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Abstract 
 

Basement membranes are dense, sheet-like extracellular matrix structures 

that surround the epithelial tissues of metazoan organisms.  While these 

structures are critical for epithelial support and tissue organization, basement 

membranes also pose formidable barriers to most cells.  However, certain 

specialized cells are able to breach these barriers and move between tissues.  

Acquisition of cell invasive behavior by some tumor cells is thought be an 

important step in cancer progression.  Due to the clear basic and clinical 

importance of understanding the mechanisms underlying cell invasion through 

basement membranes, cell invasive behaviors has been an area of intense study.  

In this work I examine a developmentally regulated model of cell invasive 

behavior in the nematode worm, C. elegans.  In this system a single proto-

epithelial cell remodels basement membrane to connect two epithelial tissues, the 

uterus and vulva.  Previous work identified two critical elements that control 

cell-invasive behavior in this system: a transcriptional program regulated by the 

transcription factor FOS-1A and a chemotactic response stimulated by an 

unidentified cue from the vulval cells.  Herein, I identify a novel role for UNC-

6/Netrin signaling during this process. I show that UNC-6/Netrin signaling is a 

third regulatory input for AC invasion that functions partially in parallel to FOS-
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1 and the vulval signal.  Further I link netrin signaling to the formation of 

invasive protrusions that penetrate basement membrane.    
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1. Introduction to cell-invasive behavior and the anchor 
cell (AC) invasion model. 
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1.1 Basement membrane form and function 

Basement membranes surround the epithelia of metazoan organisms.  

While basement membranes form an adhesive substrate for epithelial cells and 

nurture cellular interactions by concentrating extracellular signaling molecules, 

these structure salso play an important role as barriers, preventing inappropriate 

cell migration between tissues (Huang et al., 2003; Kalluri, 2003). In vertebrates, 

mature basement membranes are made up of at least 50 different constituents 

though collagens (largely type IV collagen) and laminins comprise about 50 

percent of all basement membrane protein and are thought to be most important 

for basement membrane assembly and structure (Kalluri, 2003; LeBleu et al., 

2007).  Consistent with this idea, both purified laminin and type IV collagen 

auto-assemble into sheet-like structures in vitro, whereas other basement 

membrane-associated proteins such as nidogen, perlecan or secreted protein 

acidic and rich in cystein (SPARC) require laminin and collagen networks for 

recruitment into basal laminae (Yurchenco et al., 2002).   

Formation of basement membrane during development is thought to 

begin with assembly of an extracellular laminin scaffold (Kalluri, 2003).  This 

model is supported by genetic studies of basement membrane formation in C. 

elegans, where laminin is deposited before type IV collagen during embryonic 

development, and mice, where type IV collagen mutations do not perturb early 
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assembly of laminin into basement membrane (Guo et al., 1991; Huang et al., 

2003; Kao et al., 2006; Poschl et al., 2004). Laminins are secreted as heterotrimers 

composed of α, β and γ polypeptides that are assembled intracellularly into 

“cruciforms” (Durbeej, 2010). Laminin α, β and γ polypeptides are encoded by 

multiple genes in vertebrates and thus numerous laminin isoforms are 

theoretically possible, at least 12 of which have been detected in vivo.  While 

experimental evidence has demonstrated a diversity in the biochemical 

properties and tissue distribution of laminin isoforms, the functional significance 

of this diversity for development or physiology is still poorly understood 

(Yurchenco et al., 2002).  
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Figure 1.1: AC invasion in C. elegans mediates basement membrane removal 

(a) Prior to invasion, the anchor cell (AC, green) is situated over the 1° VPCs (white 
bracket) and is separated from the developing vulval tissue by two basement 

membranes (white arrowhead, marked by LAM-1::mCherry in magenta) surrounding 
the hypodermis and gonad, respectively.  (b) During the third larval stage, the AC 

removes a portion the basement membranes separating the uterus and vulva, making 
direct contact with the 1° VPCs.  Scale bar in (a) is 5 microns. 
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Mature laminin heterotrimers accumulate on cells expressing laminin 

receptors such as β1 integrins or dystroglycan and these molecules are critical for 

laminin deposition in the extracellular space (Aumailley et al., 2000).  

Polymerization of the laminin network is thought involve non-covalent linkage 

between globlular domains at the extreme N-termini of the short arms of the 

laminin cruciforms (Durbeej, 2010).  Collagens are secreted as protomers 

composed of three α chains that are tightly wound around one another into a 

triple helical structure (Myllyharju and Kivirikko, 2004).  Early assembly of 

collagen protomers occurs within the secretory system along with extensive post-

translational modification (Myllyharju and Kivirikko, 2004).   In the extracellular 

space, type IV collagen molecules polymerize and are bound together by 

intermolecular crosslinks catalyzed by secreted oxidases such as Lysyl oxidase 1 

(LOX1) in vertebrates (Robins, 2007). 
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Figure 1.2: The AC has limited epithelial polarity 

The AC is a nascent epithelial cell and establishes limited epithelial polarity prior to 
invasion, notably PAR-3 (a) decorates the apical and lateral membrane of the AC (white 

arrowheads) prior to invasion. (b) The AC (magenta) also forms spot apical junctions 
containing AJM-1 (green) at contact points with neighboring uterine cells.  Scale bar in 

(a) is 5 microns. 
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While laminin and type IV collagen form the basis for basement 

membrane structural integrity, some basement membrane associated proteins 

such as nidogen and perlecan are thought to contribute to basement membrane 

stability by simultaneously binding to laminin and collagen molecules and 

linking the two networks together (Kalluri, 2003).  This “matrix bridging” 

function may not be essential for viability in all cases as both nid-1/nidogen and 

unc-52/perlecan mutants are viable in C. elegans, whereas null mutations in C. 

elegans type IV collagen chains or laminin subunits that disrupt basement 

membrane assembly are lethal at an early stage (Guo et al., 1991; Huang et al., 

2003; Kang and Kramer, 2000; Kao et al., 2006; Rogalski et al., 1993).  

1.2 Cell invasion through basement membrane by invasive cells. 

Fully assembled, mature basement membranes are extremely dense 

structures with an average pore size on the order of 50 nm2 (Huang et al., 2003; 

Rowe and Weiss, 2008).  Inter-molecular crosslinks between type IV collagen 

protomers coupled with the small pore size of basement membranes are thought 

to preclude simple mechanical disruption of basement membranes by migrating 

cells (Kleinman and Martin, 2005). Despite the structural barrier posed by 

basement membranes, certain specialized cells are able to cross these barriers 

during development and in disease states.  It thought that such specialized 

invasive cells manifest specific strategies or cell invasive behaviors in order to 
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penetrate basement membrane and move between tissues (Rowe and Weiss, 

2008).  In spite of intense research interest, much remains unclear surrounding 

the basic mechanisms underlying cell-invasive behaviors. In part this is due to 

the difficulty of detecting cell invasion events in the complex cellular milieu of 

living tissues (Rowe and Weiss, 2008).   

Due to the difficulty of capturing and analyzing cell invasion in vivo, the 

majority of studies examining cell invasive behavior have relied on ex situ culture 

strategies based on transformed mammalian cancer cell lines and various 

artificial extracellular matrix (ECM) preparations such as Matrigel (BD 

Biosciences, Franklin Lakes, NJ) (Kleinman and Martin, 2005).  Current models 

based upon such studies posit a central role for matrix-degrading proteases, 

particularly a family of zinc-dependent proteases termed matrix 

metalloproteinases (MMPs) identified in the 1960s on the basis of their 

biochemical activity, having the capacity to cleave extracellular matrix proteins 

in vitro (Birkedal-Hansen, 1995a; Birkedal-Hansen, 1995b; Poincloux et al., 2009).  

The MMP family is composed of greater than 20 proteins in mice and humans 

and includes both secreted and membrane tethered forms.  MMPs are also 

encoded by the genomes of both C. elegans and Drosophila melanogaster, where 

gene expression studies or experimental evidence have linked them to 

extracellular matrix remodeling events in vivo (Srivastava et al., 2007).  Some 

recent evidence has suggested that membrane tethered MMPs may be most 
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relevant for basement membrane remodeling by some invasive cancer cells, 

though whether secreted forms may contribute to basement membrane removal 

by invasive cells in some contexts has not been ruled out (Chun et al., 2006; 

Filippov et al., 2005; Hotary et al., 2006; Zhai et al., 2005).  

Control of basement membrane remodeling by MMPs or other active 

cellular processes within invasive cells is poorly understood.  In invasive 

carcinoma cells, matrix remodeling activities appear to be concentrated into focal 

actin-rich structures, termed invadapodia or invadasomes, that are regulated by 

the Src-family tyrosine kinases as well as integrin activity (Destaing et al., 2011).  

Other extracellular signaling pathways, including the receptor tyrosine kinase 

and chemokine signaling cascades, can impinge upon invadasome formation in 

cultured cells, linking cell-invasive behavior to extracellular control (Smith-

Pearson et al., 2010; Yamaguchi et al., 2005).  While invadasomes per se have 

never been documented on invasive cells in vivo, these structures may be 

functionally related to podosomes found on osteoclasts, macrophages or 

endothelial cells (Gimona et al., 2008). 
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Figure 1.3: F-actin is polarized to the invasive domain of the AC prior to 
invasion 

The AC’s invasive membrane may be specialized for invasion as F-actin (marked by a 
fluorescent probe containing the Drosophila moesin actin binding domain (moeABD) 

linked to mCherry accumulates along the basal surface (white arrowheads) of the AC (a) 
but not in the dorsal and ventral uterine cells (b).  Scale bar in (a) is 5 microns. 
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1.3 Anchor cell invasion is a developmentally regulated model of 
cell-invasive behavior in C. elegans. 

 To complement and extend in vitro models of cell-invasive behavior our 

laboratory has developed a model of cell-invasive behavior in the nematode 

worm, C. elegans (Hagedorn and Sherwood, 2011; Sherwood, 2006; Ziel and 

Sherwood, 2010).  In the worm, connection of the uterus and vulva during 

development is essential for establishing a passageway for fertilized eggs to the 

external environment (Sharma-Kishore et al., 1999).  Uterine-vulval connection is 

initiated by a single proto-epithelial uterine cell known as the anchor cell (AC) 

during the third larval (L3) stage (Sherwood and Sternberg, 2003b).  The AC sits 

in the center of the somatic gonad amongst the dorsal and ventral uterine cells 

and is known to be an important organizer for both uterine and vulval tissues 

(Wang and Sternberg, 2001).  In addition to patterning the uterus and vulva, the 

AC is a professionally invasive cell, which during the third larval (L3) stage 

removes a portion of the two basement membranes separating the uterus and 

vulva (figure 1.1 a & b, page 4) (Sherwood, 2006; Sherwood and Sternberg, 

2003b).  AC invasion occurs at a stereotyped developmental time in wild-type 

animals and thus is ideal for genetic identification of even subtle regulators of 

cell-invasive behavior. Moreover, a variety of “plate-level” phenotypes, (e.g. 

protruding vulva (Pvl), everted vulva (Evl) and egg-laying defects (Egl)) can 

indicate defects in uterine-vulval connection or AC invasion, greatly facilitating 
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the use of forward-genetic approaches in dissecting of this morphogenetic event 

(Matus et al., 2010). 

1.4 Cellular characteristics of the AC prior to invasion. 

At the time of AC invasion, uterine cells and the AC are components of a 

maturing epithelium (Newman and Sternberg, 1996).  Though this tissue lacks a 

lumen, nascent spot junctions form at apical contact points between the dorsal 

and ventral uterine cells.  The AC also forms similar epithelial junctions with 

neighboring cells (see figure 1.2 a, page 6).  These junctions are maintained 

throughout the invasion process, an interesting point given the inverse 

relationship between cell-cell adhesion and cell-invasive behavior often observed 

in other contexts (Voulgari and Pintzas, 2009; Ziel et al., 2009).  Epithelial polarity 

in the AC is also evident in the localization pattern of PAR-3, which decorates the 

apicolateral membrane of the AC and uterine cells but not the basal region 

contacting basement membrane (see figure 1.2 b, page 6).  The basal or 

“invasive” membrane of the AC also has distinct characteristics that may reflect 

specialization for invasion (Sherwood, 2006).  Most notably, the actin 

cytoskeleton is highly oriented within the AC, concentrating specifically along 

the invasive cortex prior to the time of normal invasion.   Concentration of F-

actin elements at this site appears to be specific to AC amongst uterine cells, as 

similar basal enrichment is not observed in the dorsal and ventral uterine cells 

(figure 1.3 a & b, page 10).  
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Figure 1.4: Uterine-vulval connection is perturbed in unc-6(ev400) mutants 

AC invasion is important for establishing normal uterine-vulval connection. (a) AC 
invasion and uterine-vulval connection have occurred normally in this L4 stage worm: 
note the open dorsal lumen of the vulva, marked by yellow arrowheads.  Here the AC 
has completed invasion and fused with the neighboring uterine cells to form laminar 

process covering the vulval lumen (b) Example of defective uterine-vulval connection in 
an unc-6(ev400) null mutant.  Note the unfused AC (white arrow) and the closed dorsal 

lumen of the vulva (yellow arrowheads).  This defect will block the passage of eggs 
causing an Egl (egg-laying defective) or Pvl (protruding vulva) phenotype. 
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1.5 Regulatory inputs for AC invasion 

Much remains to be learnt regarding the regulation of AC invasion, but 

two aspects of this process have been partially deciphered.  First, AC invasion 

depends upon the C. elegans orthologue of the human Fos transcription factors, 

FOS-1A (Sherwood et al., 2005).  Second, AC invasion is coordinated with 

development of the vulval epithelium, and hinges upon a secreted chemotactic 

cue produced by the central primary-fated vulval cells (Sherwood and Sternberg, 

2003b).  While the molecular identity of the primary vulval cue is unknown, at 

least some FOS-1A targets have been identified and include a MMP, ZMP-1, a 

fat-like proto-cadherin, CDH-3, the secreted extracellular matrix component 

HIM-4 (hemicentin) as well as another transcription factor, EGL-43 (Matus et al., 

2010; Rimann and Hajnal, 2007; Sherwood et al., 2005). 

Though the vulval cue and FOS-1a pathways intersect at the time of 

invasion, they appear to function independently: animals lacking FOS-1A can 

respond to the vulval cells and FOS-1A target genes are expressed in vulvaless 

animals (Sherwood et al., 2005; Sherwood and Sternberg, 2003b).  Why basement 

membrane removal requires a chemotactic response is unclear, though the data 

are consistent with in vitro observations that matrix degrading activities are 

packaged into invasive structures that are under extracellular control.  Deeper 

understanding of the nature of the vulval cue and its regulation of AC invasive 
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behaviors awaits identification of the ligand, receptor or signaling components 

associated with this signal. 

1.6 A novel role for UNC-6/Netrin signaling during cell invasion. 

In a candidate screen for potential regulators or mediators of the vulval 

cue, we identified a role for Netrin signaling during AC invasion and uterine 

vulval connection (figure 1.4 a & b, page 13).  In contrast to the FOS-1A and 

Vulval Cue pathways, which are both nearly essential for AC invasion, most 

UNC-6/Netrin mutants eventually invade through the basement membrane in a 

delayed manner (see table 2.1, page 29) (Sherwood et al., 2005; Sherwood and 

Sternberg, 2003b).  Thus, UNC-6/Netrin is either a partially redundant signal for 

invasion or promotes specific cellular behaviors that are important but not 

essential for the invasion process.   

The first mutations affecting genes in the Netrin pathway were identified 

through their Uncoordinated (Unc) loss-of-function phenotype in the worm 

(Brenner, 1974). Loss-of-function mutations in unc-6 resulted in a failure of 

axonal growth cones to follow their normal dorsal and ventral migratory paths 

during development. A similar spectrum of growth cone migration defects were 

observed in the sum of the phenotypes caused by mutations in two other genes, 

unc-40 and unc-5 (Hedgecock et al., 1990). Cloning of these genes in C. elegans 

along with genetic and biochemical characterization of counterparts in Drosophila 

and vertebrates revealed the UNC-6 protein to be the C. elegans orthologue of 
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Netrin ligands (Harris et al., 1996; Ishii et al., 1992; Mitchell et al., 1996; Serafini et 

al., 1994). In turn, UNC-40 and UNC-5 were found to be members of two distinct 

classes of single-pass transmembrane receptors for Netrin ligands (Chan et al., 

1996; Keino-Masu et al., 1996; Kolodziej et al., 1996; Leung-Hagesteijn et al., 

1992). Recent work in Drosophila and in vertebrates has shown that some 

members of the Down Syndrome Cell Adhesion Molecule (DSCAM) family of 

cell-surface proteins are able to function as Netrin receptors (Andrews et al., 

2008; Ly et al., 2008). However, the C. elegans genome does not encode a clear 

DSCAM orthologue, suggesting that C. elegans has lost this component of Netrin 

signaling (Vogel et al., 2003). 

All netrins are members of the laminin superfamily and are homologous 

to globular domains found at the N-termini of short arms in the laminin 

cruciform (Yurchenco and Wadsworth, 2004).  Perhaps due to this homology, 

netrin ligands are often stabilized within basement membranes as well as upon 

the surfaces of some cells (Yurchenco and Wadsworth, 2004).  UNC-6/Netrin is 

secreted by various cell types during C. elegans development and binds to UNC-5 

and UNC-40/DCC receptors presented at the membrane of migrating cells or 

growth cones.  Netrin ligands interact with their receptors through 

immunoglobulin or fibronectin type III domains in the extracellular domains of 

UNC-5 and UNC-40/DCC family proteins, respectively (figure 1.5, page 17).    
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              Figure 1.5: Schematic of UNC-6/Netrin signaling pathways 

Netrins have been proposed to bind to their receptors through fibronectin 
repeats in UNC-40/DCC family receptors and an immunoglobulin domain in UNC-5 

family receptors (Geisbrecht et al., 2003; Kruger et al., 2004).  Ligand binding promotes  
dimerization or multimerization of UNC-40/DCC family receptors, which may be 

dependent upon the P3 domain (Stein and Tessier-Lavigne, 2001).  Ligand binding also 
can trigger association between UNC-40/DCC receptors and UNC-5 receptors through a 

small region on the intracellular domain of UNC-5 and the P1 domain within UNC-
40/DCC (Hong et al., 1999).  Genetic studies link UNC-5 to signaling through Src family 

kinases, and particularly SRC-1 in C. elegans  (Lee et al., 2005).  In C. elegans signaling 
downstream of P1 and P2 are linked with UNC-34/Ena and Rac activity respectively, 

though the P2 domain is not highly conserved in the worm (Gitai et al., 2003).  
Signaling through the P3 domain in C. elegans remains unclear, though this domain 

contains a conserved LD motif (Li et al., 2004). 
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Cellular responses to Netrin ligands depend upon the combination of 

netrin receptors expressed by responding cells.  In neurons, expression of DCC 

alone mediates attraction towards sources of Netrin, whereas Unc5 expression or 

co-expression of Unc5 and DCC triggers growth cone collapse and axon 

repulsion (Round and Stein, 2007).  Activation of netrin signaling by application 

of ligand can cause receptor multimerization and increase receptor presentation 

at the plasma membrane (Bouchard et al., 2004; Stein et al., 2001). 

