 

npr-1, a predicted G-protein coupled neuropeptide receptor, and nhr-67, a 

nuclear hormone receptor, are both expressed in the EC, and would be worthwhile to 

investigate in the future. Because the C. elegans Wnt ligands and their Frizzled receptor 

appear to play a large role in AP migration, namely in the migration of the Q cells, and 

the PLM and ALM mechanosensory neurons, these molecules may be examined for a 

role in the AP outgrowth of the canals. Therefore the identity of ligands and receptors 

upstream of the UNC-53/UNC-71/UNC-73 pathway required for the longitudinal 

extension excretory canal migration remain elusive. 
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5. Conclusions 

Development of a multicellular organism is a precisely regulated process, 

requiring the synchronized interplay between several key signal transduction pathways. 

Investigation of how these signals are regulated is vital to the global understanding of 

normal development. Cell migration plays a crucial role in various aspects of 

development in both vertebrates and invertebrates. Consequently, understanding the 

factors that initiate, promote extension, and promote outgrowth continue to be highly 

studied. The ultimate aim of all migration and guidance research is to trace directional 

extracellular cues to the cellular receptors interpreting those cues and further on through 

the components by which this information is transduced to the cytoskeleton, which finally 

leads to the changes that alter the shape and movement of cells. The research 

described in this work intended to identify new players in the outgrowth of a specific cell, 

the excretory cell, and to explore the interaction between proteins known to be involved 

in its directional guidance.  

 

Studies suggest that cells and growth cones orient their growth along the 

dorsoventral and anteroposterior axis by following global guidance cues, such as UNC-

6/Netrin which guides migrations along the DV axis. By contrast, there are few obvious 

candidates for global guidance cues directing migrations along the AP axis. Only 

recently are we beginning to uncover molecules that may be global guidance cues 

functioning along the AP axis. Here I have taken a candidate gene approach for 

identifying additional components involved in the posterior extension guidance of the 

excretory canals. I initially conducted a candidate RNAi screen as this approach allowed 

for rapid screening through several genes chosen based on literature searches used to 

identify putative interactors of both unc-53 and vab-8. RNAi by feeding was performed 

for 20 putative interactors of unc-53 or vab-8 and the majority of the genes that were 

tested resulted in excretory canal truncation. Through subsequent genetic analysis of 
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double mutant strains and rescue experiments, I was able to separate these genes into 

two distinct pathways, one where the molecules are required within the excretory cell to 

regulate canal outgrowth, and a second pathway that functions outside of the excretory 

cell to control canal outgrowth.  

 

The cytoskeleton regulator UNC-53/NAV2 is required for both the anterior and 

posterior outgrowth of several neurons as well as that of the excretory cell (Stringham et 

al., 2002). The Abelson kinase interactor ABI-1 and UNC-53 display similar cell 

migration phenotypes in the excretory canals, and my studies show that proteins known 

to function with abi-1 in actin dynamics, including nck-1, wve-1, arx-2, arx-3, arx-5, and 

arx-7 exhibit similar excretory cell and neuronal outgrowth defects by RNAi. I propose 

that UNC-53/NAV2 acts as a scaffold that links ABI-1 to the ARP2/3 complex to regulate 

actin cytoskeleton remodeling.  

 

Genetic analysis of candidate interactors of UNC-53 suggests that UNC-53 

appears to function together with UNC-71/ADAM. The kinesin like motor VAB-8 is 

essential for most posteriorly directed migrations in Caenorhabditis elegans, however, 

unc-53; vab-8 double null mutants display an enhanced canal extension defect 

suggesting the genes act in separate pathways to control this posteriorly directed 

outgrowth. Genetic analysis of putative interactors of VAB-8 and cell specific rescue 

experiments suggest that VAB-8, SAX-3/ROBO, SLT-1/Slit and EVA-1 are functioning 

together in the outgrowth of the Interestingly, these distinct cell guidance pathways 

