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Abstract 
Basement membrane (BM) is a dense, conserved sheet-like extracellular matrix 

that provides structural support, compartmentalizes tissues, and regulates cell 

behaviors. Despite the barrier-like properties of BM, cell invasion through BM takes 

place normally in many developmental and physiological processes. Deregulation of cell 

invasion causes a variety of human diseases, most notably, cancer metastasis. A better 

understanding of cell invasion would help in the design more effective therapeutic 

strategies for those diseases. 

Cell invasion through BM is a dynamic process comprising multiple intertwined 

steps, including acquirement of polarized cellular morphology, BM breaching, and BM 

remodeling. Despite much effort on investigating cellular invasive programs used for 

BM penetration, little is know about how cells detect invasive cues that polarize the 

invasive responses. Although the establishment of invasive polarity is critical as it 

initiates subsequent invasive behavior, the invasion process would not be completed 

without effective BM remodeling. Given that BM remodeling is often an integral part of 

tissue morphogenesis, the underlying interactions among cells and surrounding tissues 

make it challenging to understand the individual contributions of cells to changes in BM 

structure.  

To gain insight into these two questions requires simple, experimental in vivo 

models. Anchor cell (AC) invasion into the vulval epithelium in C. elegans provides a 

visually accessible and experimentally tractable invasion model that is particularly 

suitable for cell biological and genetic analysis of the complicated interplay among local 

BM, an invading cell and the surrounding tissues. Using this model, I have investigated 

(1) how the AC detects dynamically expressed and localized netrin, a polarizing 
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invasive cue for the AC; (2) what the functional contribution of the AC (as an invading 

cell) is to BM remodeling during uterine-vulval attachment, a post-embryonic 

organogenesis process.  

First, I found that localized netrin polarizes the cellular invasive response 

towards the BM by stabilizing and spatially orienting a novel receptor-induced polarity 

oscillation. This oscillation is characterized by periodic F-actin assembly and 

disassembly at random sites of the plasma membrane of the AC. I have found F-actin 

assembly is accompanied by the formation of cellular protrusions. Strikingly, when 

these protrusions contact localized netrin, they are stabilized. Thus, I propose a 

mechanistic model where the ligand-independent activity of the receptor generates 

exploratory behavior. This mechanism orients the invasive polarity of the AC towards 

its BM target where netrin is normally localized. Second, taking advantage of an 

unbiased mutagenesis screen, I characterized a mutant with defects in BM sliding, a 

newly uncovered BM remodeling mechanism. I found that the invading AC utilizes a 

conserved transcription factor to control the initiation of BM sliding, which involves the 

regulation of integrin-mediated cell-matrix adhesion. Thus, my study revealed a novel 

functional role for the AC in BM remodeling during tissue restructuring.



 

 
vi 

Dedication 

To my wife, an extraordinary woman who helps me become a real man and a 

better version of myself. To my parents and parents-in-law who support me 

unconditionally at all times. To my advisor, David Sherwood who has a great impact on 

my life. Without his guidance, encouragement, support and understanding, I couldn’t 

imagine myself making it this far. Without him, I would not have learned to constantly 

pursue scientific excellence, which I will definitely keep doing for the rest of my life. 



 

 
vii 

Contents 

Abstract.......................................................................................................................................... iv	  

List of Tables ................................................................................................................................. xi	  

List of Figures .............................................................................................................................. xii	  

List of Abbreviations .................................................................................................................xiv	  

List of commonly referenced C. elegans genes ........................................................................ xv	  

Acknowledgements ...................................................................................................................xvi	  

1. Introduction ............................................................................................................................... 1	  

1.1 Overview ........................................................................................................................... 2	  

1.2 Thesis outline .................................................................................................................... 5	  

2. Background................................................................................................................................ 6	  

2.1 The biological model: anchor cell (AC) invasion through basement membrane 
(BM) and BM sliding during uterine-vulval attachment in C. elegans .......................... 7	  

2.2 Genetics background ..................................................................................................... 11	  

2.2.1 Organizing interacting genes into genetic pathways........................................... 11	  

2.2.1.1Determining whether two genes function in the same pathway................. 11	  

2.2.1.2 Epistasis analysis for gene ordering................................................................ 14	  

2.2.1.3 Localization dependency of gene products for gene ordering ................... 17	  

2.2.2 Forward genetic screens ........................................................................................... 17	  

2.3 Acknowledgements........................................................................................................ 20	  

3. Netrin stabilizes UNC-40 (DCC)-generated oscillatory polarity to direct anchor cell 
(AC) invasion in C. elegans ......................................................................................................... 21	  

3.1 Introduction..................................................................................................................... 22	  

3.2 Results .............................................................................................................................. 24	  

3.2.1 Effectors of UNC-6/UNC-40 in axon guidance are shared during AC invasion
............................................................................................................................................... 24	  



 

 
viii 

3.2.2 Effectors of UNC-6/UNC-40 act within the AC downstream of UNC-40........ 28	  

3.2.3 UNC-40’s effectors promote F-actin formation at the AC’s invasive cell 
membrane............................................................................................................................ 31	  

3.2.4 UNC-40 (DCC) is active in the absence of UNC-6 (Netrin) ................................ 34	  

3.2.5 SLT-1, MADD-4, UNC-129 and the vulval cue do not activate UNC-40 .......... 42	  

3.2.6 UNC-40 mediates randomly directed, oscillating polarity in the absence of 
UNC-6 .................................................................................................................................. 44	  

3.2.7 UNC-6 orients and stabilizes UNC-40-mediated oscillatory polarity ............... 50	  

3.2.8 Integrin directs a distinct polarizing activity at the AC’s invasive cell 
membrane............................................................................................................................ 53	  

3.2.9 UNC-40 (DCC) polarizes select actin regulators to the invasive cell membrane
............................................................................................................................................... 53	  

3.3 Discussion........................................................................................................................ 57	  

3.3.1 UNC-40 effectors in AC invasion............................................................................ 57	  

3.3.2 UNC-40 has activity in the absence of UNC-6 during AC Invasion.................. 58	  

3.3.3 UNC-40 independently couples polarity generation and orientation during AC 
invasion................................................................................................................................ 60	  

3.3.4 UNC-40 generates oscillatory polarity in the absence of UNC-6 ....................... 61	  

3.3.5 Interactions of netrin and integrin at the invasive cell membrane .................... 61	  

3.4 Acknowledgements........................................................................................................ 63	  

4. LIN-29/EGR1, a zinc-finger transcription factor, initiates basement membrane sliding 
during uterine-vulval tissue boundary remodeling in C.elegans ......................................... 64	  