 
In C. elegans, signaling downstream of UNC-5 receptors is important for 

many dorsal cell and axon migrations (Hedgecock et al., 1990; Hedgecock et al., 

1987).  In vertebrates, Unc5 activity is thought to depend upon hetero-

dimerization between DCC and Unc5 receptors (Hong et al., 1999).  In the worm, 

while UNC-40/DCC activity appears to be important for optimal dorsal 

guidance, genetic results indicate that UNC-5 retains significant function even in 

unc-40/DCC null mutants.  While the complete UNC-5 signaling cascade has not 

been elucidated, Src-kinase activity has been implicated downstream of the 

receptor in both worms and vertebrate models (Lee et al., 2005; Li et al., 2006). In 

contrast to UNC-5, UNC-40/DCC plays a critical role in almost all ventrally 

directed cell or axon migrations, often acting in concert with SAX-3/Robo 

mediated repulsion to ensure appropriate ventral guidance (Gitai et al., 2003; 

Hedgecock et al., 1990; Hedgecock et al., 1987).  Experiments conducted using a 

gain-of-function genetic assay in C. elegans are consistent with a multi-modal 
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signaling mechanism downstream of UNC-40/DCC mediated by three weakly 

conserved domains (referred to as P1, 2 and 3) on the cytoplasmic tail of the 

receptor (figure 1.5, page 17).  In the worm, signaling through the P1 domain in 

neurons is mediated by UNC-34, the C. elegans Ena/VASP ortholog (Gitai et al., 

2003). This actin regulatory protein is thought to promote filopodium formation 

and prevent the capping of microfilaments (Krause et al., 2003). While the P2 

domain does not appear to be highly conserved in C. elegans at the level of 

primary amino acid sequence, the corresponding region of UNC-40/DCC is 

important for signaling in neurons (Cebria and Newmark, 2005; Gitai et al., 

2003). The activity of this region depends on CED-10/Rac and a downstream 

effector UNC-115/AbLIM (Gitai et al., 2003).  Importantly, multiple studies 

indicate that despite apparent differences in the relevant cellular behaviors (axon 

guidance versus synapotgenesis or muscle arm extension), Netrin signaling may 

utilize a fairly similar subset of core genetic effectors in each case (Alexander et 

al., 2009; Gitai et al., 2003; Ziel et al., 2009).  Thus the critical question becomes 

identifying how Netrin signaling regulates cellular behavior and sub-cellular 

structures in various contexts.   

1.7 Conclusion 

In this dissertation, I explore the role of UNC-6/Netrin signaling during 

AC invasion in C. elegans.  Chapter 2 characterizes the AC invasion defects found 

the genetics and site-of-action of UNC-6 and UNC-40 during AC invasion. I 



 

 
20 

show that UNC-6 is a third pathway important for regulating AC invasion, being 

secreted by the ventral cord neurons. Chapter 3 delves into the cell biology of 

UNC-6/Netrin signaling during AC invasion, and we show an important 

connection between UNC-6/Netrin signaling and regulation of the F-actin 

cytoskeleton.  I identify the F-actin element particularly dependent upon UNC-

6/Netrin signaling as the invasive protrusion generated by the AC during 

invasion.  Finally I show that UNC-6/netrin signaling is not simply required 

prior to invasion, but likely play roles during breach expansion. Chapter 4 is an 

expression screen for regulators of Rho GTPase signaling.  Rho GTPases are 

involved in Netrin signaling in the AC but have been difficult to study due to 

their genetic redundancy and the severe pleiotropic phenotypes seen in double 

mutant combinations.  I identify several guanine nucleotide exchange factors 

(RhoGEFs) for Rho family members that are expressed during AC invasion and 

gonadogenesis. Further, I identify prospective function for some of these 

regulators during the invasion process. Chapter 5 discusses avenues for further 

work on UNC-6/Netrin signaling that may be fruitful for deciphering the role of 

this pathway in regulation cell-invasive behavior. 



 

 

 
21 

 
 

 

 

 

 

 

 

 

2. UNC-6/Netrin signaling through UNC-40/DCC 
promotes anchor cell invasion in C. elegans. 
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2.1 Introduction 

AC invasion is controlled by two regulatory inputs that are nearly 

essential. First, the FOS-1A transcription factor controls the expression of genes 

in the AC that mediate basement membrane remodeling (Sherwood et al., 2005).  

Although required for invasion, FOS-1A activity is not sufficient for AC invasion. 

Breaching the basement membrane also depends upon a signal from the 

primary-fated vulval cells (1° VPCs) that activates a chemotactic program 

stimulating invasive processes from the AC’s basal membrane (Sherwood and 

Sternberg, 2003b).  While the functions of these two pathways may be inter-

related, they are to some extent functionally independent:  FOS-1A target gene 

expression does not require the 1° VPCs and chemotactic responses to mis-

localized 1° VPCs cells occurs in fos-1a null mutants (Sherwood et al., 2005; 

Sherwood and Sternberg, 2003b).  While some of the transcriptional targets of 

FOS-1A have been identified, almost nothing is known about the molecular 

details underpinning the chemotactic response (Matus et al., 2010; Rimann and 

Hajnal, 2007).  In this chapter, I discuss a role for the UNC-6/netrin signaling 

pathway during AC invasion identified during the search for the as yet elusive 

vulval signal.   While netrin ligands are established regulators of cell migration 

and guidance, I show that UNC-6/netrin is not the vulval signal, but rather 
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comprises a third regulatory input secreted by ventral cord neurons to promote 

AC invasion.  

2.2 Results 

2.2.1 Identification of UNC-6/Netrin as a regulator of AC invasion. 

To identify signaling pathways that promote basement membrane 

invasion and may be involved in transducing the vulval chemotactic cue, AC 

invasion was examined in C. elegans strains with mutations in genes important 

for cellular motility.  In this candidate screen it was found that animals harboring 

mutations in the guidance factor unc-6/netrin had strong defects in AC invasion.  

The netrin signaling pathway regulates numerous developmental events 

involving migrations through basement membrane, however, a direct role for 

netrin in regulating cell-invasive behavior has not been demonstrated (Baker et 

al., 2006). Examination of animals at the mid-to-late L3 stage (P6.p 4-cell) 

revealed that the AC failed to invade in unc-6(ev400) mutants and only 

approximately half completed a delayed invasion by the L4 stage (figure 2.1 a & 

b, page 25; table 2.1, page 28).   The UNC-6/netrin signaling pathway has 

previously been shown to be important for developmental organization of the 

somatic gonad and appropriate positioning of AC, suggesting that the AC 

invasion defects in unc-6/netrin mutants might be secondary to defects in AC 

localization (Hedgecock et al., 1990). However, inspection of unc-6 mutants 



 

 

 
24 

indicated that in most cases the AC was situated normally over the vulval cells 

demonstrating a specific invasion defect caused by the loss of UNC-

6/Netrin(figure 2.2, page 27). 
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Figure 2.1 : UNC-6/Netrin is required for normal AC invasion in C. elegans 

Late L3 animals; anterior left, ventral down; bracket, 1° VPCs. (a) Nomarski (left), 
fluorescence (center), and overlaid images (right) show that the wild-type AC (arrows; 
expressing zmp-1>mCherry in magenta) has crossed basement membrane (arrowhead; 
interruption of phase dense line on left and basement membrane component laminin, 
LAM-1::GFP in green) and contacted the central 1° fated P6.p granddaughters (P6.p 4-

cell stage; 20/20 animals). (b) In unc-6 mutants, the basement membrane was intact 
under the AC in most animals (18/21 animals), and showed only small gaps in those 

that had partially invaded (3/21 animals, not shown). 
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2.2.2 UNC-6/Netrin signals directly to the AC through UNC-40/DCC to 
promote AC invasion. 

Signal transduction downstream of UNC-6/Netrin is canonically 

mediated by three types of cell-surface receptors, two of which, unc-40/dcc and 

unc-5, are encoded by the C. elegans genome (Chan et al., 1996; Leung-Hagesteijn 

et al., 1992). Consistent with the AC invasion defects observed in unc-6(ev400) 

mutants, AC invasion was  similarly delayed in unc-40 mutants  (table 2.1; page 

28).  While the unc-40(e1430) and unc-40(n324) alleles are early nonsense 

mutations predicted to truncate resulting UNC-40 proteins in the extra-cellular 

domain (ECD), the molecular lesions associated with the unc-40(e271) and unc-

40(n473) alleles had not been previously identified (figure 2.3, page 30) 

(Alexander et al., 2009; Chan et al., 1996).  Because missense mutations within the 

UNC-40 coding regions might reveal critical residues for UNC-40/DCC function 

during invasion, we sequenced the unc-40 locus in the e271 and n473 

backgrounds to identify the molecular changes associated with these alleles.  

However, both of these backgrounds contained non-sense mutations predicted to 

terminate translation prior to the transmembrane domain (figure 2.3, page 30).  

Thus the extant unc-40 allele collection are all predicted to contain strong loss-of-

function mutations rather than specific defects in a subset of UNC-40/DCC-

regulated events.
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Figure 2.2 : Most ACs are appropriately localized prior to invasion 

The AC is misolcalized in a subset of animals lacking unc-6 or unc-40 but greater 
than 80% of ACs were normally localized during development in both backgrounds.  
Restoration of UNC-40/DCC did appear to rescue this attachment defect in unc-40 

mutants (p=0.03, chi-square test).  >30 ACs were observed for each genotype/timepoint. 
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Table 2.1 : Timing and degree of AC invasion in various mutant backgrounds 

ACs showing full, partial or no invasion  
P6.p 4-cell stage (mid-to-late L3 stage) P6.p 8-cell stage (early L4 stage) Genotype/Treatment 

 % Full 
Invasion 

% Partial 
Invasion 

% No 
Invasion 

 
n = 

% Full 
Invasion 

% Partial 
Invasion 

% No 
Invasion 

 
n = 

wild-type (N2) 
 100 0 0 >100 100 0 0 >100 

unc-6/site of action         
unc-6(ev400) 7 15 78 59 58 16 26 64 
ghIs8[unc-6>Venus::unc-6]; 
unc-6(ev400) 91 4 5  55 100 0 0 53 

unc-6(ev400); ghEx15[glr-
1p>Venus::unc-6;  
     tph-1p>GFP] 

90 4 6  50 96 4 0 50 

unc-6(ev400);ghEx13[egl-
17>Venus::unc-6]c 8 22 70  50 60 16 25 58 

rde-1(ne219);ghEx11[egl-
17>rde1::mRFP];  
     unc-6(RNAi) 

100 0 0  51 100 0 0 34 

lin-3(n1059)/lin-3(n378) 
(Vul) 21 0 79  52 19 0 81 52 

lin-3(n1059)/lin-
3(n378);unc-6(ev400) 0 0 100  50 0 0 100 50 

laser killed P3.p-P8.p(Vul); 
unc-6(ev400) 0 0 100  20 0 0 100 20 

 
Netrin receptors/unc-
40/site of action 

        

unc-40(e1430) 11 30 59  66 80 3 18 75 
unc-40(n324) 8 37 55  63 65 13 19 62 
unc-40(n473) 14 43 43  70 76 7 17 58 
unc-40(e271) 10 31 59  61 80 2 18 61 
unc-40(e271); unc-6(ev400) 5 23 72  62 60 22 18 55 
unc-40(e271); qyIs66[cdh-
3>unc-40::gfp] 96 2 2  54 98 2 0 53 

unc-5(e51) 100 0 0  58 100 0 0 64 
qyIs168[cdh-3>unc-5::gfp] 14 17 69  63 75 16 10 50 
qyIs168[cdh-3>unc-5::gfp]; 
unc-6(ev400) 3 19 78  64 60 8 32 61 

 
Intracellular effectors         

mig-10(ct41) 100 0 0 59 100 0 0 81 
ced-10(n1993) 98 2 0 61 100 0 0 57 
mig-2(mu28) 100 0 0 54 100 0 0 64 
ced-10(n1993); mig-2(mu28) 24 10 66  29 69 5 25 55 
unc-34(gm104) 64 16 20 50 100 0 0 50 
         
 fos-1 pathway interaction         
unc-40(e271); rrf-3(pk1426) 8 27 65 51 50 22 28 50 
unc-40(e271); rrf-3(pk1426); 
fos-1(RNAi) 4 11 85 54 12 12 77 52 

rrf-3(pk1426); fos-1(RNAi) 10 8 82 50 16 26 58 50 
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Consistent with the idea that unc-6 and unc-40 function in a linear 

pathway to promote AC invasion, the penetrance of AC invasion defects unc-

40(e271); unc-6(ev400) double mutants was similar to unc-6(ev400) mutants alone 

(table 2.1, page 28).  As with unc-6/netrin mutants, a small percentage of ACs 

were mislocalized in unc-40(e271) mutants, usually contacting the dorsal 

basement membrane, (figure 2.2, page 27).  Mutations in either unc-6 or unc-40 

occasionally led to the specification of two ACs in the somatic gonad. This 

phenotype occurred rarely and likely reflects disruption of early lateral signaling 

events that are perturbed by general defects in early gonad organization found in 

the unc-6 and unc-40 backgrounds (data not shown) (Hedgecock et al., 1990). 

In contrast to unc-40 mutants, null mutations in unc-5 did not cause 

invasion defects, consistent with the ventral position of the vulva relative to the 

AC (table 2.1; page 28).  Moreover examination of a rescuing translational 

reporter revealed appropriate stage-specific regulation of UNC-5::GFP in the 

distal tip cells, but no expression was detected in the AC (figure 2.4, page 33) (Li 

et al., 2008).  Given that UNC-40/DCC plays an important role in stimulating 

invasion, we reasoned that AC invasion might be an ideal system to test whether 

UNC-5 receptors can conversely block cell-invasive behavior.   
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Figure 2.3 : Schematic of unc-40 alleles in the context of the endogenous locus 
and predicted products 

(a) molecular lesions associated with various unc-40 alleles are indicated in the 
context of the genomic locus by the read arrowheads.  Each cause premature 

stops predicted to terminate translation at various points (red stop sign 
lollipops) within the extracellular domain (b).
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To test this possibility we generated transgenic lines expressing 

UNC5::GFP under control of the cdh-3 promoter and examined AC invasion.  

Worms expressing ectopic UNC-5 showed a delay in AC invasion and some of 

these ACs detached from ventral the basement membrane (table 2.1; page 28; 

Figure 2.5, page 34).  We did not detect significant differences in AC invasion 

between unc-6(ev400) mutants expressing UNC-5::GFP and animals carrying unc-

6(ev400) alone (p=0.81, chi-square test, table 2.1, page 28), suggesting that UNC-5 

expression in the AC can be regulated by UNC-6/Netrin and that this model 

might be useful for dissecting prospective functions for UNC-5 in regulating cell-

invasive behaviors. 

2.2.3 UNC-6/Netrin signaling components that are important for 
axon guidance are also required for normal AC invasion. 

Genetic studies conducted in C. elegans indicate that UNC-40 signals 

through two pathways to promote axonal guidance (Gitai et al., 2003).  First, 

activity of UNC-34, the C. elegans orthologue of Ena/VASP actin regulators, is 

critical downstream of the P1 domain.  Second a pathway involving Rac is 

important downstream of the putative P2 region (see figure 1.5, page 17).  To 

determine whether the AC uses a similar signaling network during invasion we 

examined AC invasion in unc-34 null mutants, as well as in animals with 

perturbed Rac activity.  Importantly, unc-34 mutants and animals lacking both 
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ced-10 and mig-2, a Rac-like gene that often functions redundantly with ced-10, 

showed delays in AC invasion (table 2.1, page 28) (Lundquist et al., 2001).  In 

contrast, mig-10/lamellipodin, a Rac-effector important for neuronal polarity in 

UNC-6 regulated axons, was not required for invasion (table 2.1, page 28) 

(Killeen and Sybingco, 2008).  Taken together we conclude that Netrin signaling 

may influence AC invasion using a conserved set of signaling effectors, but that 

there might be AC-specific riffs on the UNC-6/Netrin signaling program. 
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Figure 2.5: UNC-5 expression during AC invasion 

UNC-5 expression was examined using a rescuing UNC-5 translational reporter.  
UNC-5 expression was not detected in the AC (white arrowheads, panels a-c and f) prior 

to invasion, though it was detected within motor neurons in the ventral cord (yellow 
brackets). The white brackets indicate P6.p and its descendents.   In contrast UNC-5 was 

expressed at the time of DTC (white arrows) turning as expected (panels d, e and f). 
Scale bar in (a) is 5 microns. 
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Figure 2.5 : AC invasion defects due to ectopic expression of UNC-5::GFP 

(a) All wild-type ACs breach the basement membrane (magenta, LAM-1::mCherry) by 
the P6.p 4-cell stage.  In contrast, ACs expressing of UNC-5::GFP (green) failed to invade 

normally in 12/20 cases (b) and detached from the basement membrane (white 
arrowhead) in 5/20 cases (see also table 2.1).  Scale bar in (a) is 5 microns.
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2.2.4 Interactions between UNC-6/Netrin signaling and the FOS-1A 
pathway. 

We next examined the interaction of the fos-1a pathway with unc-6 

signaling.  Fos-1 RNAi treatment of unc-40 mutants resulted in more severe  AC 

invasion defects (table 2.1, page 28), indicating that fos-1a has functions in AC 

invasion that are independent of the netrin pathway.  Moreover, transcriptional 

reporters for fos-1a and two of its downstream targets, zmp-1, a matrix 

metalloproteinase, and hemicentin (him-4), a conserved extracellular matrix 

protein, were expressed normally in unc-6 mutants (figure 2.6 a & b, page 36; 

figure 2.1 b, page 25). However, we did detect a 65% reduction in hemicentin 

actually deposited under the anchor cell in unc-6/netrin mutants, indicating that 

some functional overlap between netrin signaling and the FOS-1a pathway may 

occur (figure 2.6 c & d, page 36).  Lack of hemicentin is not sufficient to account 

for the severe AC invasion defects observed in fos-1a mutants, and another key 

downstream mediator(s) of FOS-1a remains to be identified (Sherwood et al., 

2005).  Nevertheless, the failure of hemicentin to be deposited normally indicates 

that the activities of the UNC-6/netrin and FOS-1a pathways intersect at the 

invasive membrane, and that other targets of FOS-1a might similarly require 

UNC-6/netrin for proper deposition. 
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Figure 2.6 : Hemicentin expression and deposition in unc-6(ev400) mutants 

Nomarski images (left) and corresponding fluorescence images (right).  (a) 
Expression of the transcriptional reporter hemicentin-ΔSP::GFP within the AC 
(arrow) in wild-type animals during invasion.  (b) Hemicentin-ΔSP::GFP was 

expressed at the same levels in unc-6 mutants (n = 20 for each; P = 0.69, unpaired 
t-test).  (c) Full length hemicentin::GFP is deposited under the AC’s invasive 

membrane (arrowheads) during invasion.  (d)  In unc-6 mutants, there was a 65% 
reduction in hemicentin deposition under the invasive cell membrane 
(arrowhead; P = 5.0x10-6, unpaired t-test), and a three fold increase in 

accumulations formed along apical and lateral membranes (small arrows; P = 
0.022, unpaired t-test, n = 18 for each).  We found no significant correlation 
(correlation coefficient = -0.248, P = 0.320 Students t-test, df = 16) between 

perturbations in hemicentin deposition and the contact area with the basement 
membrane.  Scale bar in (a) is 5 microns. 
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2.2.5 Hyperactivation of UNC-6/Netrin signaling impairs AC invasion. 