appear to be mediated by two isoforms of the Rac/Rho GEF UNC-73/TRIO, as isoform 

specific alleles exhibit enhancement of the phenotype in double mutant combination with 

either unc-53 or vab-8. Rescue experiments suggest a bipartite model for UNC-73/TRIO 

activity in excretory canal extension, where a cell autonomous pathway is mediated by 

the Rho specific GEF domain of the UNC-73E isoform in conjunction with UNC-53, 

UNC-71, and ABI-1, and a cell non-autonomous pathway is mediated by the Rac 

specific GEF domain of the UNC-73B isoform, through partnering with VAB-8 and the 

receptors SAX-3 and EVA-1.  
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This novel finding indicates that the outgrowth of a single cell can require both a 

cell autonomous and a cell non-autonomous signaling pathway, and furthermore, 

isoform specificity can allow a single gene to control both of these pathways. Taken 

together, my studies indicate that the migration of the excretory canals requires two or 

more signaling pathways, and the guidance cues involved are also essential migration 

molecules functioning to guide neuronal cells and axon growth cones. This study clearly 

shows that directional guidance is a process controlled by distinct but complementary 

pathways that interact in a conserved genetic network. Establishing gene order within 

these pathways requires additional experiments. The outcomes of epistasis analysis 

would allow us to order these molecules genetically. 

 

Examination of the anterior canals in unc-53; vab-8 double mutants revealed that 

they were severely shortened or even absent compared to wild type or either single 

mutant (Figure 23A-D). As vab-8(e1017) mutants have normal anterior canals, these 

results suggest that the presence of wild type unc-53 masks a previously unidentified 

anterior guidance function for vab-8, at least for the EC canals. Though further 

examination is required, these enhanced anterior defects suggest that there may be a 

role for the known posterior guidance molecule, vab-8, in anterior guidance which has 

not been reported previously. slt-1 single mutants displayed anterior canal defects, 

suggesting that early SLT-1 expression in the anterior end may act as an attractant 

functioning for the VAB-8 mediated anterior outgrowth of the canals. These findings 

imply VAB-8 and SLT-1 are required for an anterior extension. 

 

In addition, my studies suggest that conserved molecules functioning in DV 

migrations such as SAX-3/Robo, SLT-1/Slit, and EVA-1, are also playing a role in AP 

migrations. Conversely, there may be a role for UNC-53/NAVs and ABI-1 within DV 

migrations. UNC-53 is known to control several migrations along the AP axis (Stringham 

et al., 2002), however the observation that loss of abi-1 and unc-53 function disrupts the 

dorsal outgrowth of motoneuron commissures suggests that these genes may 
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participate together in dorsoventral guidance decisions as well (Schmidt et al., 2009). A 

role for the vertebrate homologs of UNC-53 in dorsal ventral guidance has also been 

reported. Mouse NAV1 is expressed in neurons that migrate along both the longitudinal 

and dorsoventral axes during development, and rat pontine neuronal explants are 

unable to respond to the Netrin 1 guidance cue when mouse NAV1 is knocked down by 

RNAi (Martinez-Lopez et al., 2005). The above examples show that conserved DV 

molecules may also function in AP migrations, and conversely known AP molecules may 

also function in DV migrations. This may partially explain how a small number of 

conserved guidance cues and receptors regulate many complex projection patterns. The 

finding that UNC-73 shows isoform-specific roles in two separate pathways to control 

outgrowth of the canals could also explain how a limited number of molecules regulate 

many trajectories. Furthermore, the same molecules responsible for outgrowth of the 

many neuronal processes are also required for different cell types, such as the excretory 

canals.  