4.1 Introduction..................................................................................................................... 65	  

4.2 Results .............................................................................................................................. 67	  

4.2.1 A mutagenesis screen for mutants defective in uterine-vulval attachment ..... 67	  

4.2.2 The boundary of the BM opening remains in tight contact with the AC in lin-
29(qy1) mutants................................................................................................................... 68	  

4.2.3 BM sliding does not occur in lin-29(qy1) mutants ................................................ 72	  



 

 
ix 

4.2.4 LIN-29 functions within the AC to initiate BM sliding........................................ 74	  

4.2.5 Integrin activity is upregulated at the AC-BM contacting sites in lin-29(qy1) 
mutants ................................................................................................................................ 78	  

4.3 Discussion........................................................................................................................ 80	  

4.3.1 The AC initiates BM sliding by releasing the BM................................................. 80	  

4.3.2 LIN-29 and integrin during BM sliding ................................................................. 81	  

4.3.3 The BM sliding defects and the overinvasion phenotype ................................... 82	  

5. Summary and future perspectives ....................................................................................... 84	  

5.1 Summary and conclusions ............................................................................................ 85	  

5.2 Future perspectives ........................................................................................................ 89	  

5.2.1 What is the mechanism underlying the UNC-40-mediated random polarity 
oscillation? ........................................................................................................................... 89	  

5.2.2 Regulation of F-actin at the AC-BM interface ....................................................... 92	  

5.2.3 The multifaceted role of LIN-29 during AC invasion .......................................... 94	  

5.2.4 The roles of AC’s neighboring cells in the initiation of BM sliding ................... 94	  

5.3 Closing remarks: a comprehensive approach to identify new players in AC 
invasion and BM remodeling ............................................................................................. 95	  

Appendix: Methods and Materials........................................................................................... 97	  

1. Chapter 3 materials and methods .................................................................................. 97	  

1.1 Worm handling and strains ........................................................................................ 97	  

1.2 RNA interference.......................................................................................................... 97	  

1.3 Microscopy, image acquisition, and image processing .......................................... 98	  

1.4 Scoring of AC invasion and polarity measurement ................................................ 98	  

1.5 Quantitative analysis of F-actin volume, F-actin patch association and time-lapse 
imaging ................................................................................................................................ 98	  

1.6 Quantitative analysis of suppression on UNC-40-overexpression-induced 
protrusive phenotype ........................................................................................................ 99	  



 

 
x 

1.7 Molecular biology and transgenic strains............................................................... 100	  

1.8 Generation and isolation of the deletion mutant unc-40(qy2) .............................. 101	  

1.9 Statistics ....................................................................................................................... 102	  

2. Chapter 4 materials and methods ................................................................................ 103	  

2.1 Worm strains............................................................................................................... 103	  

2.2 Mutagenesis screen and mutant isolation .............................................................. 103	  

2.3 Genetic mapping ........................................................................................................ 104	  

2.4 Photoconversion of laminin tagged with the photoconvertible Dendra protein 
for BM fate tracking ......................................................................................................... 104	  

2.5 Microscopy, image acquisition and quantitative analysis of BM opening ........ 105	  

2.6 Molecular biology and transgenic strains............................................................... 105	  

References................................................................................................................................... 107	  

Biography ................................................................................................................................... 121	  

 



 

 
xi 

List of Tables 
Table 1: Genetic analysis of the Netrin/DCC pathway in AC invasion ............................. 29	  

 

 



 

 
xii 

List of Figures 
Figure 1: Schematic diagram for AC invasion .......................................................................... 9	  

Figure 2: Schematic diagram for uterine–vulval	  attachment ................................................. 10	  

Figure 3: Implications of genetic interaction between two null alleles or a null allele and 
a strong-loss-of-function allele with no activity in the assayed biological process........... 13	  

Figure 4: Consideration regarding alleles used for epistatic analysis ................................. 16	  

Figure 5: Downstream effectors of UNC-40 during AC invasion........................................ 25	  

Figure 6: Loss of unc-34 (Ena/VASP), and the Rac GTPases mig-2 and ced-10 suppresses 
the UNC-40-overexpression phenotype .................................................................................. 32	  

Figure 7: UNC-40 effectors promote F-actin formation at the AC’s invasive cell 
membrane..................................................................................................................................... 35	  

Figure 8: Schematic diagram of unc-40 mutant alleles .......................................................... 37	  

Figure 9: UNC-40 directs ectopic F-actin formation along the AC’s apical and lateral 
membranes in the absence of UNC-6....................................................................................... 39	  

Figure 10: Colocalization of F-actin with UNC-40 and UNC-40 effectors.......................... 40	  

Figure 11: UNC-40(∆FN4/5) lacking the UNC-6 binding site generates mispolarized F-
actin ............................................................................................................................................... 41	  

Figure 12: SLT-1, MADD-4, UNC-129 and the vulval cue do not activate UNC-40 ......... 43	  

Figure 13: UNC-40 is required for random polarization of F-actin in the AC in the 
absence of UNC-6........................................................................................................................ 46	  

Figure 14: UNC-40 generates oscillatory polarity that is stabilized by UNC-6 ................. 48	  

Figure 15: F-actin dynamics in wild-type ACs ....................................................................... 51	  

Figure 16: Membrane-tethered dorsal UNC-6 directs UNC-40 and F-actin dorsally ....... 52	  

Figure 17: INA-1/PAT-3 (integrin) and UNC-40 polarize select actin regulators to the 
invasive cell membrane.............................................................................................................. 55	  

Figure 18: The protruding vulva (Pvl) phenotype in a C. elegans adult .............................. 69	  

Figure 19: The BM boundary remains in contact with the AC at the early-L4 molt in lin-
29(qy1) mutants ........................................................................................................................... 70	  



 

 
xiii 

Figure 20: Schematic diagram of the qy1 allele in the lin-29 genomic locus....................... 71	  

Figure 21: BM sliding does not occur in lin-29(qy1) mutants ............................................... 73	  

Figure 22:  The transcriptional reporter construct for lin-29 a/b gene is expressed in the 
AC.................................................................................................................................................. 75	  

Figure 23: Differences on the protein sequences of LIN-29A and LIN-29B ....................... 76	  

Figure 24: LIN-29 acts within the AC to initiate BM sliding ................................................ 77	  

Figure 25: Integrin activity is upregulated at the AC-BM adhesion sites........................... 79	  

Figure 26: Schematic diagram for the UNC-40-generated searching behavior without 
UNC-6 (netrin)............................................................................................................................. 88	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
xiv 

List of Abbreviations 
1°-VPC, primary vulval precursor cell, P6.p and its descendants.  