Our data indicated that UNC-6/netrin signaling was required for normal 

invasion during uterine-vulval connection; next we wondered how AC invasion 

would perform under conditions of pathway hyperactivation.  Previous work 

showed that ubiquitous UNC-6::HA/netrin synthesized under control of the 

heatshock promoter (hs>unc-6::HA) can alter the trajectory of the hermaphrodite 

specific neurons (HSNs) during larval development (Adler et al., 2006).   To test 

the effect of this treatment during uterine-vulval connection, we examined AC 

invasion in kyIs299[hs>unc-6::HA] worms following a 2 hour heat shock to induce 

expression of ectopic UNC-6.  Strikingly hyperactivation of UNC-6/netrin 

signaling by non-localized expression of UNC-6::HA did not promote invasion , 

but rather led to disruptions in AC invasion at all time points examined, peaking 

four hours after heat-shock (data not shown, table 2.2, page 38).    Importantly, 

this phenotype was neither due to heat-shock alone, nor background effects 

caused by transgene insertion: kyIs299 did not block basement membrane 

penetration in the absence of heatshock and heatshock treatment of wild-type 

worms did not cause AC invasion defects (table 2.2, page 38). 
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Table 2.2 : AC invasion defects associated with UNC-6/Pathway 
hyperactivation 

ACs showing full, partial or no invasion  
P6.p 4-cell stage  P6.p 8-cell stage  

Genotype 
% Full 

Invasion 
% Partial 
Invasion 

% No 
Invasion 

 
n = % Full 

Invasion 
% Partial 
Invasion 

% No 
Invasi

on 

 
n = 

UNC-40 deletion constructs         
unc-119(ed4) 
 100 0 0 50 100 0 0 50 

Ex[myr-unc-40ICD::gfp] 80 16 4 50 100 0 0 50 
Ex[unc-40(∆ECD)::gfp] 72 12 16 50 100 0 0 51 
Ex[unc-40(∆Fn4/5)::gfp] 76 8 20 52 90 3 2 50 
Is[unc-40(∆Fn4/5)::gfp] 5 18 77 61 39 10 51 98 
Is[unc40(∆Fn4/5)::gfp]; unc-
6(ev400) 

14 20 67 56 29 38 35 58 

UNC-6 hyper-activation          
Wild-type N2 (mock 
heatshock) 98 2 0 61 n.d n.d. n.d. n.d. 

kyIs299[hs>unc-6::HA] 
(no heatshock) 100 0 0 50 n.d. n.d. n.d. n.d. 

kyIs299[hs>unc-6::HA] 
(2hr heatshock) 50 26 24 50 n.d. n.d. n.d. n.d. 
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Table 2.3 : Precocious invasion associated with expression of the UNC-40 ECD 

ACs showing full, partial or no 
invasion  

P6.p 2cell, 3VU Stage  
Genotype 

% Full 
Invasion 

% Partial 
Invasion 

% No 
Invasion 

 
n = 

Wild-type 0 10 90 100 
Is[unc-40((∆ICD::gfp] 0 40 60 50 
qyIs66[unc-40::GFP] 0 2 98 50 
unc-40(e1430 0 0 0 50 
unc-40(e1430); 
Is(∆ICD::gfp] 

0 32 78 100 
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To examine AC invasion after pathway activation at the level of the UNC-

40/DCC receptor we generated several transgenes containing deletions in 

various UNC-40 functional domains (figure 2.7 a, page 43).  We first generated 

transgenic worms expressing the UNC-40 intracellular domain (ICD) linked to a 

myristoylation signal (in this case from C. elegans src-2), a widely used strategy to 

activate signaling by UNC-40/DCC (Gitai et al., 2003).  While expression of this 

receptor caused AC invasion defects, we also found that it was strikingly 

mislocalized, accumulating at the plasma membrane, but also within the nucleus 

(figure 2.7 a & c, page 43; table 2.2, page 38).  Intriguingly, expression of the 

intracellular domain alone in various C. elegans cells (expressed via the hs>, 

hsp16.2) resulted in nuclear accumulation of the protein (figure 2.7 a & d, page 

43). Nuclear localization of the DCC ICD has been previously reported and it 

appears that in some cells DCC undergoes regulated cleavage by γ-secretase, 

indicating that cytoplasmic fragments may occur naturally (Bai et al., 2011; 

Taniguchi et al., 2003).   Whether this occurs in the AC is unclear as we have not 

observed nuclear accumulation of the UNC-40 fragments (from animals 

expressing full-length UNC-40::GFP) in either wild-type or unc-6 mutants. 

Intriguingly, previous reports suggest that this protein fragment may recruit 

transcriptional activators, thus a nuclear function for UNC-40 ICD is plausible in 

at least some cells (Taniguchi et al., 2003). 
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Due to the aberrant localization of myr-UNC-40 ICD, we attempted a 

second strategy in which we deleted the entire extracellular domain (ECD) but 

left the transmembrane domain intact.  This mutant receptor also caused AC 

invasion defects, but failed to efficiently localize to the plasma membrane (figure 

2.7 a & e, page 45; table 2.2, page 38).  These data suggested that the extracellular 

domain of UNC-40 is required for appropriate translocation to the plasma 

membrane.  Expression of the extracellular and transmembrane [UNC-40(∆ICD)] 

domains linked to GFP confirmed that the ECD alone was sufficient for robust 

localization to the plasma membrane and invasive protrusions generated by the 

AC (figure 2.7 a & f, page 45).  Intriguingly, this receptor had biological activity 

as well, and appeared to promote early invasion in otherwise wild-type animals 

(table 2.3, page 39).  More surprisingly we found that UNC-40(∆ICD) had a 

similar effect in unc-40 mutants (table 2.3, page 39).  Why a molecule  lacking the 

intracellular signaling domains would be able to promote invasion in the AC is 

unclear, however, the biological activity of this UNC-40/DCC fragment has been 

documented in other systems (Bai et al., 2011).  Moreover, this fragment is 

predicted to interact with other molecules at the plasma membrane including 

Kuzbanian metalloproteases as well as γ-secretase (Bai et al., 2011).  As these 

proteins regulate a variety of cellular signaling events, the activity of UNC-

40(ΔICD) could reflect indirect modulation of other signaling pathways. 
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As a final approach to generate a gain-of-function receptor that would 

cause active netrin signaling at the plasma membrane, we deleted the putative 

UNC-6 binding domain in UNC-40, which is localized to the fourth and fifth 

fibronectin repeats in the ECD [UNC-40(ΔFn4/5)::GFP] (figure 2.7 a & f, page 43) 

(Geisbrecht et al., 2003; Kruger et al., 2004).   As with ectopic expression of UNC-

6::HA, expression of this mutant receptor caused strong delays in AC invasion.   

Consistent with the idea that this molecule could act independently of UNC-

6/Netrin regulation, the penetrance of AC invasion defects in Is[cdh-3>unc-

40(ΔFn4/5)::gfp]; unc-6(ev400) mutants were enhanced relative to unc-6(ev400) 

mutants alone at the P6.p 8-cell stage (table 2.1, page 28; table 2.2, page 38, 

p=0.03, chi-square test).   Taken together, these results indicate that appropriate 

levels of UNC-6/Netrin signaling activity are required to promote invasion and 

that a localized source of UNC-6/Netrin may be important for establishing an 

optimal level of signaling activity.  
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Figure 2.7: Expression and localization of various mutant forms of UNC-
40/DCC 
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Figure 2.7 cont’d from page 43 

(a) Cartoon schematics of various UNC-40 deletion constructions generated.  (a-
h) localization of full-length UNC-40::GFP and various deletion constructs when 

expressed in the AC. (b) Full length UNC-40::GFP is targeted to the plasma membrane 
and the basal domain of the AC.  (c) myr-UNC-40 ICD was targeted to the plasma 

membrane but also accumulated within the nucleus.  (d) Expression of the ICD alone 
under control of the heatshock promoter (hsp16.2) accumulated within the nuclei of 

intestinal cells indicating that the UNC-40 ICD may contain an NLS. (e) Removal of the 
entire ECD led to accumulation of the mutant receptor within the AC often in peri-

nucleur structures. (f) Removal of the ICD revealed that the ECD alone was sufficient for 
plasma membrane localization and invasive protrusion generated by the AC.  (g) 

deletion of the putative UNC-6 binding domain (fibronectin repeats 4 and 5) led to 
plasma membrane targeting and distribution reminiscent of UNC-40::GFP in unc-6 

mutants (h) and caused defects in basement membrane clearance (i). 
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2.2.6 UNC-6/Netrin is required for normal response to the Vulval Cue. 

As UNC-6 and netrin ligands in other species are well-known guidance 

and chemotactic cues we wondered whether unc-6 might encode a component of 

the vulval cue required to generate invasive protrusions through the basement 

membrane (Sherwood and Sternberg, 2003b).  To address this question, we 

ablated all VPCs except the posterior-most P8.p cell in wild-type and unc-6 

animals.  This manipulation causes the P8.p cell to adopt the 1° VPC fate, 

allowing its descendents to generate the stimulatory invasion cue, providing an 

assay for the ability of the AC to extend invasive processes (figure 2.8 a, page 46) 

(Sherwood and Sternberg, 2003b).  In contrast to wild-type animals, which 

directed invasive processes from all distances examined at the P6.p 4-cell stage 

(figure 2.8 b & c, page 46), ACs in unc-6 mutants never extended invasive 

protrusions, even when directly bordered by 1° VPCs (figure 2.8 c, page 46). 

These experiments suggested that unc-6 was either a component of the 1° vulval 

signal or was required for the formation of invasive protrusions in response to 

this cue. 
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Figure 2.8 : UNC-6/netrin is required for normal responsiveness to the vulval 
cue 

(a) In wild-type animals the AC (expressing cdh-3>YFP in yellow) extended 
invasive processes toward isolated 1° fated P8.p cell descendants (expressing egl-
17>CFP in blue) in all cases examined (up to 25µm away; 42/42 animals). (b,c) In 

unc-6 mutants the AC failed to extend invasive processes toward 1° fated P8.p 
cell descendants (44/44 animals), even when they directly bordered the AC (c, 

9/9 animals).  (d) schematic detailing possible sources of UNC-6/netrin ligands.  
Endogenous UNC-6/netrin has been reported in the ventral cord neurons (red) 

and after invasion, weakly in the 1°VPCs (pink), patterns which maybe re-
capitulated in ghIs8, a rescuing translation reporter for UNC-6.  In ghEx15 and 

ghEx13 transgenic worms, Venus::UNC-6 is expressed by  VNC-specific or 
1°VPC-specific promoters for mosaic rescue experiments. 
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Figure 2.9 : UNC-6 and the Vulval Cue 

(a) A schematic image along the left side of the animal showing the relationship 
of the AC, basement membrane (BM), 1º VPC, and the neighboring ventral nerve 
cord (VNC) with associated cell bodies (yellow ovals).  (b)  Nomarski (left) and 

fluorescence (right) images of an animal expressing Venus::UNC-6 viewed at the 
focal plane between the 1º  VPC (large bracket) and the VNC.  Venus::UNC-6 
accumulated in the VNC (small bracket, small arrow points to VNC cell body 

where accumulation was strongest), and low levels were found in the basement 
membrane underlying the AC (arrowheads).  Insets show an enlarged image of 

the AC with Venus::UNC-6 localization ventrally in the basement membrane 
(arrowheads). (c) In approximately 20% of vulvaless animals the AC invades into 

the underlying epidermis (both in lin-3 loss of function mutants or when 
removed by laser ablation; Table S2).  A Nomarski image (left) and a cdh-3>GFP 

overlay (right) show an AC in a vulvaless animal (arrow) that has broken 
through the underlying basement membrane and invaded (arrowhead).  (d)  In 

vulvaless animals carrying the unc-6 mutation, the AC never invaded (70/70 
animals) and usually detached from the basement membrane at the early L4 

stage (arrowhead; 65/70 animals; see also table 2.1). Scale bar in (b) is 5 microns. 
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2.2.7 UNC-6/Netrin is secreted by ventral cord neurons to promote AC 
invasion. 

To further understand how UNC-6/netrin promotes invasion and vulval 

cue responsiveness, we sought to identify the relevant source of UNC-6/netrin 

ligand for invasion.  Previous work indicated that UNC-6/netrin is expressed by 

multiple cell types including the neurons of the ventral nerve cord (VNC) from 

the L1 stage through the adult stage, which lie in close proximity to the AC and 

1° VPCs (Wadsworth et al., 1996).  Expression has also been reported in the 1° 

VPCs at the late L3 stage, after the AC breaches the basement membrane 

(Asakura et al., 2007).  We confirmed these studies by examining the expression 

of a functional unc-6>Venus::unc-6 transgene (Asakura et al., 2007). As previously 

reported, we detected prominent expression of Venus::UNC-6 in the ventral cord 

neurons, which lie ventral to AC, running along either side 1° and 2° VPCs 

(figure 2.9 a & b, page 47) (Wadsworth et al., 1996).  Venus::UNC-6 was secreted 

and appeared to accumulate at low levels on the basement membranes 

separating the uterus and vulva, though we did not observe specific expression 

or recruitment of Venus::UNC-6 by the vulval cells, nor did we observe 

alterations in the pattern of neuronal expression or basement membrane 

localization in Vulvaless animals (figure 2.10, page 50).  This transgene restored 

normal invasion to 90 percent of all ACs in unc-6(ev400) mutants (P6.p 4 cell 
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stage), indicating that Venus::UNC-6 is functional for AC invasion (table 2.1, 

page 28). 

To confirm these studies, transgenic worms were generated expressing a 

modified version of the rescuing Venus::UNC-6 transgene in which the DNA 

sequences encoding the signal peptide were deleted (amino acids 1 – 21).  This 

modification causes mutant UNC-6/netrin protein accumulation in expressing 

cells allowing an unambiguous determination of the expression pattern.  

Consistent with our other results, Venus::UNC-6(ΔSP) was detected in the 

ventral cord neurons both prior to and at the time of normal invasion (figure 2.11 

a, b & c, page 51).  However, expression of this reporter was not detected in the 

1° VPCs prior to AC invasion. 
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Figure 2.10: UNC-6 expression and localization is not altered by loss of the 
vulval cue. 

Nomarski image (left), and corresponding fluorescence image (right) of an 
animal expressing Venus::UNC-6 at the early L3 stage after laser-mediated 
ablation of the vulval cells in the early L2 larval stages.  Venus::UNC-6 was 
expressed normally in the VNC and localized to the basement membrane 

(arrowhead) under the AC (arrow) as in wild-type animals (n = 24/24 animals).  
Inset highlights the basement membrane localization of Venus::UNC-6 

(arrowhead) under the AC. Scale bar is 5 microns. 
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Figure 2.11: UNC-6 Expression during AC development 

(a-c)  Nomarski images overlayed with Venus::UNC-6 (ΔSP) expression shown in 
yellow (left), and Venus::UNC-6 (ΔSP) fluorescence alone (right).  Venus::UNC-6 
(ΔSP) lacks a signal sequence and was thus retained in the cells in which unc-6 is 
expressed.  Venus::UNC-6 was retained within the neurons of the ventral nerve 
cord (VNC, small bracket) under the AC (arrow) prior to invasion at the P6.p 1- 

and 2-cell stages (large brackets, a and b), and during the time of invasion at 
constant levels (c).  Scale bar in (a) is 5 microns. 
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To complement our analysis of UNC-6/Netrin expression surrounding 

AC invasion, we conducted mosaic rescue of unc-6(ev400) mutants to determine 

whether UNC-6 expression in the ventral nerve cord was sufficient to restore 

invasion.  Site of action studies revealed that VNC-specific expression of 

Venus::UNC-6 via the glr-1 promoter (glr-1>) restored normal AC invasion to 

most unc-6(ev400) null mutants (table 2.1, page 28; figure 2.9 d, page 47).  In 

contrast, Venus::UNC-6 expression in the 1° VPCs  under control of an egl-17 

promoter element, which  mirrors the predicted expression of the vulval cue, did 

not rescue invasion, suggesting that the timing of expression or processing of 

UNC-6/Netrin by the 1° VPCs is not sufficient to stimulate invasion (table 2.1, 

page 28; figure 2.9 d, page 47). Next, we knocked-down unc-6/netrin expression 

specifically in the 1° VPCs, by rescuing RNAi-deficient rde-1(ne219) mutants with 

vulval-cell specific expression of mRFP::RDE-1 and treating these worms with 

unc-6 dsRNA (Asakura et al., 2007). Consistent with the expression pattern and 

tissue specific rescue data, 1° VPC-specific RNAi-mediated knockdown of unc-6 

did not cause AC invasion defects (table 2.1, page 28).   Importantly, this 

treatment is sufficient to alter late-stage development of the hermphrodite 

specific neuron axons, which depend upon UNC-6/Netrin expression in the 1° 
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VPCs during the L4 stage (after the time of AC invasion in wild-type animals 

(Asakura et al., 2007).   

Finally, to establish genetically whether unc-6 functions as a separate non-

vulval signal, we created vulvaless (Vul) animals carrying the unc-6 mutation.   It 

has previously shown that approximately 20% of ACs invade in Vul animals, 

created either by laser ablation or blocking vulval induction (Sherwood and 

Sternberg, 2003b). If unc-6 encoded the vulval cue or regulated its secretion, loss 

of unc-6 would not enhance the invasion defect in Vul animals. Alternatively, if 

unc-6 was a distinct signal, its loss should augment the invasion defect of 

vulvaless animals. Consistent with the latter model, ACs in Vul; unc-6(ev400) 

double mutants had a dramatically more severe invasion defect: ACs never 

invaded and most detached from the basement membrane (table 2.1; page 28; 

figure 2.9 c & d, page 47).  
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Figure 2.12 : Loss of UNC-6/netrin causes mislocalization of polarized invasive 
membrane components 

Fluorescence image (left), Nomarski overlaid image (right). (a, d, g)  The 
Rac protein GFP::MIG-2, the F-actin binding protein mCherry::moeABD and the 

phosphatidylinositol 4,5-bisphosphate sensor mCherry::PLCδPH were localized to 
the invasive cell membrane in wild-type animals (arrowheads).  The endogenous 
mig-2 promoter also drove low levels of expression in the vulval cells.  (b, e, h)  In 
unc-6 mutants, MIG-2, F-actin and PI(4,5)P2 failed to polarize to the invasive cell 

membrane.  (c, f, i)  In contrast, MIG-2, F-actin and PI(4,5)P2  were polarized 
normally in vulvaless animals (arrowheads).  (j, k, l)  Quantification of MIG-2, F-
actin and PI(4,5)P2 polarization, respectively, in wild-type, unc-6, and vulvaless 

animals prior to and during invasion.  Localization of all markers was 
significantly perturbed in unc-6 animals at all time points examined compared to 
wild-type controls (P <0.0003 in all cases).  In contrast, vulvaless animals did not 
showed strong alterations in orientation (P > 0.05).  Scale bar in (a) is 5 microns. 
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2.2.8 Loss of UNC-6/Netrin or the vulval cue cause distinct cellular 
phenotypes in the AC. 