 

UNC-53 and the NAVs are clearly important in coordinating cytoskeletal 

rearrangements, however it is still unclear why UNC-53 is only required for some 

longitudinal migrations in the worm and for only the second half of these migrations. It 

could be that as a migrating growth cone moves further from the machinery present in 

the cell body, coordination of actin filament assembly with microtubule capture becomes 

increasingly difficult, requiring a scaffolding molecule such as UNC-53 to assemble 

components in the correct place. A second possibility is that the NAVs may function 

through their ATPase activity to traffic required components along microtubules and/or 

actin filaments in the growth cone to promote membrane protrusion. In either case, 

UNC-53 evidently plays an important role in cytoskeletal dynamics, and identifying 

molecular partners functioning together with UNC-53 provides insights into cell 

rearrangements during migration and outgrowth. Given that multiple members of the 

neuronal navigator family exist in higher organisms, the existence of a sole C. elegans 

NAV protein, UNC-53, makes this a powerful model to study the role of NAV proteins in 

conserved signaling pathways. Furthermore, the molecular interactions studied here are 

likely to be relevant in other organisms, as the majority of these proteins are conserved 

in mammals.  



 

156 

6. Contributions 

As second author of the Development publication, The cell migration molecule 

UNC-53/NAV2 is linked to the ARP2/3 complex by ABI-1 (Schmidt, et al., 2009), I 

contributed equally to the data represented in Figure 13 and 14 (originally published as 

Figure 4A-H). I generated the data in Figure 15A-D (published as Figure 5A-D), and the 

data in Figure 16, 17, and Table 1 (published as 8 A-E, and Table 1). I imaged animals 

for the mentioned figures and contributed to building the figures together with K. 

Schmidt. In addition, I aided equally together with K. Schmidt in the microinjections to 

create transgenic rescuing lines of abi-1(tm494); ppgp-12::abi-1 and unc-53(n152); 

ppgp-12::unc-53L (Figure 14 - published as Figure 4H). I sequenced the unc-53 allele 

n166 (published as Figure 1B) and determined that defects in the posterior migrations of 

the excretory canals in unc-53(n166) animals were equally as strong as in heterozygous 

n166/mnDf87 worms (Figure 14 - published as Figure 4H).  

 

As first author of the Genetics publication, Distinct cell guidance pathways 

controlled by the Rac and Rho GEF domains of UNC-73/TRIO in Caenorhabditis 

elegans, (Marcus-Gueret, et al., 2012), I performed all of the experiments and 

contributed to all of the data, I constructed of all figures, and wrote the article together 

with E. Stringham. K. Schmidt and I equally contributed to the cloning of ppgp-12 into 

pPD95.77 and to the cloning of vab-8L into the pVA700 vector. D. Tu performed 

injections to obtain transgenic lines of VA415: dpy-5(e907)/dpy-5(e907); pmEx107 

[ppgp-12::VAB-8L::GFP + pCeh361].  

 

Figures 18, 24, 26, 28, 31,Table 2 and 3, within this thesis were not included 

within the two publications listed here. 
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Appendix A. Construction of strains containing ppgp-
12::gfp or pmec-4::gfp reporters 
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Appendix B. Construction of unc-53(n166) over the 
deficiency mnDf87 
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Appendix C. Construction of double mutants containing 
unc-53(n166) 
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Appendix D. Construction of double mutants containing 
vab-8(e1017) 
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Appendix E. Construction of double mutants containing 
one mutation on the X chromosome 
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Appendix F. Cross scheme for rescue using transgenic 
rescue strains 
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Appendix G. Primer sequences for pVA700 
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Appendix H. Sequence of pVA700 ppgp-12 insert 

Internal primers are underlined: 

 