2°-VPC, secondary vulval precursor cell, P5.p and P7.p and their descendants. 

AC, anchor cell 

BM, basement membrane 

DCC, Deleted in colorectal cancer, a netrin receptor in vertebrates   

GFP, the green fluorescent protein 

L1, 2, 3 or 4, indicates a particular C. elegans larval stage  

mCherry, a monomeric, bioengineered red fluorescent protein  

Pvl, protruding vulva 

Unc, uncoordinated mutant 

Vul, vulvaless phenotype due to defects in P6.p induction 

 

 

 

 
 

 

 

 

 



 

 
xv 

List of commonly referenced C. elegans genes 
ced-10, a C. elegans orthologue of Rac 

fos-1, the C. elegans orthologue of the transcription factor fos 

ina-1, one of two C. elegans α−integrin subunit 

lam-1, laminin β subunit in C. elegans 

lin-29, the C. elegans orthologue of early growth response 1 (EGR1) 

mig-2, the C. elegans orthologue of RhoG 

mig-10, the C. elegans orthologue of lamellipodin 

pat-3, the sole C. elegans β-integrin subunit 

unc-6, the sole C. elegans netrin ligand 

unc-34, the C. elegans orthologue of Ena/VASP 

unc-40, the C. elegans orthologue of the netrin receptor, Deleted in Colorectal Cancer 

(DCC) 

unc-115, the C. elegans orthologue of actin binding LIM protein 

 

 

 

 

 

 

 



 

 
xvi 

Acknowledgements 
Life humbles me as it makes me realize that my life would be penniless and 

colorless without my friends, colleagues and persons who I should be thankful for. 

Without these three persons, the completion of my graduate study would not be 

possible. They are Qiuyi, my second mentor who inspires me with her strong 

determination and confidence, and always supports me in every possible way; Elliott, a 

close friend in the lab who I shared my frustration, excitement and enjoyment with at 

countless nights in the lab; Josh, a brilliant biologist whose passion and enthusiasm 

about science was so contagious. My good friends outside of the lab, Kai Zhang and 

Xianrui Cheng, always gave me warm support from their hearts whenever I was stuck 

in downtime or needed help. They are certainly the important and irreplaceable part of 

my life at Duke. The Professors, Zijie Sun, Qinghua Hu, and Kang Shen, gave me the 

help and respect I needed most at the turning point of my career. I have been always 

grateful for what they did for me. Richard Williams and Jane Williams generously 

shared their life stories with me, and introduced American culture to me. They are my 

first American couple friends, and also my lifetime friends. Shelly McClatchey and Lara 

Linden kindly assisted my lin-29 project with their wonderful work. Without them, this 

project would not be as fruitful as it is now. I enjoy working with our lab members, 

Meghan Morrissey, Kaleb Naegeli, Adam Schindler, Laura Kelley, David Matus, Charles 

Kuang, Emily Chang, and Ruth Zhang. They collectively create the pleasant working 

environment for the Sherwood lab. I am grateful to my committee members, Meng 

Chen, Terry Lechler, David McClay and Harold Erickson for their guidance and 

support. Finally, I thank very much all my dear, old friends who I met during my time 



 

 
xvii 

at Stanford. They forever shared with me the happiest and most unforgettable memories 

of sunny California.



 

 
1 

 

 

 

 
 

 

1. Introduction 



 

2 

1.1 Overview 

Throughout the life span of metazoans, cell migration, an important and 

fundamental process, occurs in diverse contexts, including organogenesis, 

morphogenesis, immune surveillance, wound healing, and regeneration (Kurosaka and 

Kashina, 2008; Ridley et al., 2003). While some cells migrate at defined times, other cells, 

such as those from the immune system, are constantly moving (Rørth, 2009). A common 

barrier these cells have to navigate through is the basement membrane (BM), a dense, 

50-100nm thick, sheet-like structure consisting of highly-crosslinked and self-assembled 

glycoproteins and proteoglycans (Friedl and Wolf, 2003). The major components of BM, 

including laminin and type IV collagen, are highly conserved across the animal kingdom 

(Kramer, 2005). BM underlies epithelial and endothelial cell layers, and surrounds 

peripheral nerve axons, muscle cells and fat (Kalluri, 2003), where it provides boundary 

properties and structural support, and regulates cell behaviors (Aumailley and Timpl, 

1986; Chun et al., 2006; Discher et al., 2005; Paulsson, 1992; Yamada and Cukierman, 

2007). Different types of cells utilize tightly regulated invasive programs to transmigrate 

BM (Duc-Goiran et al., 1999; Hughes and Blau, 1990; Nourshargh et al., 2010; Pepper, 

1997; Poelmann et al., 1990). Defects in these invasive programs contribute to various 

human diseases, including rheumatoid arthritis, asthma, pre-eclampia (Ingram et al., 

2011; Lim et al., 1997; Ulbrich et al., 2003) (Ingram IL, Huggins MJ, Church TD, 2011; 

Lim KH, Zhou Y, Janatpour M, 1997), as well as cancer metastasis, which accounts for 

90% mortality in solid cancers (Gupta and Massague, 2006). Thus, understanding how 

cells invade through BM in physiological contexts could help identify novel therapeutic 

targets for treating these diseases. 

Cell invasion through BM requires the coordination of multiple interlinked steps, 

during which diverse cellular processes, including cytoskeleton reorganization 
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(Schoumacher et al., 2010; Stehbens and Wittmann, 2012), vesicular trafficking (Frittoli et 

al., 2011; Poincloux et al., 2009), and gene transcription (Hagedorn and Sherwood, 2011; 

Sherwood et al., 2005), are tightly regulated. In response to extracellular cues from the 

microenvironment, cells activate and direct intrinsic invasive machinery towards the BM 

they contact. This invasive machinery is tuned to the structural properties of BM (i.e. 

cross-linking, stiffness, thickness), resulting in an optimal transmigration mode of BM 

penetration and remodeling matching the composition of the local BM (Sherwood, 2006). 

Increasing evidence supports the idea that the invasion process begins with 

invading cells acquiring polarized morphology at the cell-BM interface in response to 

extracellular cues (Sanchez-Madrid and del Pozo, 1999; Ziel et al., 2009). Such cue-

directed polarization underlies the formation of a specialized invasive front towards BM 

(Ziel et al., 2009), which is thought to be critical for execution of multiple cellular events. 