We reasoned that Vulval cue responsiveness would require modulation of 

the F-actin cytoskeleton during invasion to generate invasive protrusions that 

penetrate basement membrane.  To further probe the relationship between the 

UNC-6/netrin and the Vulval cue during invasion we investigated the 

localization of F-actin, using an actin binding probe derived from Drosophila 

moesin (mCherry::moeABD), MIG-2, a rac-like protein that functions with CED-

10/Rac to promote invasion (table 2.1, page 28), as well as PI(4,5)P2 membrane 

lipids using the pleckstrin-homology (PH) domain from human Phospholipase 

C-δ as a marker (Edwards et al., 1997; Hilpela et al., 2004). Importantly Racs are 

known regulators of cytoskeletal dynamics and PI(4,5)P2 membrane lipids have 

been associated with the regulation of cellular adhesion and motility (Hilpela et 

al., 2004).   Strikingly, F-actin, MIG-2 and PI(4,5)P2 were enriched at the basal, 

invasive membrane of the AC both before and after the time AC invasion (Figure 

2.12 a,d,g & j, page 54). Examination of MIG-2, F-actin and PI(4,5)P2 in Vul and 

UNC-6 animals was consistent with distinct activities of these two cues: the 

polarized orientation of all of these markers was clearly perturbed by the loss of  
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unc-6 (figure 2.12, e, j & k, page 54), but not strongly by absence the of 1º vulval 

cue (Figure 2.12 f, j &  k, page 54).  

2.2.8 UNC-40::GFP is sequestered to the invasive membrane by UNC-
6/Netrin. 

To further understand UNC-6/Netrin-regulation of AC invasion and 

cytoskeletal orientation, we examined the subcellular localization of UNC-40 

during uterine development.  Beginning 5–6 hours before invasion, UNC-

40::GFP was found within intracellular vesicles and polarized along the AC’s 

invasive plasma membrane (figure 2.13 a, b, c & f, page 57) UNC-40::GFP 

localization was not obviously perturbed in vulvaless animals (figure 2.13 f, page 

61), however, removing unc-6 resulted in the mislocalization of UNC-40::GFP 

along lateral and apical membranes (figure 2.13 d, page 57). Conversely, non-

localized expression of UNC-6::HA resulted in mislocalized UNC-40::GFP that 

accumulated at the apicolateral membrane (figure 2.13 e, page 57).   Thus, 

localization of UNC-40 to the invasive cell membrane may be a specific targeting 

event mediated by UNC-6 signaling.  Consistent with the idea that UNC-

6/Netrin and the vulval cue act distinctly, we did not observe obvious 

perturbations in the orientation of UNC-40/DCC in Vul animals. (figure 2.13 f, 

page 57).   
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Figure 2.13 : UNC-6/Netrin sequesters UNC-40 to the invasive membrane 
domain 
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Figure 2.13 cont. from page 57. 
 

Fluorescence image (left), Nomarski overlay (right).  (a-c)  UNC-40::GFP was 
present within intracellular vesicles and polarized to the AC’s invasive cell 

membrane (arrowheads) during the late L2 molt (P6.p 1-cell stage; 5-6 hours 
prior to invasion).  UNC-40::GFP maintained this polarization until the time of 

invasion at the P6.p 4-cell stage.  (d) UNC-40::GFP polarization was perturbed in 
unc-6 mutants, and (e) in wild-type animals ubiquitously expressing UNC-6::HA 

induced by heat shock. (f) Compared with wild-type controls, UNC-40::GFP 
polarization in unc-6 mutants, or following ubiquitous UNC-6::HA expression 

was significantly perturbed (P < 7x10-4 in all cases, Fisher’s exact test in this and 
subsequent graphs).  In contrast, neither vulvaless nor mock heat shocked 

animals showed changes in UNC-40::GFP polarity compared with wild-type (P > 
0.05).  The number of animals examined at each stage is listed to the right of the 
graph; error bars report the standard error of the proportion. Scale bar in (a) is 5 

microns. 

 

2.3 Discussion 

Taken together, our data demonstrate that UNC-6/netrin generated by the 

VNC acts through its receptor UNC-40/DCC in the AC to promote invasion.  

Our data suggest that one function of the Netrin signaling may be to regulate F-

actin at a specialized invasive membrane domain containing at least F-actin, 

MIG-2/Rac and the phospholipid PI(4,5)P2.. Site of action, genetic studies and 

cell biological data support a model where UNC-6 is not a component of the 

vulval cue, but acts independently on the AC or the invasive membrane domain 

to promote invasion.  Moreover, our finding that UNC-6/Netrin plays an 

important role in sequestering its receptor to the invasive domain indicates that 
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ventrally presented UNC-6/netrin may play an important role in constraining 

netrin signaling activity towards the basement membrane prior to invasion. 

Netrins have not previously been implicated in regulating cell invasions in 

vivo.  Recent work, however, has shown that Netrin-1 is strongly associated with 

metastatic breast cancer, and stimulates invasion through collagen type I gels by 

colon cancer cells in vitro (Fitamant et al., 2008; Rodrigues et al., 2007).  

Furthermore, netrins are potent angiogenic factors in vertebrates (Nguyen and 

Cai, 2006; Park et al., 2004; Wilson et al., 2006), a process that depends upon 

capillary sprouts invading through endothelial basement membranes (Heissig et 

al., 2003).  My observations demonstrating a direct role for unc-6 promoting cell 

invasion through basement membrane in vivo suggests that netrin may be a 

conserved regulator of this process. 

Why would such a simple model of cell invasion require multiple signals 

for efficient basement membrane penetration?  At one level this finding suggests 

that basement membrane removal is a highly orchestrated process and perhaps 

that multiple signals are required to regulate discrete aspects of cell invasive 

behavior.  Alternatively, multiple signals may activate distinct molecular factors 

that independently contribute to robust activity of a common cellular target.  

During cell invasion in vitro, for example, EGF receptor signaling activates Src to 

control invadasomes, whereas it has been recently shown that chemokine 
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cascades might target these same structures through the Abelson kinase (Smith-

Pearson et al., 2010; Yamaguchi et al., 2005).  Though the UNC-6/netrin and 

vulval cues are genetically independent, data from the attraction assay also 

suggest that the AC requires UNC-6/Netrin for appropriate responsiveness to 

the 1°VPCs.  How these two cues interact is unclear, though one possibility is 

that these signals intersect at the invasive membrane or at the site of basement 

membrane breach to regulate basement membrane degradation. Ultimately, a 

deeper understanding of the functional relationship between UNC-6/Netrin and 

the vulval cue will likely require identification of the molecular constituents of 

the vulval signal.  Given the functional relationship between these signals, Netrin 

pathway mutants may be ideally sensitized backgrounds for genetic 

identification of vulval cue. 
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3.Netrin signaling and the F-actin cytoskeleton during 
AC invasion. 
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3.1 Introduction 

How UNC-6/Netrin and UNC-40/DCC control cellular motility and 

guidance remains a point of debate, in part due to poor resolution of receptor-

proximal signaling events that are consistent across systems(Ziel and Sherwood, 

2010).  Nonetheless, several lines of evidence indicate that the F-actin 

cytoskeleton is an important target of Netrin-dependent regulation.  During axon 

guidance, where Netrin signaling has been most intensely studied, disruption of 

filapodia, F-actin elements that form on the tips of extending axons, blocks 

chemotactic guidance of growth cones (Chien et al., 1993; Geraldo and Gordon-

Weeks, 2009).  Application of exogenous Netrin-1 to Netrin-regulated axons in 

culture increases the number of filapodia that form on growth cones, consistent 

with the idea that these structures function downstream of Netrin to regulate 

neuronal trajectories (Lebrand et al., 2004).  Moreover, many proteins associated 

with Netrin signaling are well-described mediators of cytoskeletal signaling (Sun 

et al., 2011).   These putative Netrin pathway components include the Rho-type 

GTPases, Rac, RhoA and Cdc42, as well as actin-binding proteins such as 

Ena/VASP or cofilin (Baker et al., 2006; Shekarabi and Kennedy, 2002; Shekarabi 

et al., 2005; Sun et al., 2011). 
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As in neurons, regulation of the actin cytoskeleton is likely to be a critical 

element of AC invasion as well.  F-actin cytoskeletal elements are enriched at the 

invasive membrane of the AC prior to basement membrane breach and many of 

the genes associated with AC invasion defects are implicated in the regulation of 

F-actin (Hagedorn and Sherwood, 2011; Matus et al., 2010; Ziel et al., 

2009).   Moreover, basement membrane penetration by the AC involves 

responsiveness to a chemotactic signal that regulates invasive protrusions, which 

likely depend upon dynamic regulation of the cytoskeleton (Sherwood and 

Sternberg, 2003b).  Thus, understanding how F-actin is targeted and regulated 

during invasion is an essential element to understanding the regulation of cell-

invasive behavior in this context. 

Given the relationship between Netrin signaling and the actin 

cytoskeleton in other contexts and in the AC, it is likely that cytoskeletal 

signaling is an important target of Netrin-mediated regulation during invasion.  

Further my results from unc-6/netrin mutants suggested an important role for 

this pathway in orienting F-actin cytoskeletal elements during AC invasion.  

However, I was surprised to find obvious differences between unc-6 mutants and 

backgrounds lacking the UNC-6/Netrin receptor, unc-40/DCC. Comparisons 

between unc-6, unc-40 and unc-6; unc-40 double mutants indicated that in fact 
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UNC-40/DCC was involved in generating severe F-actin polarity phenotype of 

unc-6 mutants.  
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Figure 3.1: Netrin signaling can regulate the F-actin cytoskeleton in the AC 
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Figure 3.1 cont’d from page 66 
 

(a)The AC (blue) in relation to the VU cells (pink) and vulval cells (green) immediately 
prior to invasion.  Actin regulation appears to be critical for invasion as basement 

membrane (magenta) breach was mediated by actin-rich (judged by recruitment of 
mCherry::moeABD, green) protrusions through the basement membrane (b).  (c) Even 
prior to invasion, F-actin was oriented towards the basement membrane suggesting a 

specific targetting mechanism that polarized cytoskeletal signaling towards this domain.   
Netrin signaling is capable of regulating the actin cytoskeleton in the AC as activation of 

the UNC-6/Netrin signaling pathway by de-localized expression of UNC-6 (d) or 
exression of a constitutively active UNC-40 receptor (e) (UNC-40(ΔFn4/5)::GFP) led to 

ectopic and mislocalized F-actin clusters in the AC.   F-actin distribution was quantified 
by measuring the volume of isosurfaces (blue, central panesl (c,d & e) enclosing F-actin 

rich structures at the invasive and apicolateral membranes.   The effect of ectopic UNC-6 
or  UNC-40 (ΔFn4/5)::GFP expression on the actin cytoskeleton is reported in panel (f) 

as the percentage of apicolateral volume relative to the total volume detected within the 
cell.  Using this metric, heatshock expression of UNC-6::HA  caused significant increases 

in the percentage of F-actin distributed at the apicolateral domain relative to worms 
relative to controls (p<0.001, ANOVA, p<0.05, post-hoc Tukey test).  Likewise 

expression of UNC-40(ΔFn4/5)::GFP caused similar changes relative to the expression of 
full-length UNC-40::GFP in the AC (p=0.006, students t-test).  Error bars in (f) are the 

SEM. (n=at least 20 animals per genotype/treatment)  Scale bars are 5 microns. 
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While these results raised questions about the importance of Netrin 

signaling in establishing F-actin polarity in the AC, they did suggest with a 

connection between Netrin signaling and cytoskeletal regulation in the AC.  Here 

I show, based upon effector localization, that F-actin structures at the invasive 

membrane are a likely target of Netrin signaling.  However, I show that Netrin 

signaling is not essential for generating these F-actin structures but is critical for 

robust cellular protrusions at the site of breach.  We hypothesize that UNC-

6/Netrin signaling becomes essential at a step between invadasome initiation 

and basement membrane breach. 

3.2 Results 

3.2.1 Hyperactivation of UNC-6/Netrin signaling generates 
mislocalized F-actin structures. 

AC invasion is associated with F-actin-rich cellular protrusions that 

penetrate the basement barrier (figure 3.1 a, page 66). F-actin cytoskeletal 

elements are enriched at the invasive membrane of the AC prior to invasion 

(figure 3.1 b, page 66; figure 3.2 d & e, page 71), suggesting that the generation 

and targeting of the actin cytoskeleton is a critical aspect of the cell-invasion 

program active in the AC.  Given that UNC-6/Netrin signaling is proposed to 

regulate cytoskeletal signaling in other contexts we wanted to understand how 

UNC-6/Netrin and UNC-40/DCC regulated F-actin to promote AC invasion.    
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To quantify the distribution of F-actin cytoskeletal elements in the AC, I 

utilized the Imaris software package (Bitplane AG, South Windsor, CT) to 

generate isosurface renderings of intense cortical accumulations of F-actin 

revealed by recruitment of a cytosolic probe for F-actin based upon the 

Drosophila moesin actin binding domain (mCherry::moeABD; figure 3.1 b, page 

66).  The isosurface rendering function segments pixel intensity data in 3-

dimensional voxels based upon a “watershed algorithm,” a commonly used 

technique to image analysis in biomedical science (Vincent, 1991).  As we have 

previously shown, this method allowed for robust detection of F-actin 

cytoskeletal elements during AC invasion in wild-type worms and extraction of 

quantitative parameters for comparison between genotypes (Hagedorn et al., 

2009). 

To confirm a direct link between active UNC-6/Netrin signaling and the 

regulation of F-actin in the AC, we first examined F-actin distribution following 

hyper-activation of Netrin signaling both at the level of the ligand, UNC-6 and its 

receptor in the AC, UNC-40/DCC.  We first focused on activation of Netrin 

signaling using ectopic presentation of UNC-6::HA, driven by the heatshock 

promoter, hsp16.2 (hs>unc-6) (Adler et al., 2006).  Ectopic expression of UNC-

6::HA under control of the heatshock promoter triggered the formation of ectopic 

and mislocalized F-actin structures in the AC. This alteration was measured by 
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the increase in the percentage of F-actin elements associated with the apicolateral 

membrane following heatshock of hs>unc-6::HA transgenic worms relative to 

hs>unc-6::HA worms without heat-shock, or control worms lacking the hs>unc-

6::HA transgene subjected to a similar heatshock protocol (figure 3.1 c & d, page 

66). As with ectopic expression of UNC-6::HA, expression of UNC-

40(ΔFn4/5)::GFP, a mutant UNC-40 receptor lacking the putative UNC-6/Netrin 

binding domain, caused similar disruptions in the polarized orientation of F-

actin AC relative to animals expressing full-length UNC-40::GFP (figure 3.1f, 

page 66). We conclude that activation of Netrin signaling generates F-actin 

cytoskeletal elements and can regulate their orientation in the AC. 
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Figure 3.2 : Removal of UNC-40 suppresses the F-actin polarity defect in unc-
6(ev400) mutants 
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Figure 3.2 cont’d from page 71 

Loss of UNC-6 severely compromised the polarized orientation of the AC (a), quantified 
using volumetric measurments of isosurfaces enclosing ectopic F-actin clusters present 
in confocal stacks.  In contrast, unc-40(e271) mutants (b) and unc-40; unc-6 (c) mutants 
showed F-actin arrangements that were clearly biased towards the basal membrane.  

Quantitatively, unc-6 mutants were significantly different from both wild-type, unc-40 
and unc-6; unc-40 double mutants both in terms of the percentage of actin detected at the 
apicolateral cortex as well as the absolute volume at the P6.p 2 and 4-cell stages (d & e, 

p<0.05, post-hoc Tukey Test).  In contrast, unc-40 and unc-40; unc-6 mutants did not 
differ from wild-type differ significantly from wild-type animals at the P6.p 2-cell stage, 

but were slightly less polarized at the P6.p 4-cell stage than wild-type worms ( d & e, 
p<0.05, post-hoc Tukey Test). Expression of UNC-40::GFP in unc-40; unc-6 double 

mutants restored the severe defect relative to unc-40; unc-6 double mutants (p<0.05, 
post-hoc Tukey Test) (n= at least 20 animals per genotype/timepoint)  Error bars in (d) 

and (e) are the SEM. 
 

3.2.2 UNC-6/Netrin and UNC-40/DCC mutants cause distinct 
phenotypes with respect to F-actin polarity during AC invasion. 

To further understand how cytoskeletal control might be mediated by 

UNC-6/Netrin signaling under normal circumstances, I examined the 

orientation of F-actin cytoskeletal elements under UNC-6/netrin pathway loss-

of-function conditions.  Mutations in unc-6/netrin caused severe defects in the 

polarized orientation of the F-actin cytoskeleton towards the basement 

membrane, causing on average nearly 50 percent of the total F-actin volume 

detected to be distributed along the apicolateral cortex, both prior to invasion 

and in worms with defective invasion at the P6.p 4-cell stage  (figure 3.2 a, page 

71).   Surprisingly, given the ligand-receptor relationship between UNC-6 and 

UNC-40, ACs in unc-40(e271) appeared to orient correctly prior to invasion, with 
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approximately 90 percent of the total F-actin accumulations found at the invasive 

cortex prior to invasion at the P6.p 2-cell stage, similar to values measured for 

wild-type worms (figure 3.2 b, d & e, page 71). While I initially suspected that the 

deviation between these two backgrounds might be due to residual function in 

the unc-40(e271) background or the presence of an additional UNC-6/netrin 

receptor important for actin orientation, these data indicated that mutations 

disrupting critical UNC-6/Netrin signaling functions could cause penetrant 

invasion defects without dramatically perturbing the overt orientation of the 

actin cytoskeletal elements. 