AAGCTTGTGC TTGCAGTGAA CCAGAAACTT ATGAAAATTT GCCGGTATAG 

ATCAAACAAT CGTGATACTG ATGGGAAGGT ACAACAGAAT TTGCATTTCC 

TGTGATTATA TAAAACATTT TGGTTTTCAT GACCATTTCA AATAAATGAA 

GCTGCACTGT AACTGAAACA GAATAGCTCC ACAACTTCCA CAAATAAAAT 

TTTGCGGAAA AAATGGAAAC CATTCCCATG GTGCTAAAAT GATCAGATAT 

TATAATAAAA CTATTTAAAA AATTTAGACA TTTTTTATTT CAAGCCAAAA 

AGTAGTAAGA ACTCAGTTTT TACCTATTTT TAAAAGTCGT CGATAAAAAA 

AAACGTTTCC TTCCTGTGAT TTTTTATTTG TGTTCATTCA ACATGCGTTA 

CTTGTTGAAA ATGTTTTAAA GTGAAATTTG GTAGTGTTAG ACGCATATAA 

ATGGTTTTTT ATTAATTATT TTCTCACTGG CCCTAGTCGA CTTTCAATCA 

GGATCACAAT GGAAAAATGA AGGTATCGAA AAGTATCTTC ACACATTTTG 

TAATAGACTT GATGTTTTGA GCTTTAACAT TATTTGCTTA CAGTTTTAAA 

TCTATAGATA AAAATTACCA CAATTGTTTG AAAGATACTC AAAATTTTGT 

ATTTCTTGCC GGTGTTCTAT GAATTATTCA GTTCCGGCAT TTTCTAAAGT 

AATTGATTTG CTGTAAGTTA GCAATGTCGC TTTCTCAGCA ATTGTTCCAT 

TCATCATAAG CGTGCGAATA TAATTTTGTT TTCCATGATA TATCTACTTG 

ATCACGTGTA TTGAAAGAAG ACTGGTAAAC GACTACTATT TGGATGTTTG 

TGCCATTTTG AGCAGAACAG TGTGCATTTA ACTGACATAA AAATGAACTA 

TCATGATGGG AGGGATTTTC GTGAAGTAAA CTGGCAAGAA TAAATGCATG 

TTTCTTGTAA CAGTCGAAGT GAATTACGAA AATTATTGAT TTGACAAAAA 

ATCGTTGTGC AAAATTTCAT GGTTTTTGCT ACTGCTACAA TTCATATACA 

TCTATAGAAT TGACGTCTAA GATAACATTG ATAATAATCA CAAACATAGA 

TTAATTTAAT TTTTGAATGA ATCACCATCA CTTACTTAAA AACACTTTTA 

TCTTTAAAAA AAAAAGAGAA AAGAGAAAAC GTGTTATATT TTAAATTGCA 

GAGAGCAATG GCAATCGACC CTGTCCAATG GTCCCCTCGC GAGCTGCGGG 

ACTGTCCCGC AACCTCCCTT CGCGATCATA AAAAACACAG GGAGACCGAT 

TTTGCTCATT ACGCGCAGGG TGACTCATTT GTCATATGTA TGTAGACCGT 

TCGATAATTG CTTTAAAGAC GAGCCACCTC TTTTACCTGC CGCATTAATA 

TAATTGCACT TTTCAAATGC TACGGTAGTA TTGATCAATG TGTTCATAGA 

CCACTCATGA CATGTTACAG AATATTTGAT AATGGTAGAA GTAAGATGTA 

TAATCTCAGG AGATTTCTAT ATCATGATTC TCAAAAGAAA AAAAAACAAC 

TAGCACTAAA AATCTCTTGG GAGAAAACAC AGTATGAAAT GTCTAATTGA 

CCAATGCGTG AGATTCAGAG GAGGATATTT TAAATTAGTA AAAAATATCA 

TTGATATTTT GGGAAAGAAG CAGTAAATAG ATCGATAGAG TAGGTGTGTT 

GGAATTTTTC GGGTTTGAGC GGAAGGGAAC AAATTTCAAG ATGGACACTT 

GAGTACATTA AAAATTGAGA AATATCTGAA TTAAAATTTG AAAAAGTAAA 

TGCAGTGAAT GAAGCAGCAA AGCAAAATTT TTCAAATTTT TCACCACACA 

ATTGAAGGGT ATTCTGAGTT AGCTTTTACT TTTTATATGA AAAAATAGGG 

TTCTGGCATT GTTTTAAAAT ATTTTTTTTA CTCAAAAAGA GGAAAAAAAT 

TAGAAAATTG GAAAAATCTT ACTGCGAGTT GTCATTTTGG AAATTTCGAT 
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ATCAATTGCT GAAACATCTG CGAGTCTTAT TGCACTTTTG GACTTAGCCA 