At this front, actin reorganization directed by asymmetrically localized actin regulators 

deform the plasma membrane, giving rise to F-actin-rich protrusive structures, such as 

lamillipodia, podosomes and invadopodia (Murphy and Courtneidge, 2011). Selectively 

targeted by polarized transport of membrane-type matrix metalloproteinases (MT-

MMP) and other proteinases (Lu et al., 2011; Murphy and Courtneidge, 2011; van 

Hinsbergh and Koolwijk, 2008), these subcellular structures are thought to mediate focal 

dissolution of BM and/or generate physical force for BM breaching (Caldieri et al., 2009; 

Friedl and Gilmour, 2009; Saltel et al., 2011). Despite much effort on individually 

dissecting these processes, little is known about their upstream event, how cells detect 

extracellular invasive cues in complex tissues, where these signals may be limiting or 

selectively localized.  

Although the establishment of invasive polarity is important as it initiates and 

aligns invasive behavior, the invasion process would not be completed without effective 
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BM remodeling. As cross-linked BM has a natural pore size of 50nm (Rowe and Weiss, 

2008), BM organization needs to be modulated for cells with a micron-scale body to pass 

through it. Mounting evidence indicates the existence of both protease-dependent and 

independent programs that alter biochemical and physical properties of BM. These 

alterations affect degradation, synthesis, deposition, assembly or organization of BM 

components within the protein network (Lu et al., 2011). In many cases such 

complicated modifications are accomplished through an intimate collaboration between 

invading cells and tissues they invade. Due to the dynamic nature and a lack of suitable 

in vivo systems, the individual contributions of the invading cells and surrounding cells/ 

tissues during BM remodeling are poorly understood. 

The current understanding of cell invasion through BM comes largely from the 

studies on 2D cell culture models and 3D matrix models, both of which have yielded 

crucial information (Even-Ram and Yamada, 2005). Owing to the complexity of BM 

composition (comprised of more than 50 different proteins) and cell-BM interactions 

(Even-Ram and Yamada, 2005; Rowe and Weiss, 2008), it is challenging to fully 

recapitulate the microenvironment an invading cell would confront in vivo in these 

systems. Recently, simple in vivo models, such as Drosophila imaginal discs (Cordero et 

al., 2010; Wu et al., 2010), chick chorioallantoic membrane, rat peritoneal BM invasion 

(Hotary et al., 2006; Schoumacher et al., 2010), have advanced our understanding of the 

mechanism underlying cell invasion (Hagedorn and Sherwood, 2011). These models, 

however, do not allow the visual accessibility of dynamic events at the cell–BM interface 

during invasion (Hagedorn and Sherwood, 2011). A model that facilitates visual 

examination of the cell-BM interface is anchor cell (AC) invasion into the vulval 

epithelium in C. elegans. C. elegans is a well-established model organism with a compact 

genome amenable to various genetic manipulations; its optical transparency facilitates 
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direct and real-time visual dissection of biological processes that are experimentally 

inaccessible in higher animals (Barr, 2003). 

Using this model, my studies provide new insights into how intrinsic cellular 

machinery detects a localized extracellular cue and forms a polarized functional domain 

essential for breaching BM. I propose a novel mechanism where the netrin receptor DCC 

generates searching behavior with oscillating dynamics to detect and stabilize polarity 

towards the extracellular ligand netrin, thereby directing the invasive machinery of the 

cells towards BM where netrin is localized. Second, I uncovered a previously unknown 

role for an invading cell in a newly identified BM remodeling mechanism, called BM 

sliding (Ihara et al., 2011). I show that the invading AC uses a transcriptional program to 

initiate this sliding, which is an integral part of a post-embryonic organogenesis process 

in C. elegans. 

1.2 Thesis outline 

This dissertation is organized as follows. Chapter 2 reviews the background 

about the C. elegans invasion model used in this study and the necessary genetics 

background for results presented in Chapters 3 and 4. Chapter 3 presents a mechanistic 

study revealing that the invading AC uses a receptor-generated dynamic searching 

behavior for detecting the localized invasive cue netrin, leading to the cue-oriented 

polarized response. Chapter 4 describes a genetic screen designed to investigate BM 

sliding and the functional characterization of a mutant isolated from this screen. Chapter 

5 summarizes my findings and offers future perspectives. 
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This chapter describes the C. elegans invasion model used for this dissertation 

study and provides the genetics background information that will be helpful for 

understanding the results presented in later chapters. This chapter contains two main 

sections. Section 2.1 summarizes the anchor cell (AC) invasion process and subsequent 

uterine-vulval attachment. This information provides the biological contexts for 

Chapters 3 and 4, where I investigate the establishment of polarized invasive responses 

prior to invasion and BM sliding during uterine-vulval attachment in greater detail. 

Section 2.2 reviews the necessary background for the genetic results described in 

Chapter 3 and the genetic screen presented in Chapter 4.   

2.1 The biological model: anchor cell (AC) invasion through 
basement membrane (BM) and BM sliding during uterine-vulval 
attachment in C. elegans 

During the L2/L3 larval stage of C. elegans hermaphrodite development, the AC, 

a highly specialized gonadal cell, invades through the gonadal and vulval BMs and 

contacts the central primary vulval precursor cells (1° VPC). This invasion initiates the 

connection between the uterine and vulval cells (Sherwood and Sternberg, 2003). AC 

invasion is coordinated by four known pathways (Figure 1): UNC-6 (netrin) signaling 

(Ziel et al., 2009), integin signaling (Hagedorn et al., 2009), the unidentified vulval cue 

(Sherwood and Sternberg, 2003), and FOS-1A, a transcription factor (Sherwood et al., 

2005). Prior to invasion (1° VPC P6.p one-cell stage), UNC-6 (netrin) secreted from the 

ventral nerve cord (VNC) and integrin signaling from within the AC synergistically 

promote the formation of a specialized F-actin-rich invasive membrane domain with 

polarized actin regulators at the basal membrane of the AC in contact with the BM. 

Approximately five hours later, the P6.p cell gives rise to two daughter cells (P6.p two-

cell stage) that produce an unidentified chemotactic cue (the vulval cue). This cue 

induces the formation of invasive protrusions from the AC that breach BM. The 
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transcription factor FOS-1A is required for the breaching and further BM removal, 

which is possibly mediated by multiple proteases that are transcriptionally controlled by 

FOS-1A (Sherwood et al., 2005; unpublished observation). AC invasion is completed by 

the time the P6.p descendants divide again, giving rise to four granddaughter cells 

(four-cell stage). At this time, the AC generates a gap in the BM the size of the AC. The 

timing and targeting of AC invasion are invariant in wild-type animals (Sherwood and 

Sternberg, 2003). 