To determine whether the differences between unc-6 and unc-40 mutants 

were due to additional UNC-6 receptors or residual UNC-40 function, I 

generated unc-40(e271); unc-6(ev400) double mutants and examined F-actin 

organization in the AC.  If either of these scenarios were correct, I reasoned that 

removal of unc-6  in the unc-40 background should cause the severe defect in F-

actin orientation.  However, as for unc-40 single mutants, F-actin was clearly 

biased towards the invasive membrane in these animals prior to invasion, being 

also similar to wild-type worms at P6.p 2-cell stage (figure 3.2 c, d & e, page 71). 

We did find that the polarity of F-actin cytoskeletal elements was slightly, but 

significantly altered relative to wild-type animals in both unc-40 and unc-40; unc-

6 mutants at the P6.p 4-cell stage, consistent a more subtle role for UNC-40 
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signaling in establishing the overall orientation of F-actin cytoskeletal elements 

in the AC (figure 3.2 e & e, page 71).  Perhaps most surprisingly, this result 

suggested that unc-40 itself was required for the severe F-actin polarity defect 

observed in unc-6 mutant ACs.  To confirm this finding I generated unc-40; unc-6 

double mutants expressing both moeABD::mCherry and UNC-40::GFP.  

Expression of UNC-40::GFP in the ACs of unc-40; unc-6 double mutants restored 

the severe actin polarity phenotype, strongly indicating that UNC-40 itself was 

responsible for generating the severe actin polarity defects in unc-6 mutants 

(figure 3.2 c, d & e, page 71).  Consistent with a direct relationship between UNC-

40 signaling activity and mislocalized F-actin patches in the unc-6/netrin 

background, UNC-40::GFP enrichment overlapped with ectopic F-actin clusters 

at the apicolateral cortex in unc-6(ev400) mutants (figure 3.3 c, page 75).  

Similarly, known UNC-6/Netrin signaling components, CED-10/Rac and UNC-

34/Ena also associated with these patches, further supporting the idea that the 

unc-6(ev400) actin-polarity phenotype is exacerbated by ectopic and mislocalized 

UNC-40/DCC signaling (figure 3.3 d & e, page 75). 
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Figure 3.3 : UNC-6/netrin signaling components associate with f-actin clusters 
in unc-6(ev400) mutants. 

Images relating GFP-tagged UNC-6/Netrin signaling components (left panel) 
with F-actin (mCherry::moeABD, central panel) in the AC.  Overlays are in the 

right panel.  For comparison, wild-type worms expressing full length UNC-
40::GFP and F-actin are shown in (a) as is UNC-40(ΔFn4/5)::GFP (b).  In unc-

6(ev400) mutants, (c) UNC-40::GFP associated with mislocalized, ectopic F-actin 
clusters at the apicolateral cortex at the P6.p 2-cell stage.  Similarly, known UNC-
6/Netrin signaling components (d) UNC-34 and (e) CED-10 also associated with 
these structures consistent with the idea that their generation or stabilization was 

directly influenced by UNC-40/DCC signaling. 
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3.2.3 Netrin signaling components associate with invadasomes  

Though our data comparing F-actin distribution in unc-6 and unc-40 

mutants raised questions about the relative importance of Netrin signaling in 

orienting the actin cytoskeleton in the AC, they did highlight a connection 

between Netrin signaling and the generation or stabilization of F-actin 

cytoskeletal elements within the AC.   Given that UNC-40 concentrates at the 

invasive membrane, we wondered whether regulation of F-actin by UNC-6 and 

UNC-40 at this domain, rather than polarity per se, might be important for AC 

invasion.  Unpublished work from our laboratory shows that F-actin does not 

simply frost the invasive cortex in the AC, but localizes into dynamic focal 

structures that associate with basement membrane breach (E. Hagedorn, 

personal communication).  These structures appear to recruit similar proteins to 

invasive actin structures known as invadapodia or invadasomes in vitro (E. 

Hagedorn, personal communication).  Moreover the invasive actin structures in 

the AC as well as invadasomes appear to depend upon some common signaling 

pathways, suggesting that these elements in the AC are in vivo analogues of 

invasive structures from invasive carcinoma cells (E. Hagedorn, personal 

communication).   
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Figure 3.4 : UNC-6/Netrin signaling components associate with invasive actin 
structures 

Top image in all panels is an AC rotated approximately 45° to reveal the basal 
membrane, below is a confocal slice from the same AC.  While UNC-40::GFP did 
not specifically associate with mCherry::moeABD marked invadasomes (a & a’), 

both CED-10/Rac (b & b’) and UNC-34/Ena (c & c’) were enriched at these 
structures.  (d) Correlation coefficients averaged across worms confirmed the 

weak association of UNC-40 with invadasome structures (average R=0.35), 
whereas UNC-34 and CED-10 showed stronger average correlations with 
mCherry::moeABD of 0.68 and 0.62 respectively.  Loss of unc-40 did not 

significantly alter the average correlation of UNC-34 with F-actin (average 
R=0.71) whereas it did alter the correlation of CED-10 with mCherry::moeABD 

(average R=0.41, p=0.004, Student’s t-test).  This did not reflect an absolute 
requirement for UNC-40 to recruit CED-10 as some invadasomes clearly 

enriched this protein (see e’).  Error bars in (d) are the SEM. 
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To further understand whether AC invadasomes might be an important 

target of UNC-6/netrin signaling for invasion, I examined the localization of 

UNC-6/netrin signaling components within the invasive membrane relative to 

the F-actin cytoskeleton marked by mCherry::moeABD.   While I did not detect a 

clear relationship between UNC-40::GFP and F-actin in wild-type worms at the 

invasive membrane (figure 3.4 a, a’ & d page 77),  both UNC-34/Ena and CED-

10/Rac clearly associated with invasive actin structures, consistent with the idea 

that these elements may be important targets of UNC-6/Netrin signaling (figure 

3.4 b, b’, c, c’ & d, page 77).  Further supporting such a role, though UNC-40 was 

not required for the association of UNC-34/Ena with F-actin, it did appear to 

facilitate CED-10::GFP localization to invasive actin structures, as the average 

correlation coefficient between CED-10::GFP and mCherry::moeABD, was 

significantly reduced in unc-40(e271) mutants (figure 3.4 e, e’, f, f’ & d, page 77). 
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Figure 3.5: Influence of UNC-6/Netrin signaling on AC invadasomes 

(a-c) DIC images and single timepoints of wild-type, unc-6 and unc-6; unc-40 
double mutants prior to invasion and time-lapse  (a’-c’) single frames from times-lapse 

movies of the same anchor cells where AC invadasomes have been labeled for 
quantification (blue dots).   In these panels the AC has been rotated 45 degrees forward 

to reveal the invasive membrane (d)  Whereas unc-6 mutants had significantly few 
invadapodia than wild-type worms (p<0.05, post-hoc Tukey test), neither unc-40 nor 

unc-40; unc-6 double mutants had fewer invadasomes than wild-type worms on average.  
Error bars in (d) are the standard deviation.
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To examine whether UNC-6/Netrin signaling might be important for 

generating AC invadasomes to promote invasion, I utilized time lapse 

microscopy to image and quantify invasive actin structures in wild-type, unc-6, 

unc-40 and unc-40; unc-6 double mutants (n=12, for each background).  Worms 

from these strains were examined during P6.p 2-cell stage prior to basement 

membrane breach for up to an hour or until invasion became obvious.   

Invadasomes within the invasive membrane were detected computationally, 

using the spots algorithm in Imaris (Bitplane AG, College Station, CT), and were 

then edited manually so that only clearly defined clusters of F-actin were 

included.  Though we detected a significant reduction in the number of 

invadasomes per frame in the unc-6/netrin background (average of ~3)  relative to 

wild-type animals (average of ~5), invadasomes formed robustly in unc-40 

(average of ~6) and unc-40; unc-6 (average of ~5) double mutants (figure 3.5 a, b, 

c & d, page 79).  Thus, while it is conceivable that the decrease in invadasome 

number observed in unc-6(ev400) mutants might contribute to invasion defects in 

this background, such a model could not hold true for unc-40 or unc-40; unc-6 

double mutants. Taken together, all of the data indicated that neither unc-6/netrin 

nor unc-40/DCC were essential for invadasome formation and suggested that the 

role of UNC-6/Netrin signaling during AC invasion could not simply be 

accounted for in terms of invadasome generation.  Due to the limits of temporal 
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resolution in this assay, we were unable to accurately assess other parameters 

such as invadasome lifetime, thus higher resolution measurements may shed 

further light on a role UNC-6/Netrin signaling for invadasome regulation. 
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Figure 3.6: the process of invasion is abnormal in the abscence of Netrin 
signaling 

ACs (magenta marked by GFP::CAAX, white arrows) in the process of 
invasion generated robust cellular protrusions (white arrowheads) that extended 

beneath the basement membrane (blue)  (average protrusion volume was 30.2 
um^3 (± 4 SEM)).  In unc-6 and unc-40  mutants (c & d, respectively) in the 

process of invasion major cellular protrusion was absent and the average cellular 
volume projected beneath the basement membrane was 3.2 um^3 (± 0.2 ,SEM) 

and 1.2 um^3 (± 0.1 ,SEM), respectively. (b & e). Insets in (a, c & d) show a 
ventral view of basement membrane breach and the AC. Analysis of the 

basement membrane in partially invaded unc-6 and unc-40 mutants revealed a 
novel “swiss-cheese” phenotype.  Whereas the basement membrane of wild-type 

worms contained only one or occasionally 2 points of breach, loss of unc-40 or 
unc-6 led paradoxically to an increase in the number basement membrane holes 

(p<0.01, Mann-whitney, n=at least 30 animals per genotype).  Scale bars are 5 
microns.
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Figure 3.7: Hole expansion is perturbed in the abscence of unc-40/dcc 

(a)Time-lapse movie of breach expansion in a control worm viewed ventrally by 
virtue of the rol-6 mutation. (b) movie of hole expansion in an unc-40(e271); rol-

6(d) double mutant.  dA/dT is plotted for these two movies in (c) and was 
generated by tracing the outlines of the basement membrane holes in successive 
frames of time-lapse movies in ImageJ.  (d) Quantification of the average rate of 
hole opening in control (n=12) and unc-40 (n=15) mutant animals.  The average 

rate of hole opening was significantly reduced in unc-40 mutants (p=0.03, 
Student’s T-test).  Error bars in (d) are the SEM.  The scale bar in (b) is 5 microns. 
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3.2.4 Invasive protrusions are compromised in unc-6/Netrin and unc-
40/DCC mutants and basement membrane hole expansion is 
compromised. 

As the role of UNC-6/Netrin in regulating invadasomes prior to invasion 

was unclear, we next examined during how cellular events more proximal to 

basement membrane breach were influenced by the loss of UNC-6/Netrin or 

UNC-40/DCC.  ACs in the process of invasion generated robust cellular 

protrusions that extended through the basement membrane and contacted the 

primary vulval cells (figure 3.6 a, page 82).   Removal of either UNC-6/Netrin or 

UNC-40/DCC blocked protrusion formation, consistent with the inability of unc-

6/Netrin mutants to extend invasive protrusions in response to isolated 1°VPCs 

in the attraction assay (figure 3.6 c & d, page 82). Moreover, in still images of 

both unc-6 and unc-40 mutants in the process of invasion, we detected an 

increase in the number of nascent breaches in the basement membrane relative to 

wild-animals, suggesting that invasion may have initiated and failed multiple 

times in these animals. Taken together the data were consistent with the idea that 

loss of unc-6 and unc-40 did not simply delay invasion, but also that events after 

basement membrane penetration are perturbed in the absence of UNC-6/Netrin 

signaling (figure 3.6 b, page 82).  

Given the phenotypes associated with unc-6/netrin mutants in the process 

of invasion, I wondered whether breach expansion might occur abnormally in 



 

 

 
85 

unc-6/netrin mutants.  To test this idea I utilized worms expressing Laminin::GFP 

to mark the basement membrane in animals also carrying the rol-6(d) mutation.  

This mutation affects a cuticular collagen and causes a subset of worms to expose 

their ventral surface, allowing an unparalleled visualization of the basement 

membranes during invasion.  In wild-type worms that had invaded through both 

basement membranes, hole expansion was well fit by a linear rate of growth 

indicated by an average R-squared value of ~0.88 (n=12, and see figure 3.7 a & c, 

page 84).  The rate of breach expansion was calculated by extracting the slope of 

the linear fit and was on average 0.142 um^2/min in wild-type animals (figure 

3.7 d, page 83).  Consistent with the idea that netrin signaling also is required 

after the time of breach, loss of UNC-40/DCC significantly reduced the average 

rate of hole opening to approximately 0.030 um^2/min in these animals relative 

to control worms (figure 3.7 b & d, page 83).  

3.3 Discussion 

I was surprised to find strong differences in the F-actin polarity phenotype 

between unc-6 and unc-40 mutants given previously reported the requirement for 

Netrin binding to trigger dimerization and activation of DCC receptors.  Indeed 

our data our consistent with the possibility that loss of UNC-6 leads to ectopic 

and perhaps even enhanced UNC-40 signaling in the AC.  That UNC-40 can 

signal in the AC in the absence of UNC-6 is not without precedent in the worm.  
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Q neuroblast polarization, muscle arm extension and an uncharacterized process 

related to body size regulation all are controlled by UNC-40 but not by UNC-6 

(Alexander et al., 2009; Honigberg and Kenyon, 2000; Yu et al., 2002).  It is not 

clear, however, that the unc-6-independent effect of UNC-40 that I observe in the 

AC is related to UNC-40 signaling in these contexts. Nor is it understood 

whether these situations truly involve ligand-independent signaling by UNC-

40/DCC or UNC-40/DCC activation by a cryptic signal.  Indeed, an additional 

ligand for UNC-40/DCC receptors has recently been prospectively identified 

and could presumably activate UNC-40/DCC in some or all of these contexts (P. 

Roy, personal communication).   

Another explanation for the ectopic UNC-40/DCC activity observed 

within the ACs of unc-6/netrin mutants is that some pathway or pathways that 

negatively regulate UNC-40/DCC are absent in the AC or are ineffective in the 

absence of UNC-6.  One possibility that might explain our observations stems 

from a relatively unique feature of the AC amongst UNC-40-regulated cell types 

in the worm: while all known ventrally-guided neurons in C. elegans respond to 

UNC-6 via UNC-40, most are also influenced by repulsive SLT-1/Slit ligands 

(Killeen and Sybingco, 2008). It has been shown that the Slit receptor, Robo, and 

co-receptor, EVA-1, can inhibit the activity of DCC and UNC-40, respectively 

(Fujisawa et al., 2007; Stein and Tessier-Lavigne, 2001).  It is thought that this is 
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one mechanism by which Slit signaling fine-tunes axon guidance.   In contrast to 

most C. elegans ventrally guided neurons, SLT-1/Slit signaling has  no detectable 

influence upon AC invasion, even in the unc-6 background (D. Sherwood, 

unpublished observations). Thus perhaps SLT-1 signaling is absent in the AC, 

allowing UNC-40 to behave in aberrant way, particularly if freed from the 

taming influence of UNC-6.  In this same vein, a recent report from the 

Wadsworth laboratory identified a novel allele of unc-40 that dominantly alters 

the migratory paths of C. elegans growth cones, but does so only in the absence of 

UNC-6 (Xu et al., 2009).   The mechanistic basis for the phenotype was not 

completely determined, but one possibility is that the mutant receptor produced 

from this allele is defective in interacting with a pathway that keeps UNC-40 

silent in the absence of ligand. 

In considering the apparent phenotypic differences between unc-6 and 

unc-40/dcc mutants, the most important thing to keep in mind is that both 

backgrounds strongly perturb AC invasion.  Thus while it may be interesting to 

understand why UNC-40/DCC becomes active in the absence of UNC-6/netrin, 

much more important is filling the gaps in our knowledge surrounding the role 

or roles that UNC-6/netrin and UNC-40/DCC play together at the invasive 

membrane. 
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Positively assigning a function for Netrin signaling in F-actin regulation at 

this domain prior to the time of invasion has been difficult.  Indeed, the role of 

this signaling system in controlling F-actin elements or invadasomes prior to 

invasion remains unclear.  One possibility is that UNC-6/netrin signaling can 

influence invadasome behavior but is not essential for invadasome regulation.  

For example, functional overlap between the vulval cue and UNC-6/Netrin 

pathways might obscure functions for UNC-6/Netrin signaling in F-actin 

regulation prior to basement membrane breach.  Another possibility is that 

functions for UNC-6/Netrin signaling at this domain will be revealed by higher 

resolution measurements of invadasome dynamics prior to breach.  This point is 

currently being addressed using the roller (rol-6(d)) background.   