AAATTCACTT ATAAAGTTGT AACAATACTG TTTGCAATAC ATTTCATCTT 

GAGGGAAATG ATATCATTGC AAAAATATTG ATACGTAATC GTCGGACAAA 

ATGAATGTCT ACATTTGTGG GGGTAAAATC GTAGTGATTT TAGCATTGAG 

TTAAAAACAT TCAGTTTCAG GAATGTTTCA GGAACATAAT TCGAAATTCC 

TATTAATATT TTCTTCAAAT TCAGACATAT AGAGTTCAGC GAGTCTAACT 

ATTCGATTTT TAATAACCAT GGTCAACTTT TATTATCAAC ATAAAATGTT 

GCGAACTTTT TTATCAGGTA GTAAATTGCT ATAACTTGCA GACCTAGTGA 

TGCTAGCTCA TTCTTATCAA TACAGTTTTT GTGATCATTG TGGTTGATGC 

ACTTAGCATG ATATCAATGT CTGTGCCAAT GTTATGCAAT TTTTCGCTAC 

CGATTTTTTT TTGTGATCAC CATGATTCCA AAATATAGAA ATAGGAGAAG 

GAGGTCGGAG AGAGCACGAA TCACAATTCT TGCGTGTCTT CCATTTTTTG 

GATCAACCTG TACAAAGGAT TTCCATACAT TATTCCCGCG TTTTTGGCAC 

CCAAATTCAT CACATTTGAA TATGTGTTTT GTGCGCAGTA ACTACTTTTT 

AAAGACAAAT GAAACCGGCG TATATTGCTC AGTAGTTGTT GATTCCAAGA 

CTCAATTTTC AAAGTTTTTT TTTCAAAATG TATTCGAAAT AATATAATAC 

TGCCTTCAAC ATTTTCAGAT TTTACATATC AACAGATATT CTTCTGAAAT 

AGGTTAAACA TC 
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Appendix I. Primer sequences for pVA705 
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Appendix J. Sequence of pVA705 VAB-8L insert 

Internal primers are underlined: 

 