AC invasion is followed by another developmental event, uterine-vulval 

attachment (Figure 2). Upon the completion of AC invasion, twelve vulval cells derived 

from three vulval precursors, P5.p (secondary vulval precursor cell, 2° VPC), P6.p (1° 

VPC), P7.p (secondary vulval precursor cell, 2° VPC), invaginate from the ventral side of 

the larval mid-body. During invagination, these twelve cells (except for the two vulD 

cells) divide one more time generating 22 cells, which form the vulva, fusing in groups 

of two to four cells generating seven stacks of ring shape cells called toroids. 

Concomitantly, the two sheets of the BM that were crossed during AC invasion fuse at 

the site of invasion and slide in register away from the AC along the surface of the 

invaginating vulval cells. This sliding enlarges the BM opening that is initially generated 

by the AC, creating space for the juxtaposed uterine and vulval cells to contact each 

other to form adhesion to complete uterine–vulval attachment. The sliding BM is 

ultimately stabilized by the 2°-fated vulval cells (vulD) through integrin signaling and 

VAB-19, the C. elegans orthologue of the tumor suppressor protein Kank. Thus, the AC 

and its surrounding cells collaborate to define the tissue boundaries of the uterus and 

vulva through BM sliding and targeted adhesion (Ihara et al., 2011). 
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                      Figure 1: Schematic diagram for AC invasion 

A schematic diagram illustrates AC invasion in C. elegans. During the L2/L3 molt, the 
AC attaches to the BM (green) over the primary vulval precursor cell (1° VPC) P6.p (one-

cell stage; left). At this time UNC-6 (netrin) (yellow arrows) secreted from the ventral 
nerve cord (VNC) acts with integrin signaling to promote the formation of the polarized 

invasive cell membrane towards the BMs. This invasive domain includes UNC-6’s 
receptor UNC-40 (blue ovals) and F-actin (orange). During the mid-L3 stage, after P6.p 

divides (P6.p two-cell stage; middle), an invasive protrusion breaches the BM in 
response to an unidentified cue (blue arrows; middle) from the 1° VPCs. By the late L3 

stage, the AC completely removes the BM and contacts the two central 1° VPC 
granddaughter cells (P6.p four-cell stage; right). The breaching and removal of the BMs 

(middle, and right) is dependent on the transcription factor FOS-1A. 
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Figure 2: Schematic diagram for uterine–vulval	  attachment 

At mid-L3 larval stage, the ventral uterine tissue and vulval precursor cells 
(VPCs, the daughter cells of P5.p, P6.p and	  P7.p) are separated by the gonadal and 

ventral BMs. During the mid-to-late L3 larval stage, the AC invades through both BMs 
and contacts the underlying descendants of the 1°-fated daughters of the P6.p (P6.p four-

cell stage). Following AC invasion, the underlying vulval cells divide and invaginate 
while the BMs slide away from the AC during the early-to-mid L4 stage. By the mid-L4 
stage, the AC fuses with surrounding ventral uterine cells forming the multinucleated 
utse cell. When the utse cell and the ventral uterine uv1 cells contact the 1°-fated great-

granddaughters of P6.p, the connection between the uterine and vulval tissues is 
completed (Newman and Sternberg, 1996; Newman et al., 1996). The vulD cells (dotted 

black lines, innermost granddaughters of the 2°	  -fated VPCs, P5.p and P7.p) and the uv2, 
uv3 (descendants of dorsal uterine cells) and ut cells (descendants of ventral uterine 
cells) reside adjacent to the connection. BM sliding is halted over the vulD cells. The 

vulD cells and the ventral uterine descendants contribute to this halting. (VU, ventral 
uterine cell; AC, anchor cell; BM, basement membrane; D, vulD cells; E, vulE cells; F, 

vulF cells).	  
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2.2 Genetics background 

This section contains two subsections. Subsection 2.2.1 describes the genetic 

approaches for organizing genes into a hierarchical pathway, which will be used to 

dissect the genetic composition downstream of UNC-40 (DCC). The relevant genetic 

results will be presented in the earlier part of Chapter 3. Section 2.2.2 briefly introduces 

forward genetic screens designed to identify new genes involved in biological processes 

of interest, which provides the genetic background for Chapter 4 where I isolated a 

novel mutation affecting uterine-vulval attachment from a forward mutagenesis screen.  

2.2.1 Organizing interacting genes into genetic pathways 

This section only focuses on the genetic and cell biological strategies utilized in 

Chapter 3, where I determine the epistatic relationships between netrin’s receptor UNC-

40 (DCC) and several other AC regulators, analyze the genetic interactions among these 

regulators, and then organize them into a pathway. 

2.2.1.1Determining whether two genes function in the same pathway 

Great effort should be given to carefully characterize the phenotypes and genetic 

nature of mutations (i.e., null, hypomorphic or hypermorphic). This information is 

essential for genetic interaction analysis in which the defects of double mutants are 

compared to those of single mutants, allowing one to determine whether mutated genes 

act in the same or distinct pathways that regulate a particular biological process. It is 

particularly important for this analysis to use null alleles or a null allele and a strong-

loss-of-function allele with no activity in the assayed biological process for double 

mutant construction. Double mutants with a phenotypic severity similar to that of the 

more severe single mutant suggest that the two genes work together or in series within 

the same pathway (Figure 3i). Lacking a genetic interaction, the phenotype of the double 

mutant would be expected to be equal to the additive defects of the single mutants 
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(Figure 3ii). Double mutants displaying a more severe phenotype than the expected 

combined loss of each indicates a synergistic (or synthetic) interaction (Figure 3iii) 

(Boone et al., 2007; Guarente, 1993; Mani et al., 2008). The assumption in this case is that 

the two genes likely act in parallel pathways that converge on a common function or 

activity. These interpretations do not apply for genetic interactions between two 

hypomorphic alleles. Because of their residual activity, the linearity of the pathway 

where they reside is not completely interrupted, any scenario above can be caused by 

two hypomorphic alleles that either function in the same pathway or the distinct 

pathways. Other functional information is often needed to reveal the genetic 

relationship of two hypomorphic alleles. For genes that act in the same pathway, 

determining their genetic hierarchy often requires comprehensive analysis of the 

genetic, cell biological, and biochemical information about how genes and their products 

interact. There are no universal rules to integrate all of this information for ordering 

genes into biological pathways. Indeed, many strategies that successfully revealed the 

order of genes are highly context-specific. Below, I discuss several examples as case 

studies for developing approaches to order genes that regulate a biological process. 
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Figure 3: Implications of genetic interaction between two null alleles or a null allele 
and a strong-loss-of-function allele with no activity in the assayed biological process 