Our data do however link UNC-6/Netrin signaling with events that are 

proximal to basement membrane breach and hole expansion.  Notably the 

absence of the cellular protrusion at nascent breaches in unc-6/netrin and unc-

40/DCC mutants suggests that molecular events at this time are disrupted in the 

absence of UNC-6/netrin signaling.  Moreover, our data suggest that UNC-

40/DCC is required for efficient expansion of basement membrane holes.  Thus 

analysis of Netrin signaling during breach expansion might lead to novel 

insights into the regulation of cell-invasive behaviors as this step is poorly 

understood in general.  Indeed, recent results from our laboratory indicate that 
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basement membrane is not simply dissolved during invasion, but rather is at 

least partially removed by physical displacement (Ihara et al., 2011).  One 

possibility, consistent with our data is that generation and expansion of invasive 

protrusions through the basement membrane might facilitate this process
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4. An expression screen for C. elegans RhoGEF proteins 
that may be important for gonadogenesis and AC 

invasion. 
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4.1 introduction  

The gonad in C. elegans is an excellent model for elucidating the genetic 

and cell-biological mechanisms underlying organogenesis (Hubbard and 

Greenstein, 2000).  The somatic tissues of the adult hermaphrodite gonad are 

generated through stereotyped division, rearrangement and patterning of the 

progeny of two somatic gonadal cells known as Z1 and Z4 (Kimble and Hirsh, 

1979). These cells encircle the primordial germ cells near the end of 

embryogenesis to form the gonad primordium (figure 4.1, a & e, page 93) 

(Sulston et al., 1983).  After hatching, development in C. elegans proceeds through 

four distinct larval growth stages (L1-L4) separated by cuticular molts.  During 

the L1 stage, Z1 and Z4 begin a process of oriented cell division that generates 

the cells whose progeny give rise to the tissues of the gonad (figure 4.1, a & e, 

page 93) (Kimble and Hirsh, 1979).  Cell division continues during the L2 stage, 

but this developmental window is also characterized by early morphogenetic 

changes within the gonad.  Of particular importance are the movements of cells 

that give rise to the uterine and spermathecal epithelia as well as the gonad 

sheath cells.  During the late L2 stage, these ten cells come to completely occupy 

the central region of the gonad, forming the somatic gonad primordium in a 

process coincident with exclusion of the germ cells into the gonad arms (figure 
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4.1 b & f, page 93) (Kimble and Hirsh, 1979).  Also at this time, elongation of the 

gonad arms along the anterior-posterior axis occurs and is guided by two 

specialized cells known as distal tip cells (DTCs).  The DTCs are located at the 

extreme anterior and posterior ends of the gonad (one on each gonad arm) and 

migrate along the body wall during larval development (figure 4.1 b-d & g, page 

93).  During this process gonad sheath cells flatten and migrate along the 

extending gonad, ultimately encirlcling the adult gonad arms (figure 4.1 c, d, g  

& k, page 93) (Kimble and Hirsh, 1979). Migration of the DTCs continues through 

the L3 and L4 larval stages, during which they execute a stereotypic series of 

movement and turns to generate the reflexed, fully extended arms of the adult 

hermaphrodite gonad (figure 4.1 c, d, g & h, page 93) (Hedgecock et al., 1987).    
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Figure 4.1 : Schematic and summary of gonad development in C. elegans 
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Figure 4.1 cont’d from page 93 

(a–d) Schematic representation of larval gonad development in C. elegans. 
(a) After hatching, during the L1 stage, the somatic gonad precursor cells Z1 and 

Z4 surround the primordial germ cells and are located on the anterior and 
posterior sides of the early gonad. (b) During the L2 stage these cells give rise to 

somatic lineages of the gonad including the distal tip cells (DTCs) and the cells of 
the somatic gonad primordium. (c) During the L3 stage the cells of the somatic 
gonad primordium divide to form the dorsal and ventral uterine cells (DU/VU 

cells) as well as the gonad sheath and spermathecal cells. (d) During the L4 stage, 
the uterine and spermathecal epithelia form mature lumens. The DTCs and the 
gonad sheath cells complete their migrations. (e–h) DIC micrographs overlaid 

with LAM-1::GFP fluorescence labeling the basement membrane which 
surrounds and outlines the gonad. RhoGEF 5’CRE activity was scored in: (e) Z1 
and Z4 at the L1 stage; (f) the somatic gonad primordium at the L2 stage; (g) the 
AC, VU/DU cells, the spermathecal and sheath lineage and the DTCs during the 

L3 stage and (f) the uterine and spermathecal epithelia at the L4 stage. (i–l) 
Selected examples of RhoGEF 5’CRE activity during gonadogenesis: (i) 5’CREs 

from C28C12.10 were active in Z1 and Z4; (j) C02F12.4 was detected in the 
somatic gonad primordium; (k) T19E10.1/ect-2, K07D4.7b, F55C7.7a,b/unc-73 and 

C11D9.1 5’CRE activity detected in the DU/VU cells, AC, DTC and spermathecal 
and sheath lineages respectively; (l) K11E4.4/pix-1 5’CREs were active broadly 

within the uterine epithelium, whereas elements from C11D9.1 were active 
specifically within the spermatheca. Scale bar in (e) represents 20 microns. 
Abbreviations: epithelium, Ep; distal tip cell, DTC; anchor cell, AC; dorsal 
uterine cell, DU; ventral uterine cell, VU in this and all subsequent figures.
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Successful passage of fertilized eggs out of the adult hermphrodite 

requires connection of the uterus to the vulva, which forms as a separate 

epithelial tube in the hypodermis directly ventral to the uterine precursors.  A 

specialized uterine cell, the anchor cell (AC), is central to the development of 

both tissues (Newman et al., 1995; Sherwood and Sternberg, 2003a; Sundaram, 

2004).  During the L2-L3 molt, the AC induces vulval tissue by secreting the EGF-

like ligand LIN-3 (Sundaram, 2004).  Later, during the mid-L3 stage, the AC 

plays a second critical role in establishing the initial connection between the 

uterus and vulva by invading through the basement membranes separating the 

gonad and hypodermis (Sherwood et al., 2005; Sherwood and Sternberg, 2003a; 

Ziel et al., 2009).  Following basement membrane removal and attachment to the 

central vulval cells, the AC fuses with surrounding uterine cells, which, during 

the late L3 and L4 stages, begin to form the mature epithelium characteristic of 

adult worms (Figure 14 DH, page 69) (Newman and Sternberg, 1996; Sharma-

Kishore et al., 1999).  This event occurs at the same time as maturation of the 

spermathecal epithelia and their connection to the uterus (figure 4.1 d & h; page 

93) (Hubbard and Greenstein, 2000). 

The Rho family of small GTPases (Rho GTPases) are known to be critical 

for key steps in hermaphrodite gonadogenesis (Blelloch et al., 1999; Welchman et 

al., 2007; Ziel et al., 2009).  The C. elegans genome contains clear orthologues of 
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vertebrate racs (mig-2, ced-10 and rac-2), rhoA (rho-1) and cdc42 (cdc-42) 

(Lundquist, 2006).  Both mig-2 and ced-10 function during DTC migration and AC 

invasion, while cdc-42 has been shown to regulate early gonad organization 

(table 2.1, page 28) (Blelloch et al., 1999; Welchman et al., 2007; Ziel et al., 2009).  

However, the early embryonic lethality associated with complete loss-of-function 

mutations in ced-10 and cdc-42 or with rho-1 RNAi treatment, have complicated 

functional analysis of these genes during gonadogenesis. 

An alternative approach to further understand Rho GTPase signaling 

during development is to examine the regulatory proteins that control their 

activity.  Rho family members are molecular switches that interact with their 

effector proteins in the GTP-bound state.  Activation of Rho GTPases is 

controlled by guanine nucleotide exchange factors (GEFs), while inactivation is 

regulated by GTPase activating proteins (GAPs) (Narumiya, 1996).  Of particular 

interest are the GEF proteins, as these molecules are thought to couple Rho 

GTPase activity to specific signaling events, such as those controlling 

developmental timing or directional migration (Schiller, 2006).   Thus, mutations 

in individual GEF genes may be used to uncover functions for Rho GTPases in a 

specific subset of developmental or cellular events.  Because most genomes 

contain a much larger complement of RhoGEFs than Rho-family GTPases, 

designing experiments to determine the individual or combinatorial contribution 
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of specific RhoGEFs to Rho GTPase regulation is difficult without prior 

documentation of expression patterns (Schmidt and Hall, 2002).  To this end, we 

have characterized 5’ cis-regulatory element (5’CRE) activity from nineteen 

putative RhoGEF genes during gonadogenesis in C. elegans.  Our results provide 

evidence for a wide range of tissue and temporal specificity amongst these 

5’CREs.  We anticipate that the profiles described here will aid in designing 

experiments to determine the genetic requirements for Rho GTPase regulation by 

GEF proteins during organogenesis in vivo. 

4.2 Results 

4.2.1 Identification of likely RhoGEF proteins in C. elegans 

To identify likely RhoGEF-encoding genes in C. elegans we searched the 

SMART database for C. elegans proteins predicted to contain a dbl-homology 

(DH) domain, a characteristic feature of GEF proteins for Rho-type GTPases 

(Letunic et al., 2009).  From this search we identified sixteen C. elegans genes 

likely to encode typical RhoGEF proteins (figure 4.2, page 99).  As expected, most 

of the predicted proteins encoded by these genes also contained a pleckstrin-

homology (PH) domain in close proximity to the DH domain, which aids in the 

nucleotide exchange reaction (Schmidt and Hall, 2002).  In addition, a second 

family of proteins related to vertebrate DOCK180 and C. elegans CED-5 have 

been shown to function as GEFs for some Rho family members (Cote and Vuori, 
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2007).  For this reason, we examined 5’CRE activity from the three genes in this 

family (C02F4.1/ced-5, F22G12.5 and F46H5.4) that are encoded by the C. elegans 

genome (Cote and Vuori, 2007).    While some of these genes (C02F4.1/ced-5, 

C33D9.1/exc-5, T19E10.1/ect-2, K11E4.4/pix-1, F32F2.1/uig-1, F55C7.7/unc-73, 

C09D1.1/unc-89 and C35B8.2/vav-1) have been identified by genetic screens or 

other loss-of-function approaches, eleven have not been previously characterized 

(Benian et al., 1996; Hikita et al., 2005; Lucanic and Cheng, 2008; Morita et al., 

2005; Steven et al., 1998; Steven et al., 2005; Yoo and Greenwald, 2005).  
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Figure 4.2 : Schematic summary of RhoGEF 5'CRE reporter constructs 
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Figure 4.2 cont. from page 99 
Schematic representation of the predicted transcripts and 

5’CRE constructs associated with each RhoGEF gene examined. In each 
frame, transcripts are represented by filled boxes (exons) connected by thin lines 

(introns). 5’CRE constructs are shown below, labeled with the identifying 
number of the corresponding extrachromosomal array. Green transcripts linked 

to each promoter represent the coding sequences of GFP from pPD95.75. This 
version of GFP contains introns for enhanced expression in C. elegans. Bars in the 

lower left corner of each frame represent 1000 base pairs. 
 

4.3.2 Identification of RhoGEF 5’CRE activity during gonadogenesis 

To determine which RhoGEF proteins might be important during 

gonadogenesis, we sought to examine their spatial and temporal expression 

during larval development.  For this purpose, we took advantage of the fact that 

5’CRE activity can be efficiently assayed in C. elegans by linking putative 

regulatory elements to the coding sequences for the green fluorescent protein 

(GFP) in transgenic worms (Hunt-Newbury et al., 2007).  In this way we 

examined 5’CREs from each of the nineteen RhoGEF genes identified due to the 

presence of a DH domain or similarity to CED-5 and DOCK180.  In total we 

examined twenty-four transgenic lines representing 5’CREs from all nineteen 

genes and encompassing 28 of the 34 total RhoGEF 5’CREs based upon current 

transcript predictions in Wormbase (WS199).  A schematic view of each RhoGEF 

gene and detailed information regarding each associated reporter construct is 

available in figure 4.3 (page 103) and table 4.1 (page 101).
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Table 4.1 : Primers used for RhoGEF 5' CRE construction 

PCR Primers Gene 
Name Transgene 5’CRE 

Size Forward (outer) Forward (nested) Reverse (w/ GFP extension) 
C02F12.4 sEx14805[C02F12.4>GFP] 

† 
2863 bp n/a n/a n/a 

C09D1.1/unc-
89 

sEx12115[C09D9.1>GFP] † 2851 bp n/a n/a n/a 

C11D9.1 qyEx115[C11D9.1>GFP] 3672 bp 5'-AACATCTAAT CCT TTgCCTCAg-3' 5'-TTCATTCCATTCCACCgTTAgg-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACTCATTg 
TTTCCATTggTTTTCgCCAT-3' 

qyEx116[C14A11.3b>GFP] 4054 bp 5'-TTCACCTTgCTCAAgTCCgTCAgg-3' 5'-CTATCgCCgACTCggCtCCATAAT-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACTCATgA 
CTTCTTCgATgCTCCAAGT-3' C14A11.3 

qyEx117[C14A11.3a,c>GF
P] 

3063 bp 5'-TTCAATCTAggTgAACCAAggTgC-3' 5'-ATgACgTCATAATCATAATCAAggAgTgg-3' 5'-CCAgTgAAAAgTCTTCTCCTTTACTCATAg 
TgATgAgCCTACgCTTTgAgCgCCggAA-3' 

C28C12.10 qyEx114[C28C12.10>GFP] 2903 bp 5'-CCgCTTgTTCCTCATCTATTCC-3' 5'-TgA ACTTTTTCgTgTgCTCC-3' 5'-gTTCTTCTCCTTTACTgAATCTgTTgTCTCCg TCg 
TCC-3' 

C33D9.1/exc-5 qyEx118[C33D9.1>GFP] 4109 bp 5’-gACTgAATgggggAggAgATg-3’ 5’-gACTgAATgggggAggAgATg-3’ 5'-CCAgTgAAAAgTTCTTCTCCTTTACTCAT 
gGACggTAATTgTACCAACgATgACAT-3' 

C35B8.2/vav-1 sEx14969[C35B8.2>GFP] † 2838 bp n/a n/a n/a 

F13E6.6 qyEx119[F13E6.6>GFP 4625 bp 5'-AAATACACCAgATgCCTggCAC-3' 5'-gTggAAAAgATggTgATAgCAg-3' 5'-gTTCTTCTCCTTTACTTACAAACTCgTAC 
gATCgCAT-3' 

F32F2.1/uig-1 sIs10403[F32F2.1>GFP] † 2259 bp n/a n/a n/a 

sEx14303[F55C7.7a,b>GFP
] † 

2862 bp n/a n/a n/a 

qyEx120[F55C7.7c>GFP] 3043 bp 5'-ggAAgCgACATgAAACgAAg-3' 5'-gTTCACggAgACgAAATTgATAgg-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACTCAT 
gCAAgTgAAACATTTTATCACCAT-3' 

qyEx121[F55C7.7d>GFP] 3405 bp 5'-TAAACTTTggTCgTTggCTCC-3' 5'-AgCCgAATCTggAAgTgTACC-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACTCAT 
TggCATCAgATTAgCACACggCAT-3' 

F55C7.7/unc-
73 

qyEx122[F55C7.7e>GFP] 2665 bp 5'-CgTCCATCACACAAATTCAgC-3' 5'-ATTTCCCCACTCCACCCTTg-3' 5'-CCAgTgAAAAgTTcTTCTCCTTTACTCAT 
CTCCACAgTTTgAgACCgTCgCAT-3' 

qyEx123[K07D4.7a>GFP] 5053 bp 5'-TTAgAAACAggCAggTgAgg-3' 5'-TgAAggCAggTAggCgTAggCgTAgg-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACT 
CATTTCCTTAACACTgggCAATCg-3' 

K07D4.7 
sEx14586[K07D4.7b>GFP] 

† 
2843 bp n/a n/a n/a 

K11E4.4/pix-1 qyEx124[K11E4.4>GFP] 1360 bp 5'-CCAAAATgggAAAggAgTATCg-3' 5'-TATATCAgCggCAATggAgC-3' 5'-gTTCTTCTCCTTTACT 
AgAACCCgAACCAggTTCCATTTTCTgAA-3' 

R02F2.2 qyEx125[R02F2.2>GFP] 1799 bp 5'-CCgTAACTACCACAAATgCTC-3' 5'-gCTgCCAAATgCgTggATTC-3' 5'-gTTCTTCTCCTTTACT 
gTCTgCATCgTTTgggTTgAgCAT-3' 

T08H4.1 sIs12029[T08H4.1>GFP] † 2819 bp n/a n/a n/a 

T19E10.1/ect-
2 

qyEx126[T19E10.1>GFP] 2255 bp 5'-TgAgCCCCACgCCTTCTTAC-3' 5'-gTgCCATTTTTTTAggCgTTggTg-3' 5'-gTTCTTCTCCTTTACT 
TggTgATTgCAACATTgAgACgTCCAT-3' 

Y95B8A.12 n/a§ 12481 bp 5'-CTgCACggATTTCTggCTTC-3' 5'-TCTCCACATCCCCCCTTCTC-3' 5'-gTTCTTCTCCTTTACT 
ggCTATTgTggCACgTTgAACAT-3' 

C02F4.1 qyEx127[C02F4.1>GFP] 1304 bp 5'-CACgAATTgCACAagAgAgC-3' 5'-gggAggTATTTTgTCTggAATg-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACT 
CATTgCATAATAGAAACCCgTCgTTgC-3' 

F22G12.5 qyEx128[F22G12.5>GFP] 1722 bp 5'-AgCTTCTCgTCCTCCATTTTC-3' 5'-AggCgggAAggAAAAgAgTC-3' 5'-CCAgTgAAAAgTTCTTCTCCTTTACT 
CATgCCgCTTCgAgCTgTTgATgATCTCAT-3' 

F46H5.4 sIs1384[F46H5.4>GFP] † 1253 bp n/a n/a n/a 

† These transgenes were produced by the Genome BC C. elegans Gene Expression Consortium. 
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In our preliminary screen (see methods section) we identified 5’CREs from 

thirteen of these nineteen RhoGEFs that were active during gonadogenesis 

(figure 4.3, page 103).  Importantly, all 5’CREs examined drove GFP expression 

in at least some cells during larval development with the exception of those from 

Y95B8A.12 (data not shown).  The lack of expression across multiple transgenic 

lines indicated that this gene may not be expressed during larval development or 

that our 5’CRE construct lacked necessary sequences.  For those RhoGEF 5’CREs 

that were active during gonadogenesis, we conducted a more detailed analysis of 

their expression patterns by focusing on critical developmental landmarks 

during larval gonad formation (examples of 5’CRE activity in each cell type 

examined are shown in figure 4.1  (page 93) and summarized in figure 4.3 (page 

103). 
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Figure 6 : Summary of RhoGEF 5'CRE activity during gonadogenesis 

Tabular summary of RhoGEF expression patterns during gonad development. 
Activity from sixteen 5’CREs derived from thirteen genes was detected during 
larval gonadogenesis. Red circles indicate an absence of activity whereas green 

circles indicate 5’CREs active within a particular cell type. Homology/orthology 
to human proteins was determined using BLAST, the best hit for the longest 
isoform of the C. elegans protein in the human genome is indicated in column 
two. Bolded entries indicate circumstances in which the human and C. elegans 

proteins are reciprocal best BLAST matches. Where shown, lowercase letters in 
column three indicate specific transcripts predicted to be regulated by each 

5’CRE. 
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4.3.3 RhoGEF 5’CRE activity during early gonadogenesis 

To examine RhoGEF 5’CRE activity during early events in the 

organization of the somatic gonad, we scored GFP expression in Z1 and Z4 and 

in the somatic primordium during the L1 and L2 larval stages, respectively 

(figure 4.1a, b, e, f and i, page 93).  RhoGEFs expressed during these stages could 

contribute to early cell movements required for general somatic gonad 

organization and exclusion of the germ-cells into the gonad arms (Hubbard and 

Greenstein, 2000; Welchman et al., 2007).  5’CREs from four genes (C14A11.3, 

C28C12.10, K11E4.4/pix-1 and T19E10.1/ect-2) were active in Z1 and Z4 (figure 4.1 

i, page 93; figure 4.3, page 103).  Interestingly, only the construct corresponding 

to the short transcripts of C14A11.3 (C14A11.3a,c) was active during 

gonadogenesis, indicating the potential for isoform-specific activity during 

gonad development (Figure 17, page 82).  During the L2 stage we detected 

continued GFP expression directed by 5’CREs from C14A11.3a,c, C28C12.10 and 

K11E4.4/pix-1 within the somatic gonad primordium.  In addition, regulatory 

regions corresponding to C02F12.4, C11D9.1, C33D9.1/exc-5 and K07D4.7a 

became active at this time (figure 4.1 j, page 93; figure 4.3, page 103).   
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4.3.4 RhoGEF 5’CRE activity during DTC migration  

We also identified RhoGEF 5’CREs that were active within the DTCs, 

where Rho GTPase function has been clearly demonstrated by loss-of-function 

studies (Blelloch et al., 1999).  Seven RhoGEF 5’CREs (C02F12.4, C14A11.3a,c, 

C28C12.10, F55C7.7a,b/unc-73, K11E4.4/pix-1, K07D4.7b and C02F4.1/ced-5) drove 

GFP expression within the DTCs during the L3 stage, when mig-2 and ced-10 

regulate DTC turning and directional migration (figure 4.1 k, page 93; Figure 

figure 4.3 page 103)(Reddien and Horvitz, 2000; Zipkin et al., 1997).  Importantly, 

these data were consistent with previous reports of DTC phenotypes caused by 

mutations in C02F4.1/ced-5 and K11E4.4/pix-1 and double-stranded RNA 

targeting F55C7.7/unc-73 (Cram et al., 2006; Lucanic and Cheng, 2008; Wu and 

Horvitz, 1998).   
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Figure 4.4: CDC-42 plays a role in AC invasion 

(a & b) cdc-42(RNAi) caused defects (note white arrowheads) in basement 
membrane (green) penetration by the AC (magenta) at the P6.p 4-cell stage 
(vulval cells indicated by white brackets). (c) CDC-42::GFP expressed from 

endogenous cis-regulatory elements was widely expressed and was also detected 
in the AC.  (d) AC invasion occurred normally in only 40 percent of cdc-42(gk388) 

zygotically null mutants. cdc-42(RNAi) caused less severe defects with ACs 
invading normally in approximately 72 percent of cases at the P6.p 4-cell stage. 
RNAi targeting cdc-42 was also effective in the gonad-sensitive RNAi strain fos-

1>rde-1; rde-1(-), indicating function within gonadal cells, consistent with the idea 
that CDC-42 might function in the AC to promote invasion. (n= at least 50 worms 

for each genotype/treatment).  Scale bar in (a) is 5 microns. 
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4.3.5 RhoGEF 5’CRE activity during Uterine, Spermathecal and Gonad 
Sheath development 

Rho GTPase signaling is critical for establishing the apical-basolateral 

polarity characteristic of cells within mature epithelia (Van Aelst and Symons, 

2002).  During the late L3 stage and continuing into the L4 stage, cells of the 

dorsal and ventral uterus form a mature, lumenalized epithelial tube from a 

previously uniform cluster of cells (Newman et al., 1996).  During the late L3 

stage we detected 5’CRE activity from a large number of RhoGEF genes within 

this tissue.  In total eight 5’CREs (C02F12.4, C14A11.3a,c, C28C12.10, C33D9.1/exc-

5, F55C7.7ab/unc-73, K07D4.7a, K11E4.4 and T19E10.1/ect-2) were active in both 

the dorsal and ventral uterine cells prior to lumen formation and within the 

mature uterine epithelium (figure 4.1 k, page 93; figure 4.3, page 103).  