TCTAGAATGG AGGCATGCAG CAGTAAGACC TCGCTGCTTC TTCATTCGCC 

GTTGCGAACG ATTCCGAAAC TTCGACTATG TGCCAGTATA AGCAGTGAAG 

ATGTTGCACA TGGTCGGTGC AGTCTCACTG ATCAACACTT GCAAATCGAA 

GGAAAGAACT ATTCGAAAAC GACATTTGAT CATATCTTTA GAACAGATGC 

TACACAGGAT GATATGTATA CGGCATTTCT ATCGGATACA ATAAATTCAG 

TATTCGCTGG AAATGATGCA ACAGTTTTAG CAATGGGAGC TAAAACTAAT 

GGAAAAGACG AACGTCTCTA CGGGAACAGC GTTTCAAGAA ACGGGTTGGT 

TCAAATGGCC ATCACTCAAT TAATGAATGC CCTTGATGAT AACAAAGATT 

CGGAAGAACG AATACAAGTT CGAATGTCTG CAATTATGGT GTCACAAAAT 

GAATCTTCAA TAGTCGATTT GTTAAGTCCA TTCAATCCAG ATCCACGTCA 

CCGAGTGGTT AAAATAGTGG ATGATGCTCG AACAGGAGTA TTTATCGATA 

ATGAGAGTGA AATTCGTGTC GAGACCATTG ATCAGGCATT ATTTTATTTG 

AATACTGCAG TGGATCATCG AATGATTCAA GACGAGCATA CCCATCGAAC 

AAGCCACGTG TTCATATCAC TAAGCTTGTA TTCGTATAAA ATGGGTGACA 

AAATGCAAGG AGGACGTCGT CGACTTTGTT TCTTGGATAT GGGAATTGGT 

GAGAGAAATT CAACAAATGG AGGAATGACA ATGCCAGCAT TAGGGAGTAT 

TCTTTTGGCA ATGGTTCAAA GAAATAAACA TATTCCATCA AGGGACTCGT 

CAGTGTGTCA ACTCATCCGA TGTGCATTGA GTACGTCAAG ATTCACGACG 

TTCGTTTTTT CATTTGGTGC CAAGAGTGAC GATAACGAGA ACATTGCACA 

TTTGGCTTGT AAAATCGCAA GGACTCGAGC AAAGAGTATG GTTGGACATG 

GAAGGAAGTC ATCAGGGACA ATGTCAACTG GAACAATGGA ATCAAATTCT 

TCATCATGTG GAACAACTAC AATCACACCG GGAGGCACTC CTAGAACACA 

ACGAAGATTT GAATTAGAAT CCGGATCAGA GCTAAGTGCA GCTGAAACTG 

TGATATTCTT GGGTCCGAAT TCCTCAAGAA CAGCATCACC AGCTTCCACA 

ACAATGCCAT TTACACCTAC ATCGATACGA CCTCTTCATC GAACGACACG 

AAATCACAGC GGAGTCGAGG CGTTGAGCAA GCCGTTGAGT GTTGAGACAA 

AGAGCTCTCC AACACACAAC TGCCACGACG GTTGTATTCA TTCAATCCCT 

CCCATGCTCC GTGGACACAC GCCATTCCTC TCTGCATCAC TGAAACTGTA 

CGACGAGTTG TGCTCTCCGC CAAGTTCATC TCGAGCATCT CCAGCTCCTC 

CAGCAGCGTT CGGTGGTAAA ACTTCAGAGA AACGCGAAGA CTTTGGTATC 

ATGATTGCCC AACCAAGTAT TCCTCTAATG AAAGCTAAAT CTAAGTATAA 

CTTGGACGAT GGTAAAATGA AACAAATAAT GCAATGGATG GAAACATCAG 

AAGCACCTCC GATCCTCTTT TCATCTCCTT GCTATGAGAA TTCAGCCACA 

AGTGTTGAAG AACTCCGTGA ATGTGTTGGA ATTCTTTCTC ATCCTTTAGA 

AGATATTATT GAACAGGAAG AAGAATCAAT GCGAACTTCA ACAGCAACAA 

CAGGCGGGTC TAAAAAAGAT CATCCTCTTC GAATTTTGAG CAAACAGGAT 

CTAAACGTAG AACCAGAGAT AAAAGATAAA CAAGAAGAAA ACGAACTGGA 

ACTCGTGATG GCTGCTTCTC TATCTTCAAT GCGTTCTCAT GATATTCTAG 

CAAAGTTGGA AGCGATGCGA AACGCCCAAA ATGGAAACTC TGTTCAAAAT 
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ATTGGAAATT CTCAATCAAA TACTGATATG GATGTTTCTG AAATGGATGT 