To determine whether two alleles (A and B) function in the same pathway, the 
double mutant (AB) homozygous for both alleles is constructed. Comparing the severity 

of this double mutant with that of single mutants can provide insight into their 
functional relationship. (i) If the phenotypic severity of the double mutant is similar to 

that of the single mutant with the more severe phenotype, it implicates that the two 
genes act in the same pathway; (ii) if the phenotypic severity of the double mutant is the 

sum of that of the single mutants, it implicates that these two genes have no genetic 
interaction; (iii) if the phenotypic severity of the double mutant is more than the sum of 
that of the single mutants, it indicates that the two genes act in parallel pathways that 

converge on a common function. 
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2.2.1.2 Epistasis analysis for gene ordering 

As some components in a genetic pathway may play positive regulatory roles 

and others play negative roles, it is common that genes in the same pathway exhibit the 

opposite phenotypes when mutated. Epistatic analysis is a powerful way to order these 

components into a signaling hierarchy. The term ‘epistatic’ was first coined in 1909 by 

Bateson to describe a masking effect in which an allele at one locus prevents the allele at 

another locus from exhibiting its phenotypes (Bateson, 1909; Cordell, 2002). Similarly, 

epistasis defined by molecular geneticists refers to a genetic situation in which the 

phenotype of a mutation in one gene is masked by the phenotype of the mutation in the 

other (Avery and Wasserman, 1992). This definition views a phenotype as a qualitative 

trait; so it is also termed “compositional epistasis” to set it apart from “statistical 

epistasis” used by population geneticists for quantitative differences of allele-specific 

effects in a population (Phillips, 2008). 

Compositional epistatic analysis is particularly suitable for ordering genes whose 

mutations cause opposite phenotypes. It has been used in C. elegans to successfully 

construct pathways in various developmental processes, such as the development of the 

vulva (Sternberg and Horvitz, 1989), sex determination (Goodwin and Ellis, 2002), and 

dauer formation (Thomas et al., 1993). To perform epistatic analysis, double mutants 

carrying two mutations giving opposite phenotypes are constructed. The mutant 

phenotype that the double mutant adopts indicates the gene that is epistatic 

(downstream of) to the other. Two assumptions should be met prior to epistatic analysis. 

First, the two genes analyzed should be involved in the same pathway. Second, the 

opposite defective phenotypes should be direct opposite states of a genetic event 

assayed. In cases where mutations involved in a common pathway display the same 

phenotype, epistatic analysis is not possible. However, some genes may have both gain-



 

15 

of-function (gf) and loss-of-function (lf) alleles that display the opposite phenotypes. 

Such gain-of-function alleles have proven to be very useful in deducing genetic 

hierarchies. The gf alleles can be either mutagen-induced or artificially-engineered. 

Through epistatic analysis of the double mutants of gf allele and the other mutant allele, 

the genetic relationship between these two corresponding genes can be determined. 

It is important to use null mutants or hypomorphic alleles with no activity in the 

biological process being analyzed for epistatic analysis. An appropriate choice of 

mutants (null or hypomorphic) based on their dosage effects is critical for successful 

epistatic analysis. Using any mutants with residual activity may lead to a 

misinterpretation of the results of epistatic analysis, particularly in cases where one tests 

a gene with a hypomorphic allele that acts downstream of a gene with a null allele. 

Because the phenotype of the double mutants of these two alleles will be similar to that 

of the null allele, it will lead to an inaccurate conclusion that the gene with the null allele 

is epistatic to (downstream of) the gene with the hypomorphic allele (Figure 4). 
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Figure 4: Consideration regarding alleles used for epistatic analysis 

(i) Normally, gene B negatively regulates a functional state (illustrated as a bulb 
with light), causing the inactivation of this state (illustrated as a bulb without light). 

Gene A, however, acts upstream of gene B in this pathway and negatively regulates it, 
thereby maintaining the functional state. (ii) Complete loss of gene B activity abolishes 
its negative regulatory effects on the functional state (“light on”). In contrast, complete 

loss of gene A activity removes its negative regulation on gene B, releasing gene B 
inhibitory effects on the functional state, therefore inactivating the functional state (“no 

light”). The single mutants of gene B and A display the opposite phenotypes, which 
makes epistasis analysis applicable for organizaing gene B and A. (iii) When one 

performs epistasis analysis using the null allele of gene A and the hypomorphic allele 
for gene B, the constructed double mutant might inactivate the functional state as the 
hypomorphic allele of gene B preserves some residual inhibitory activity. Thus, the 

possible phenotype of this double mutant (“no light”) would be similar to that of the 
single null of gene A (“no light”), leading to a misinterpretation that gene A is epistatic 
to (downstream of) gene B.  Using null alleles of both gene A and B, however, reveals 

the correct epistatic relationship of gene B downstream of gene A. 
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2.2.1.3 Localization dependency of gene products for gene ordering 

The function of a protein often relies on its precise cellular and subcellular 

localization. In cases where this localization is tightly regulated, mutations in the 

corresponding genes that genetically interact with these components may alter protein 

localization. Therefore, examining localization patterns of a gene product in different 

mutant backgrounds may provide useful information regarding the relative positions of 

two genes in a pathway or interacting genetic network. This strategy is termed as 

“molecular epistasis” in some studies. However, as it is so distinct from the definition of 

“epistasis” discussed above, it would be more precise to term this strategy “localization 

dependency” to reflect its nature. Our lab (Hagedorn et al., 2009) utilized this strategy to 

determine the hierarchical relationship for two genes, ina-1 (encoding an α-integrin) and 

unc-40 (encoding a receptor for the netrin ligand), during anchor cell invasion into the 

vulval epithelium. Both ina-1 and unc-40 mutants are defective in AC invasion and both 

disrupt F-actin localization at the invasive cell membrane. By tracking GFP fusion 

proteins, I found that the normal localization pattern of UNC-40 in the AC was 

disturbed in worms whose ina-1 activity is depleted by RNAi. In contrast, the 

localization pattern of INA-1 remained normal in unc-40 mutants. Based on this result, I 

concluded that INA-1 acts upstream of UNC-40 functionally in regulating F-actin 

formation in the AC during AC invasion. 