Additionally, 5’CREs from C02F4.1/ced-5, F55C7.7d, K07D4.7b and F22G12.5 

became active within the mature epithelium during the L4 stage (figure 4.4, page 

106).  Most of these genes were also active within the spermathecal epithelia at 

the L4 stage (figure 17, page 82).  Notably, four RhoGEF 5’CREs (from C11D9.1, 

C35B8.2/vav-1, F55C7.7e/unc-73 and F13E6.6) were specifically active in the 

spermathecal epithelia within the gonad during the L4 stage (figure 4.1 l, page 

93, figure 4.3, page 103).  



 

 

 108 

 

Figure 4.5 :RhoGEF 5'CRE activity during AC invasion 

Eight RhoGEF 5’CRE-reporter constructs were active around the time of 
AC invasion. (a) C02F12.4, (b) C14A11.3a,c, (c) C28C12.10, (d) F55C7.7a,b/unc-73 
(e) K11E4.4/pix-1, (f) T19E10.1/ect-2 and (g) K07D4.7a were all active broadly 
within the central gonad at the mid-to-late L3 stage, being expressed in both the 
AC (arrows) and the VU/DU cells (brackets). (h) In contrast, 5’CREs from 
K07D4.7b were specifically active within the AC at the time of invasion and were 
not expressed within the VU/DU cells. Scale bar in (a) represents 20 microns. 
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4.3.6 RhoGEF 5’CRE activity during AC invasion 

We have shown previously that mig-2 and ced-10 function to promote 

basement membrane removal by the AC (Ziel et al., 2009).  cdc-42 also plays an 

uncharacterized role in this process (figure 4.4, page 106).  How these proteins 

might be activated in response to the pathways that promote the timing and 

targeting of invasion is not known.  Analysis of RhoGEF 5’CRE activity at the 

time of AC invasion in the mid-to-late L3 stage identified eight RhoGEF 5’CREs 

from seven genes capable of driving AC expression (Figure 14K, page 69; Figure 

2, page 82; Figure 18A-H, page 83).  In most cases (C02F12.4, C14A11.3a,c, 

C28C12.10, F55C7.7a,b/unc73, K07D4.7a, K11E4.4/pix-1 and T19E10.1/ect-2) GFP 

expression was also detected amongst the dorsal and ventral uterine cells and 

thus might reflect enhancer elements broadly active within the central somatic 

cells of the gonad (figure 4.3, page 103; figure 4.5 a-g, page 108).  In contrast, a 

5’CRE construct from K07D4.7b, highly similar to Ephexin and a human gene 

ARHGEF16, showed a high degree of specificity within the gonad.  This 5’CRE, 

corresponding to the smaller transcript of K07D4.7, was only expressed within 

the AC and the DTCs (figure 4.2, page 99; figure 4.5, page 108).   

To determine whether any of the RhoGEF genes predicted to be expressed 

in the AC might have important roles in invasion, I examined the AC invasion in 

these backgrounds carrying mutations in C02F12.4, C14A11.3, C28C12.10, 
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F55C7.7/unc-73, K07D4.7, K11E4.4, and in worms treated with dsRNA targeting 

T19E10.1/ect-2. While most of these mutations are small deletions (the exception 

being unc-73 alleles, which are hypomorphic point or splicing alleles), in most 

cases it is unclear whether the resulting locus is non-functional. C02F12.4(gk162), 

however, appears to be a null mutation as the deletion removes the predicted 

translational start site and most of the first exon (data not shown). Notably, weak 

AC invasion delays were observed in most of these backgrounds (table 4.2, page 

111), with the hypomorphic F55C7.7/unc-73 mutation associated with the 

RacGEF domain yielding the most penetrant defects at 20 degrees (table 4.2, page 

111). Given the connections between UNC-73, Netrin signaling and Rac activity, 

this may be a useful tool for dissecting elements of Netrin regulated behaviors in 

the AC (Alexander et al., 2009). 
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Table 4.2 : AC invasion defects associate with RhoGEF mutants 

ACs showing full, partial or no invasion 
P6.p 4-cell stage (20°C) P6.p 4-cell stage (15°C) 

Genotype 
% Full 

Invasion 
% Partial 
Invasion 

% No 
Invasion 

 
n = 

% Full 
Invasion 

% Partial 
Invasion 

% No 
Invasio

n 

 
n = 

wild-type (N2) 
 100 0 0 >100 100 0 0 >100 

C02F12.4(gk162) 94 6 0 50 92 4 4 50 
C14A11.3(gk261) 100 0 0 50 92 4 4 50 
C28C12.10(gk206) 87 7 6 51 81 10 9 50 

F55C7.7/unc-73 (e936) 87 10 2 55 69 24 6 53 
F55C7.7/unc-73(rh40) 

(Rac GEF deficient) 
68 21 9 51 82 7 2 50 

F55C7.7/unc-73( 
(Rho GEF deficient) 

82 10 8 50 74 20 6 50 

K07D4.7(ok494) 100 0 0 50 90 6 4 50 
K11E4.4/pix-1(gk416) 85 10 5 50 91 9 0 50 
T19E10.1/ect-2(RNAi) 96 4 0 50 100 0 0 37 
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4.4 Conclusion 

During gonadogenesis, Rho family GTPases are known to regulate early 

gonad organization, DTC migration and AC invasion (table 2.1, page 28) 

(Welchman et al., 2007; Ziel et al., 2009; Zipkin et al., 1997).  Based on 

experimental results from other systems, they are also predicted to regulate AC 

fusion to its neighboring uterine cells as well as lumenalization of the uterine and 

spermathecal epithelia (Cote and Vuori, 2007; Van Aelst and Symons, 2002).  

Thus the Rho GTPases are expected to have multiple functions during gonad 

organogenesis.  How these functions would be coordinated and segregated 

during development, however, remains unclear.  In our current study we 

provide the first comprehensive examination of RhoGEF 5’CRE activity during a 

complex developmental process in C. elegans.  Our data show that a large portion 

of the C. elegans RhoGEF complement is expressed during gonad formation.  

5’CRE activity associated with these genes is largely overlapping, both 

temporally and spatially, and all cell types examined are likely to express 

multiple RhoGEFs.  Together these results are consistent with the possibility that 

distinct GEFs may be used to activate Rho GTPases for specific functions during 

development.  The fact that multiple RhoGEF genes are expressed in most 

gonadal cell types also raises the possibility of extensive genetic redundancy.  
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Consistent with this notion, only five of these nineteen RhoGEF genes 

(C09D1.1/unc-89, C33D9.1/exc-5, F55C7.7/unc-73, T19E10.1/ect-2 and C02F4.1/ced-

5) have been identified by traditional forward genetic screens.  Given this 

possibility, the 5’CRE activity profiles described here, as well as the transgenic 

reporter lines developed during this study will be useful in designing genetic 

experiments to examine the combinatorial functions of RhoGEF proteins during 

gonadogenesis and other developmental processes in C. elegans. 
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5. Netrin signaling during AC invasion: Conclusions and 
future directions. 
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5.1 Netrin and cell-invasive behavior 

While Netrin signaling has been most intensely studied in relation to axon 

guidance, our discovery of a novel function for UNC-6/Netrin signaling during 

AC invasion is consistent with a growing number of studies that have 

documented Netrin function outside of growth cone regulation. Indeed, in 

human patients, deletion of DCC was detected in colorectal cancers before its 

role in the nervous system was known (Fearon et al., 1990). While the functional 

significance of DCC deletion or Netrin signaling in colorectal cancer 

pathogenesis remains unclear, it may relate to evidence suggesting that Netrin 

receptors can function as dependence receptors in vertebrate cells, triggering 

apoptosis in the absence of Netrin ligand (Mehlen and Puisieux, 2006; Mehlen et 

al., 1998). Along with these findings, it has been shown that autocrine Netrin-1 

signaling confers a survival advantage upon some metastatic mammary cancer 

cell lines indicating the potential importance of this pathway in regulating cell 

growth and survival during cancer progression (Fitamant et al., 2008).   Though 

these data highlight a potentially important role for Netrin signaling in cancer 

cell proliferation and survival, our data indicate that the Netrin pathway may 

also be able to alter the “invasive-ness” of cancer cells to promote metastatic 

disease.  Consistent with this idea, and a conserved role for Netrin signaling in 

regulating cell-invasive behaviors, recent work has also linked Netrin signaling 
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with cell-invasive behavior and metastasis in vertebrate cells (Dumartin et al., 

2010; Kaufmann et al., 2009; Rodrigues et al., 2007).  Thus investigation into 

Netrin signaling during cell invasion is warranted, particularly as most of the 

mechanistic details of this pathway during invasion are unclear.  Intriguingly, 

and highlighting the need for further work, Frazzled, the Drosophila orthologue 

of DCC  has been recently been implicated as a suppressor of metastasis in an 

imaginal disc model (Vanzomeren-Dohm et al., 2011). 

5.2 How is UNC-40/DCC localized by UNC-6/Netrin? 

Our data suggest a link between UNC-6/netrin and the control of UNC-

40/DCC distribution.  Moreover, my results suggest that regulation of UNC-40 

distribution by UNC-6/netrin is a salient feature leading to sequestration of 

UNC-40/DCC activity at the invasive membrane domain.  Nonetheless, how 

UNC-6/netrin  mechanistically effects UNC-40 enrichment at the invasive 

membrane remains unclear.  One simple possibility is that molecular interactions 

between UNC-6/netrin and UNC-40/DCC stabilize the receptor at the plasma 

membrane towards the basement membrane where UNC-6/netrin may be 

present at relatively higher concentrations.  Another possibility, consistent with 

our finding that hemicentin secretion is perturbed in unc-6/netrin mutants, is a 

role for UNC-6/Netrin signaling in biasing protein secretion towards the 

basement membrane.  In such a model, ventral presentation of UNC-40/DCC 
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might emerge from biased flux of secretory vesicles from the golgi to the basal 

plasma membrane.  Along these lines, Netrin ligands have shown to regulate 

membrane presentation of DCC receptors from intracellular vesicle pools in 

vertebrate cells (Bouchard et al., 2008; Bouchard et al., 2004).  Further, it will be 

important to examine the distribution of UNC-40/DCC at higher resolution 

within the invasive membrane to determine whether it, like F-actin, also 

organizes into discrete clusters that are relevant for invasion. 

Associated with the regulation of protein secretion in general, or UNC-

40/DCC secretion in particular, are questions surrounding the microtubule 

cytoskeleton during invasion.  While we have developed reagents that allow for 

some level of analysis of F-actin during invasion, how tubulin is distributed 

during invasion remains opaque.  This may be an important avenue for further 

investigation as Netrin signaling has been implicated in regulating microtubules 

during axon guidance (Buck and Zheng, 2002).  One intriguing hypothesis is that 

UNC-6/Netrin signaling facilitates microtubule capture at the invasive 

membrane domain or at the site of invasion. As basement membrane modifying 

enzymes would require secretion, either generally or at localized areas of the 

invasive membrane, determining how and if microtubule tracks are controlled is 

an important question for future research. 
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5.3 What are the molecular events that occur at UNC-40/DCC 
receptors to promote invasion? 

Ultimately a complete model of UNC-6/Netrin signaling function during 

invasion will link UNC-40 in the plasma membrane with intracellular effectors 

and clear functional outcomes in terms of the actin cytoskeleton or other cellular 

events associated with the invasion process.  Thus identifying the factors that 

bind UNC-40/DCC and the components of the receptor essential for invasion 

will be an important component of understanding how Netrin signaling 

regulates cell invasive behaviors.  On the intracellular domain of UNC-40 and 

DCC-family receptors, three regions with higher levels of amino acid sequence 

conservation have been identified and are referred to as P1, P2, and P3 (figure 4b 

& c) (Kolodziej et al., 1996).   Of these domains, the P3 region appears to be the 

best conserved and contains a leucine-rich motif known as an LD domain (figure 

5.1, page 120) (Brown et al., 1998; Ren et al., 2004). In Paxillin, a focal adhesion-

associated adaptor protein, LD domains mediate interactions with actin-binding 

proteins, consistent with the possibility that DCC family receptors use a similar 

mechanism to communicate with the actin cytoskeleton (Schaller, 2001). In 

vertebrates, the P3 domain also mediates ligand-dependent dimerization of 

DCC, which is thought to be critical for initiation of the DCC signaling cascade 

(Stein et al., 2001). In addition, the P3 domain and an adjacent “PXXP” motif are 

required to recruit focal adhesion kinase (FAK) and src-family kinases in 
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vertebrate cells, intracellular signaling components implicated in regulating actin 

dynamics and cell adhesion (Li et al., 2004; Liu et al., 2004; Meriane et al., 2004; 

Ren et al., 2004).  These interactions lead to phosphorylation on a critical tyrosine 

residue (Y1420) within the DCC intracellular domain that is necessary for axon 

guidance in culture (figure 5.1, page 120).  Importantly, Src-family kinases are 

thought to be critical for invadasome regulation in vertebrates, perhaps 

suggesting a molecular link between DCC receptors and cell invasive behaviors 

(Caldieri et al., 2009).  Surprisingly, given the conserved roles for Netrin 

signaling in axon guidance, neither the tyrosine nor the PXXP motif are 

conserved in Drosophila Frazzled/DCC or C. elegans UNC-40/DCC, respectively 

(figure 5.1, page 120). In fact, while the cytoplasmic domain of UNC-40/DCC 

contains seven tyrosine residues and may be regulated by tyrosine-

phosphorylation, none of these tyrosine residues are absolutely conserved in 

vertebrate orthologues (Chang et al., 2004). In Drosophila, Frazzled/DCC 

physically and genetically interacts with the Abelson tyrosine kinase (Abl), 

indicating that tyrosine phosphorylation downstream of ligand reception may 

occur by multiple mechanisms (Forsthoefel et al., 2005; Hsouna and VanBerkum, 

2008), perhaps explaining the poor conservation of tyrosine residues between 

species.   
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Figure 5.1 : the intracellular domain of DCC family receptors 
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Figure 5.1 cont. from page 120 

(b) Signaling by DCC receptors is thought to involve three cytoplasmic regions 
(P1, P2 and P3) with higher levels of sequence conservation across evolutionary 
time. The P1 domain has been lost in S. mediterranea, while the P2 domain has 

been lost or extensively altered in both C. elegans and S. mediterranea. (c) 
ClustalW2 alignments of the cytoplasmic P domains and associated signaling 
motifs. Residues highlighted in grey are conserved relative to human DCC. 

Notably, neither the binding site for Src-family kinases, nor a critical 
phosphotyrosine residue, both thought to be important for DCC signaling in 
humans, are conserved in the non-vertebrate species. While the P2 domain is 

poorly conserved, the corresponding region in C. elegans signals through CED-
10/Rac in neurons. The P3 domain in C. elegans is divergent but it still contains a 

recognizable LD domain when compared to a consensus sequence for LD 
domains. 

 

Adding further confusion to this picture, the Drosophila Frazzled/DCC 

may multimerize in response to Netrin ligands, but does not require the P3 

domain for self-association (Garbe et al., 2007). However, the Frazzled/DCC P3 

domain is important for signaling, as it controls growth cone attraction in a 

subset of commissural neurons (Garbe et al., 2007).  In other Drosophila neurons, 

mutated Frazzled/DCC receptors lacking either the P1, P2, or P3 domains, 

respectively, can partially complement frazzled mutants but the magnitude of 

rescue is lower than that achieved by expression of wild-type Frazzled (Dorsten 

and VanBerkum, 2008). Taken together, each of these regions appears to be 

important for optimal signaling, and the relative importance of each domain 

maybe be context specific. How, or if, these domains contribute discretely to 
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invasion is unclear in the AC, though given the robust ability of full-length UNC-

40::GFP to rescue AC invasion defects in unc-40 mutants, structure-function 

analysis should be possible.  In addition further biochemical analysis of potential 

interactions between regulators of AC invasion and the UNC-40 intracellular 

domain might reveal new physical interactions that facilitate invasions.  Here 

again, the in vivo relevance of any biochemical interactions could be tested 

directly by assaying the ability of mutant isoforms of UNC-40 to rescue AC 

invasion.   