TTACCGGAGA GCAAGCCATT TGGAAGAATA TGCAATGCAA AGAGTTCGAG 

AAATTGAGGA AAATAAATTG AAGAATAAGA AGAAAATTAA ATTAGGATTG 

AACTGTTGTC AGCAGCAAAG CATGATTTCA TCGGGCAGTA CTGTTGTTGA 

TTGGAGCCAA ATTGAACGAA AAAAAGAAAA AGAGCGAGAA GTTCATGAAG 

AAGAAATGCG AAAAGAAATG TTAAGAGAAC GGCGAGCGAA ACTAAAAATC 

ACCGAACTTG AAATCAAACG AGAACGTAAT TTAATTGACA AAGAACTTGA 

TGATAAAAAG GGAATTGCCA ATTCAATTGC ACGTCAACTC CAACACTTCT 

CTCTATCACC ATGTCGTGGA GGACGTACTC ATCGATCAGT GTCCACACAT 

CGAATTGATC CACCAAATGC TTCTCTTCCT TCTACTCCAA CTATGTCACA 

TAAAAAGGTT ATCGGAGGAA GTTTAGCTAA ACTCTCAGCG TCAGGAGCAT 

CTGGATCTAC TGGAGCTCCA CCATCTCCTG CTCTTGGGTA CCATCAGAGC 

TTACCAAGAC ACTCGAAACT TCCAACATCA GTCAATGGGC GACGTGCTTC 

TGCAGAAAGA GAAAGAAAAT CAAATAAGGC CTCAAGAAAT TCCTGTTCCA 

AAGAAAGAAA GATCAGTGGA AGTAAAGAAG AACTCCAATG GAGAAGTCCT 

TATGCTCAAA TGACGTCACC GAAATCATAT GGTGGACCTG GTACCTCATC 

ATCAGGAAGA GGGTCTAGTG CCCCTGGCTC TGATTTTGAA ACTCCAGTGG 

TTTCTACAAC TGAAAAATCT GCAAATGGAA CAATTCCGAG ATCGAAGAGA 

CAAAGCTATT CGGCTTCATC TGGATACGAG TCAGCAAATG ATTATCATAT 

TTATTCAACG ACAAACAAGA AACCTCACAT TCTTGACAAA AAACGAAACG 

AAGAAAAACT TTCACTTGTA CGGCAGGCCG ATGAGATTCG TCATCGACAG 

TGGCAACTGA AAAAAGAACT CGAAGAAGCG AAAAGAGCTA TTGGACAGGA 

AGATGATGCA AAAATGATCG CGAATTCAAG TGACCAGAGA CTAAACGGGT 

TAAGTCGAAC GACAATGATT GATGCGATGC TTCAAGAAAA TCGAATTCTT 

GAGAAGCGGC TAGTTGCATG TCGAAATCAT TCAATGCTGG TTACCACTTT 

CATTATCCCG GG 
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Appendix K. Primers used to confirm the sequence of 
pVA705 
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Appendix L. Primers used for UNC-53 yeast two hybrid 
constructs 
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Appendix M. Primers used for sequencing unc-53(n166) 
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Appendix N. Sequence data for unc-53(n166) 

 

The top DNA sequence (labelled A)  in black is wild type (F45E10.1) and the bottom 

sequence in blue is from unc-53(n166) homozygous mutants. The C to T transition in 

exon 19 is marked with an underline, and results in a glutamine (CAA) becoming a 

premature ochre stop codon (TAA) at amino acid 950, creating a truncated product of 

949 amino acids. The amino acid sequence is labelled B. The glutamine (Q) to stop 

codon (marked with an asterisk) transition is shown in the amino acid sequence. The top 

sequence in black is wild type (F45E10.1) and the bottom sequence in blue is from unc-

53(n166) homozygous mutants.  
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Appendix O. Additional molecules tested for function in 
posterior canal outgrowth 

 

 

The cell and axon migration molecule mig-10 exhibited defects in the canals by RNAi, which is 
consistent with data showing mutations in mig-10 affect outgrowth of the canals, and cell 
autonomous expression of MIG-10 isoforms can rescue the canal outgrowth defects seen in mig-
10 mutants (Eve Stringham and Elizabeth Ryder, personal communication). ceh-17 encodes a 
phox-2-like homeodomain protein that is required for anteroposterior axonal growth of the ALA 
and SIA neurons, however this gene did not affect the anteroposterior migration of the excretory 
canals.  

 

 