2.2.2 Forward genetic screens 

This section briefly introduces two forms of straightforward screen strategies, 

direct simple forward genetic screens and GFP-aided visual screens. These screens are 

most relevant to the screen described in Chapter 4. For more diverse and sophisticated 

screen designs, please see the published review (Wang and Sherwood, 2011). 
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Forward genetic approaches (investigation directed from phenotype to 

genotype) are one of powerful ways of elucidating the function of genes that regulate a 

biological process of interest. Forward genetic screens identify genes in an unbiased 

manner based on phenotypes of mutants. The screens start by searching for a desired 

phenotype caused by a mutation that is introduced into a gene by mutagens, such as 

EMS (1-Methylsulfonyloxyethane, also known as ethyl methanesulfonate) or ENU (1-

Ethyl-1-nitrosourea, also known as N-ethyl-N-nitrosourea). Identity of the mutation-

harboring genes can be determined by positional cloning or candidate-gene testing. 

Forward genetic studies in C. elegans have made significant contributions to our 

understanding of a wide range of developmental processes. For example, the forward 

genetics screens pioneered by Nobel Prize Laureate Robert Horvitz for mutants 

defective in programmed cell death (PCD) identified the underlying genetic pathways 

that direct apoptosis, a process conserved among metazoans, including humans 

(Metzstein et al., 1998). 

To search for these key players, direct simple screens are often used. In this type 

of screen, mutants with desired phenotypes are isolated by direct inspection of 

descendants of mutagenized or RNAi treated worms. For example, the very first direct 

simple screen using EMS as a mutagen in C. elegans was performed by Sydney Brenner 

with particular interests in mutants defective in coordinated movement (Brenner, 1974). 

He identified mutations in 77 genes affecting movement. Notably, one of these genes, 

unc-6, was later shown to be the ortholog of the vertebrate netrin gene, encoding an 

important extracellular cue directing axon outgrowth and broadly conserved across the 

animal kingdom (Harris et al., 1996; Hedgecock et al., 1990; Ishii et al., 1992; Kennedy et 

al., 1994; Lauderdale et al., 1997; Mitchell et al., 1996; Serafini et al., 1994). 
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In contrast to phenotypes observed in direct simple screens, many phenotypical 

changes, particularly cellular biological ones, are invisible at the behavioral and light 

microscope levels. For some phenotypes, this limitation can be overcome with 

fluorescent proteins. Fluorescent markers, in particular, green fluorescence protein 

(GFP) from the jellyfish Aequoria victoria (Chalfie et al., 1994), have facilitated screens in 

many biological processes, including axon guidance (Zallen et al., 1998), vesicle 

transportation (Grant and Hirsh, 1999; Grant et al., 2001; Sato et al., 2008), and synapse 

formation (Liao et al., 2004; Shen and Bargmann, 2003; Zhen et al., 2000). In these 

screens, GFP is utilized as a visual indicator of phenotypic alterations for identification 

of mutants, as it allows selective visualization of normally-invisible proteins, subcellular 

structures, specific cells or tissues, and even gene transcription status by placing the GFP 

open reading frame downstream of genes’ cis-regulatory regions. In these types of 

screens, worms that are engineered to transgenically express GFP are mutagenized and 

examined for changes in GFP expression levels or patterns.  

The desired mutants can be isolated manually. However, mutant isolation from 

fluorescence marker aided screens can be very laborious, as it may require visual 

inspection of a large number of mutagenized worms at the microscopic level. Recently, 

an automated worm sorter (Complex Object Parametric Analysis and Sorter, COPAS), 

which is a flow cytometry machine used to sort worms based on their optical sizes, 

density, changes in color and fluorescence intensity (Doitsidou et al., 2008), has been 

developed to facilitate isolation of mutants. The mutation can be mapped to genes using 

a single-nucleotide-polymorphisms (SNP) based strategy (Davis et al., 2005; Wicks et al., 

2001) or whole genome sequencing technology (Sarin et al., 2008). 
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3. Netrin stabilizes UNC-40 (DCC)-generated oscillatory 
polarity to direct anchor cell (AC) invasion in C. elegans 
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3.1 Introduction 

The ability of cells to polarize specialized domains within regions of the plasma 

membrane or cytoplasm is essential for many different cellular processes, including 

directed cell migration, neurite outgrowth, polarized secretion, asymmetrical cell 

division and proper differentiation (Nance and Zallen, 2011; Nelson, 2003; Wang, 2009). 

In many cases polarized responses are oriented by spatial cues, such as 

chemoattractants, cell-cell adhesions, sperm entry into oocytes, or bud scars in budding 

yeast (Nance and Zallen, 2011; Nelson, 2003; Rasmussen et al., 2012; Slaughter et al., 

2009). These cues lead to organization of polarity at a specific plasma membrane domain 

through the positioning of a molecular landmark, such as cadherins, cortically enriched 

PAR proteins, the localized generation of phosphatidylinositol-3,4,5-triphosphate (PIP3), 

and the landmark proteins in yeast (Cai and Devreotes, 2011; Nance and Zallen, 2011; 

Nelson, 2003; Park and Bi, 2007). One of the key functions of these molecular landmarks 

is to activate regulators of the actin cytoskeleton that organize F-actin, which contributes 

to the establishment of specialized cellular domains. Interestingly, in the absence of 

orienting cues, many cells develop polarity spontaneously, in an arbitrary direction 

(Johnson et al., 2011; Sasaki et al., 2007; Yoshiura et al., 2012). These observations suggest 

that polarity orientation and generation can be decoupled, and that the function of 

spatial cues is largely to bias the direction of an independent intrinsic polarity-

generating mechanism (Johnson et al., 2011).  Notably, in yeast and Dictyostelium, 

internal symmetry-breaking mechanisms have oscillatory dynamics, which provide 

robust and adaptive properties to the polarization process (Arai et al., 2010; Brandman 

and Meyer, 2008; Howell et al., 2012). 

The netrin receptor deleted in colorectal cancer (DCC) has emerged as a 

regulator of diverse polarized activities during morphogenetic events in metazoans (Lai 
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Wing Sun et al., 2011; Ziel and Sherwood, 2010).  Important insights into the 

mechanisms of DCC signaling have come from studies of C. elegans development, where 

the presence of a single netrin ligand, the secreted protein UNC-6, and a single DCC 

orthologue, UNC-40, have facilitated detailed in vivo dissection of this pathway. These 

studies have demonstrated key roles for UNC-40-mediated polarizing activity during 

axon outgrowth, dendrite development, synaptogenesis and muscle arm extension 

(Adler et al., 2006; Alexander et al., 2009; Colon-Ramos et al., 2007; Teichmann and Shen, 

2011; Xu et al., 2009). In these events UNC-40 appears to directly organize the 

polarization process by moving to the site of membrane regionalization in response to 

localized UNC-6. How cells detect and direct UNC-40 towards cell membrane domains 

in response to dynamic UNC-6 (netrin) cues in complex tissue environments, however, 

is unknown. 