5.5 How does UNC-6/Netrin signaling intersect with other 
pathways to promote invasion? 

While the most important questions surrounding UNC-6/Netrin signaling 

during invasion remain understanding the unique roles of this pathway in 

regulating AC cell biology, it will also be important to understand how UNC-

6/Netrin signaling is integrated into the complete regulatory frame work for AC 

invasion.   Indeed, as multiple pathways contribute to cell invasive behavior in 

the AC, roles for UNC-6/netrin signaling in some contexts may be masked by 

compensation from other sources.   My data suggest that appropriate vulval cue 

responsiveness may require UNC-6/Netrin activity, indicating functional 

overlap between these two pathways for invasion.   
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Other work from our laboratory demonstrated strong genetic interactions 

between UNC-6/Netrin signaling and integrin activity.   As one might predict, 

PAT-3/β-integrin, is probably essential for AC adhesion to the basement 

membrane.  However, experimental treatments that reduced, but did not 

eliminate integrin signaling revealed that integrins contribute to invasion beyond 

simply regulating AC attachment (Hagedorn et al., 2009).  Integrin activity under 

these conditions was important for UNC-40/DCC presentation at the plasma 

membrane, indicating that integrin signaling can function upstream of UNC-

6/Netrin signaling during invasion.  Moreover, that work also showed that the 

integrin and UNC-6/netrin pathways function together to promote invasion.  In 

particular, in the hypomorphic ina-1/α-integrin(gm39) background, AC invasion 

was almost entirely UNC-40-dependent, indicating functional overlap between 

these two signaling systems (Hagedorn et al., 2009). While the cell biological 

basis for this genetic interaction was not determined, deeper examination of ina-

1; unc-40 double mutants might reveal novel functions for UNC-6/Netrin 

signaling that are masked by redundancy with integrin activity. 

5.6 Concluding remarks 

The genetic model of UNC-6/Netrin signaling during invasion is 

straightforward, consistent with UNC-6 and UNC-40 functioning as a ligand-

receptor pair and activating or controlling a subset of effectors that appear to be 
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conserved between neuronal guidance signaling and invasion (table 2.1, page 28 

and Z. Wang, personal communication).  The interactions uncovered between 

the UNC-6/netrin pathways and integrin or vulval Cue pathways are consistent 

with the penetrant delay, but rare block in invasion associated with UNC-

6/Netrin signaling mutants, and suggest that UNC-6/Netrin may function to 

promote the activity of multiple pathways to regulate cell-invasive behavior. 

A cell biological model of UNC-6/Netrin signaling function during 

invasion in pre-mature at this time.  In part this reflects the gaps in our 

knowledge surround UNC-6/Netrin signaling during invasion, but also our 

relatively immature understanding of the cellular events that promote basement 

membrane breach: the proteins or enzymes responsible for basement membrane 

remodeling, the complete list of FOS-1a transcriptional targets as well as the 

precise function for integrin activity during invasion are all mostly unclear.  Even 

the precise function of UNC-6 in activating UNC-40 vis-à-vis regulating its 

distribution is poorly resolved and requires identifying a clear site of active 

UNC-6/netrin signaling with effects that can be robustly assayed and rescued.  

In part the difficulty in identifying such a site, stems from the fact that the 

only cellular activity in the AC that can be functionally, genetically and cell 

biologically connected with invasion is the regulation of F-actin and 

invadasomes (E. Hagedorn, personal communication).  Even here, a chronic role 
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for Netrin signaling is unclear and may require higher resolution measurements 

to fully elucidate. Perhaps most importantly, it is clear that both unc-40 and unc-

40; unc-6 double mutants can cause AC invasion defects without dramatically 

affecting the formation of invadasomes.  Thus I hypothesize that UNC-6/Netrin 

signaling plays an important role between basement membrane breach and 

invadasome generation. Whether this function occurs in all invadasomes or in a 

subset is unclear, though possible.  Given that most invadasomes fail to associate 

with obvious basement membrane breach even in wild-type animals and because 

UNC-6/Netrin signaling is associated with normal breach expansion, we suspect 

that this function may be sequestered to a subset of invadasomes that are 

actually involved in basement membrane penetration.  Elucidating the molecular 

events involved in selecting invadsomes for basement membrane penetration 

should be an important goal of future research. 
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Appendix A: Materials and Methods 
 

A.1 Worm handling and strains 

Wild-type nematodes were strain N2.  Strains were reared at 15ºC or 20ºC 

and viewed at 25ºC using standard techniques (Brenner, 1974). In the text and 

figures we refer to linked DNA sequences that code for a single fusion protein 

using a (::) annotation.  For designating linkage to a promoter we use a (>) 

symbol.  The following alleles and transgenes were used: Extra-

chromosomal/unmapped: qyEx[qyEx[myr-unc-40ICD::gfp]; qyEx[unc-

40(∆ECD)::gfp]; qyEx[unc-40(∆Fn4/5)::gfp] qyIs127[ lam-1::mCherry]; qyIs10[lam-

1::GFP] qyEx78[Venus::unc-6(∆SP)], ghEx11[egl-17>rde-1::mRFP], ghEx13[egl-

17>Venus::unc-6], ghEx18[glr-1>Venus::unc-6], qyIs61[cdh-3>GFP::unc-34], 

syIs157[cdh-3>YFP), zuIs20(par-3::GFP); qyIs155[unc-40(∆Fn4/5)::gfp] LGI: 

qyIs67[cdh-3>unc-40::GFP], unc-40(e271); LGII, qyIs17[zmp-1>mCherry], rrf-

3(pk1426), syIs77(zmp-1>YFP); LGIII, ghIs8[Venus::unc-6], unc-119(ed4), pha-

1(e2123ts), rhIs23[hemicentin::GFP], syIs129[hemicentin-∆SP::GFP]; LGIV, ced-

10(n1993), jcIs1[ajm-1::GFP], lin-3(n1079), lin-3(n378);  LGV, rde-1(ne219), unc-

34(gm104), qyIs50[cdh-3>mCherry::moeABD]; LGX, qyIs66[cdh-3>unc-40::GFP], 

qyIs7[lam-1::GFP],  syIs59[egl-17>CFP], kyIs299[hs>unc-6::HA; unc-86>myr-GFP; 

odr-1>DsRed], syIs50[cdh-3::GFP], mig-2(mu28), unc-6(ev400).  Vulvaless animals 
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were created either through laser ablation or using the strain lin-3(n1059)/lin-

3(n378) as described (Sherwood and Sternberg, 2003b).  

A.2 Image acquisition, processing and analysis 

Images were acquired using 100X Plan-APOCHROMAT objective on a 

Zeiss AxioImager A1 microscope controlled by Zeiss Axiovision software (Zeiss 

Microimaging Inc., Thornwood, NJ), or using a Yokogawa spinning disk confocal 

mounted on a Zeiss AxioImager A1 microscope using IVision software 

(Biovision Technologies, Exton, PA). Images were processed and overlaid using 

Photoshop 8.0 (Adobe Systems Inc, San Jose, CA), and 3-Dimensional projections 

and some additional other analyses were conducted using IMARIS 6.0 (Bitplane 

AG., College Station, MD) or ImageJ (National Institutes of Health, Bethesda, 

MD). 

Time-lapse microscopy of living worms was undertaken by anesthetizing 

worms using a tricaine-tetramisole mix (Hagedorn et al., 2009).  Worms were 

then mounted on standard agar pads and coverslips were sealed with VALAP to 

prevent drying. Identical acquisition settings transgene insertions were used for 

comparisons between mutant backgrounds.  

A.3 Molecular biology  

Translational reporter constructs fusing coding sequences for GFP to the 

cDNAs encoding UNC-40 (pUnc86>unc-40GFP), UNC-34 (pUnc86> GFPunc-34), 
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LAM-1 (pGK41-lam-1::GFP or pLAM1::mCherry), and CED-10::GFP (pPR80) 

have been described (Adler et al., 2006; Kao et al., 2006; Lundquist et al., 2001).  

To label F-actin in the AC, we created construct pJWZ6 by inserting a 

previously described in vivo actin binding probe from Drosophila Moesin 3’ to the 

coding sequences for mCherry (pJWZ1) (Edwards et al., 1997).  

A plasmid containing unc-5 coding sequences linked to those for the green 

fluorescent protein (GFP) was generated by amplifying full-length unc-5 cDNA 

and sub-cloning the amplified fragment into a KpnI site 5’ to GFP coding 

sequences in the Fire Lab vector kit plasmid pPD95.75.      

To generate an unc-6 reporter transgene (Venus::unc-6(ΔSP)) that would 

indicate the cells in which UNC-6 message is transcribed, we modified a rescuing 

venus::unc-6 plasmid (pVns-unc-6) using a PCR fusion based strategy previously 

described (Hobert, 2002). Primers were designed such that the nucleotides 

encoding the predicted signal peptide (AA 1–21) were removed during PCR 

fusion. 

To generate mutated UNC-40 receptors we used the Phusion Site-directed 

mutagensis kit (New England Biolabs, Ipswich, MA) and to generate specific 

domain deletions using the plasmid pJWZ55 as a template: ∆ICD, amino acids 

1109 to 1415; ∆ECD, amino acids 25 to 1081; ∆Fn4/5, amino acids 738 to 939.  

Generation of myr-UNC-40ICD utilized a similar technique but in concert with 
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deletion added nucleotides coding for the src-2 myristoylation signal 

(MGSCIGK) to the intra-cellular domain coding sequences of unc-40 as 

previously described (Gitai et al., 2003).   

A.3 Scoring of AC invasion and polarity (Chapter 2). 

AC invasion was scored qualitatively using Nomarski optics as previously 

described (Sherwood and Sternberg, 2003b). Briefly “Normal Invasion” or “Full 

Invasion” was recorded when phase-dense line between the AC and VPCs was 

completely removed beneath the AC (slightly larger than the area beneath the 

nucleus).  “Partial invasion” was recorded when breaches were detected but 

were smaller than the width of the AC, and “No Invasion” was recorded when 

no obvious alterations in the phase-dense basement membrane were observed.   

UNC-40/DCC orientation defects of unc-6(ev400) animals were 

determined by comparing average fluorescence intensity from five-pixel-wide 

linescans drawn along the invasive and non-invasive membranes of UNC-

40::GFP in wild-type and mutant strains. To generate a polarity ratio, the 

fluorescence density of the invasive membrane was divided by the fluorescence 

density of the non-invasive membrane. This analysis showed a 3.3-fold 

enrichment of UNC-40::GFP at the invasive membranes of wild-type animals. 

Loss of unc-6 significantly perturbed perturbed the polarity of UNC-40::GFP, 

reducing the polarity ratio by more than 50% (P = 2×10−7, unpaired t-test, n = 20 
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for each marker/genotype). Similarly, ectopic expression of UNC-6 significantly 

reduced polarity of UNC-40::GFP by more than 40% when compared to controls 

(P = 0.006, n = 15 animals for each treatment). Through visual inspection of many 

wild-type and mutant animals, however, we determined that the diversity of 

polarity phenotypes of unc-6 mutant animals was more accurately conveyed by 

grouping them into three phenotypic categories. These are reported in the figures 

and were grouped as follows: ACs containing a single intense region or 

fluorescence signal along the basal cortex/membrane were scored as 

“Polarized”; ACs with a roughly uniform distribution of fluorescence along all 

aspects of the cortex/membrane were scored as having “No Polarization”; ACs 

observed with a significant basal region of signal and with intense accumulations 

along apical or lateral faces were scored as “Apicolateral Accumulation”. In all 

cases the Fisher’s exact test was used to determine statistical significance for 

reported differences.  Mean fluorescence intensity of hemicentin deposition and 

AC expression of transgenic GFP reporter constructs in wild-type and unc-6 

mutants (n = 18 animals for each genotype) were calculated by sum projecting 

confocal z-series using Image J 1.40g software. 

A.4 Laser ablation and the P8.p isolation assay. 

Laser-directed cell ablations were performed on 5% agar pads as 

previously described 5. The attraction assay was carried out on strains NK212 
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(syIs157[cdh-3>YFP]; syIs59[egl-17>CFP]) and NK214 (syIs157[cdh-3>YFP]; 

syIs59[egl-17>CFP] unc-6(ev400)). Ablation of the VPCs P3.p through P7.p in both 

strains was performed at the early-to-mid L2 stage. Animals were then recovered 

from the agar pad used for ablation, allowed to develop at 20°C, and then 

examined for AC attraction to the P8.p cell and its descendants 18–24 hours after 

recovery. 

A.5 Induction of RNA interference (RNAi). 

Double stranded RNA (dsRNA) against fos-1 and ect-2 was delivered by 

feeding as previously described (Sherwood et al., 2005). To trigger vulval-cell 

specific knock-down of unc-6 expression, rde-1(ne219); ghEx11[egl-17>rde-1mRFP] 

worms were cultured on bacteria generating dsRNA targeting unc-6 (Asakura et 

al., 2007). 

A.6 Heatshock induction of UNC-6::HA expression. 

Heat shock induction of UNC-6::HA was undertaken using kyIs299 as 

previously described (Adler et al., 2006).  kyIs299 transgenic worms were reared 

at 15°C to minimize background activation of the transgene.  Heatshock was 

induced by placing plates of mixed-stage worms into a 30°C waterbath.  Reliable 

results were only obtained by completely submerging plate within the water 

beneath a weight.  In all cases, effects of this transgene and treatment were 



 

 

 132 

confirmed by examining (1) non-kyIs299 transgenics reared and treated in an 

identical way and (2) transgenic-kyIs299 worms without heatshock treatment. 

A.7 Image analysis, measurement of F-actin and F-actin polarity 
(Chapter 3). 

A.7.1 Isosurface rendering 

Isosurface rendering of F-actin cytoskeletal elements was undertaken as 

previously described (Hagedorn et al., 2009).  Identical cdh-

3>moeABD::mCherry transgene insertions were used for comparisons in all 

cases.  Loss of unc-6, expression of UNC-40(ΔFn4/5)::GFP or expression of 

ectopic UNC-6::HA all caused obvious qualitative differences in the distribution 

of F-actin the AC, and quantitative differences in the amount of F-actin 

(measured in terms of volume enclosed by the isosurface) detected at apicolateral 

domain.  To provide a degree of normalization between ACs, this quantity was 

divided by the total amount of F-actin detected within each cell and expressed as 

a percentage.  At least 20 ACs were examined for each stage and 

genotype/treatment. 

A.7.2 Correlation of F-actin cytoskeletal elements with UNC-6/Netrin 
pathway signaling components 

Overlap between UNC-40::GFP, UNC-34::GFP and CED-10::GFP and 

moeABD::mCherry was examined using the voxel correlation function in Imaris 

(Bitplane AG, College Station, MD).  Images were thresholded such that 
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correlation was only examined in relationship to cortical accumulations of the F-

actin probe. 

A.7.3 Detection and quantification of AC invadasomes. 

To facilitate the detection of invadasomes in the AC I first used the spots 

function in Imaris (Bitplane AG, College Station, MD) to locate 0.750 micron 

spots with an average intensity empirically calibrated to reveal isolated F-actin 

structures at the invasive membrane of the AC.  Each spot was then manually 

examined to confirm that it measured an obvious, distinguishable F-actin 

structure that was visible both in confocal slices but also within the invasive 

membrane, viewed by rotation of the 3-dimensional projection of confocal stacks. 

To minmize correlation between invadasome counts within single movies, only 

every third frame was analyzed. 

A.7.4 Analysis of AC protrusions. 

Analysis of AC protrusions through the basement membrane utilized  

isosurface renderings in Imaris (Bitplane AG, College Station, MD) to estimate 

the volume of the entire cell, and the volume of the protrusion beneath the 

basement membrane.  All unc-6 and unc-40 mutant animal essentially lacked 

protrusion, though small volumes were detected due to the limits of cropping 

relative to the basement membrane and are reported here.  This was measured in 
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a strain expressing laminin::mCherry to define the basement membrane and 

GFP::CAAX to define the AC plasma membrane. 

A.8 Generation of DNAs for transgenic expression in C. elegans 

To prepare reporter constructs for AC- or uterine-specific expression, we 

employed PCR fusion to place each coding region into the context of a tissue 

specific promoter as previously described. For uterine specific expression we 

employed the fos-1a promoter and for AC specific expression we used the AC 

specific zmp-1 or cdh-3 regulatory regions (Sherwood et al., 2005). We performed 

all fusions using either Phusion DNA Polymerase (New England Biolabs, 

Ipswich, MA) or the Expand Long Template PCR System (Roche Diagnostics, 

Indianapolis, IN).   Primers and molecular details associated with generation of 

transgenes expressing mCherry::moeABD, GFP::UNC-34, GFP::UNC-40, 

PH::mCherry, Venus::UNC-6(ΔSP) are described elsewhere (Ziel et al., 2009). 

A.8 Generation of C. elegans RhoGEF 5’CRE reporter transgenes 

5’CRE-reporter transgenes were generated using the PCR fusion strategy 

(Hobert, 2002).  Briefly, putative regulatory sequences upstream of each 

transcript were amplified from N2 genomic DNA using a specialized reverse 

primer containing sequence homologous to a small region of the coding 

sequences for GFP. In a second reaction, the resulting PCR product was 

combined with PCR-amplified coding sequences from pPD95.75, which 



 

 

 135 

contained synthetic introns for robust expression in C. elegans and a 3’ 

untranslated region from the unc-54 gene.  This mixture was then amplified with 

a forward primer nested within the 5’CRE amplicon and a reverse primer nested 

within the GFP amplicon.  The resulting PCR products were examined by gel 

electrophoresis and their concentration estimated.  All PCR reactions were 

performed using the high-fidelity Expand Long Range PCR kit (Roche).  Putative 

regulatory regions were typically either the intergenic region or at least 2.5 kb of 

sequence upstream of each transcript.  Primers and molecular details associated 

with RhoGEF 5’CRE constructs are available in table 4.1 (page 101). 

A.9 Generation of transgenic worms and genome integration of 
Extrachromosomal arrays. 

Transgenic worms were created by transformation with co-injection 

markers pPD#MM016B (unc-119+), pBX (pha-1+) and/or pPD132.102 (myo-

2>YFP) into the germ-line of unc-119(ed4), pha-1(e2123ts). These markers were co-

injected with either EcoRI digested salmon sperm DNA, pBluescript II, or 

genomic C. elegans DNA at 40–100ng/µl to act as carrier DNA along with serial 

dilutions of the expression constructs to optimize expression levels and avoid 

toxicity.  Integrated strains were generated from unc-119-rescuing transgenes by 

exposure of semi-stable extrachromosomal transgenic lines to a γ radiation 
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source housed at Duke University.   Putative integrants were then grown 

clonally and identified by 100 percent transmission of the transgene. 

A.10 Scoring of RhoGEF 5’CRE activity during gonadogenesis 

RhoGEF 5’CRE-reporter transgenes were first screened for general 

gonadal expression by examining at least thirty transgenic worms across the four 

larval stages. 5’CRE reporter transgenes that were active during any stage and in 

any gonadal cell-type were subjected to a more detailed screening process at the 

discrete developmental stages described in figure 4.1 (page 93). Because 

extrachromasomal arrays are unstable and can be lost during mitosis, at least ten 

animals were examined at each specific stage.  
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