Anchor cell (AC) invasion in C. elegans is a visually and experimentally tractable 

model to investigate mechanisms underlying UNC-40 (DCC) directed polarization of a 

specialized cell membrane domain. The AC is a uniquely differentiated gonadal cell that 

invades through the juxtaposed gonadal and ventral epidermal basement membranes 

(BMs) to initiate uterine-vulval connection during larval development (Sharma-Kishore 

et al., 1999; Sherwood and Sternberg, 2003) (Figure 5A). UNC-6 functions as a key 

organizer for polarization of the AC’s invasive cell membrane towards its BM target. 

Prior to invasion, UNC-6 orients UNC-40, a number of actin regulators and F-actin to the 

basal invasive cell membrane of the AC in contact with the BM (Ziel et al., 2009). Loss of 

unc-6 results in mislocalization of invasive membrane components to all cell membrane 

regions of the AC and a failure to generate an invasive protrusion that breaches the BM. 

Intriguingly, these invasive membrane components, including UNC-40, are not 

distributed uniformly throughout the cell membranes of the AC in unc-6 mutants, but 
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rather are often clustered. These observations suggest that another UNC-6-independent 

mechanism exists for organizing UNC-40 and its effectors. 

To further understand how UNC-6/UNC-40 signaling polarizes AC invasion, I 

have performed genetic interaction studies and coupled these with quantitative live-cell 

imaging. I find that effectors downstream of UNC-40 during AC invasion are genetically 

organized in a similar manner to axon guidance, where this receptor has been most 

extensively studied. Remarkably, I have discovered that in the absence of the orienting 

signal UNC-6 (Netrin), UNC-40 (DCC) is active: UNC-40 molecules polarize into a large 

cluster, recruit netrin pathway effectors, and generate protrusive F-actin extensions for 

approximately 26 minutes before breaking down and then reforming in a new location. 

This pattern of formation and breakdown of active, polarizing UNC-40 repeats in an 

oscillatory manner directing protrusions to all domains of the cell. In the presence of 

localized UNC-6, UNC-40 polarity stabilizes its effectors and directs protrusive activity 

towards the UNC-6 source. Together, my data demonstrate that localized UNC-6 

(Netrin) biases the orientation and stability of an already active UNC-40 receptor that 

independently directs exploratory polarity to target the BM for invasion. This study 

provides a new model for how UNC-6/UNC-40, a ligand-receptor pair, operates to 

mediate the formation of asymmetrically specialized membrane domains. 

3.2 Results 

3.2.1 Effectors of UNC-6/UNC-40 in axon guidance are shared during 
AC invasion 

The mechanism by which UNC-6 (Netrin) signals to polarize AC invasion is not 

fully understood. We have previously shown that UNC-6 secreted from ventral nerve 

cord (VNC) directs its receptor UNC-40 (DCC) to the plasma membrane of the AC in  
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Figure 5: Downstream effectors of UNC-40 during AC invasion 

Anterior is left; ventral is down; and arrows point to the AC in this and all other 
figures. (A) A schematic diagram illustrates UNC-6-mediated AC invasion in C. elegans. 
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During the L2/L3 molt, the AC attaches to the BM (green) over the primary vulval 
precursor cell (1° VPC) (P6.p at the one-cell stage, left). At this time UNC-6 (netrin) 

(yellow arrows) secreted from the ventral nerve cord (VNC) polarizes its receptor UNC-
40 (blue ovals) and F-actin (orange) to the invasive cell membrane. During the mid-L3 
stage, after P6.p divides (P6.p two-cell stage, middle), an invasive protrusion breaches 

the BM in response to an unidentified cue (blue arrows) from the 1° VPCs. By the late L3 
stage, the AC completely removes the BM and contacts the two central 1° VPC 

granddaughter cells (P6.p four-cell stage, right). (B-D) DIC image (left), corresponding 
fluorescence (middle), and overlay (right). (B) In wild-type animals the AC (magenta, 

expressing zmp-1 > mCherry) breaches the BM (green, arrowhead, visualized by the BM 
marker laminin::GFP) and contacts the central 1° VPCs (bracket) at the P6.p four-cell 

stage. (C) In this unc-34 mutant AC invasion failed, leaving the BM intact (arrowhead). 
(D) In this unc-115 mutant the AC partially removed the BM. (E and F) The 

transcriptional reporters for unc-34 (unc-34 > GFP) and unc-115 (unc-115 > GFP) genes 
were expressed in the AC throughout invasion. The images show animals at the P6.p 

two-cell stage. (G) In wild-type animals the abLIM protein GFP::UNC-115 driven by the 
AC-specific promoter cdh-3 localized to the invasive cell membrane (arrowhead). (H) 

Loss of unc-6 blocked invasion (arrowhead, left) and resulted in UNC-115 localization to 
apical and lateral cell membranes. (I) Quantification of GFP::UNC-115 polarization in 

wild-type (black diamonds) and unc-6 mutant ACs (gray squares) at the P6.p one-, two-, 
and four-cell stages (n ≥ 15 for each stage per genotype). (J) A schematic diagram 

depicting the genetic organization downstream of UNC-6/UNC-40 during AC Invasion. 
Because the ced-10 allele was not null, our genetic analysis cannot rule out that CED-10 

and MIG-2 are also partially controlled by another signal (question mark). In this and all 
subsequent figures, one asterisk (*), two asterisks (**) and three asterisks (***) indicate 
statistically-significant differences of p < 0.05, p < 0.01 and p < 0.001, respectively, and 
N.S. indicates no significant difference (Student's t test unless noted otherwise). Error 

bars represent the standard error of the mean. The scale bar is 5 µm. 
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contact with the BM prior to invasion (Figure 5A) (Ziel et al., 2009). I have also observed 

that UNC-34, the C. elegans orthologue of the vertebrate Ena/VASP actin regulator, and 

two Rac GTPases, MIG-2 and CED-10, are polarized by UNC-6 activity to this same 

region of the AC. Loss of unc-34 and the combined loss of mig-2 and ced-10 

lead to defects in invasion (Ziel et al., 2009).  Ena/VASP proteins and Rac GTPases are 

known downstream effectors of UNC-6/UNC-40 signaling that mediate polarizing 

activity in axon pathfinding and outgrowth (Chang et al., 2006; Gitai et al., 2003; 

Lebrand et al., 2004; Li et al., 2002b; Shekarabi and Kennedy, 2002), suggesting that 

netrin signaling might use similar effectors to orient the AC during invasion. 

To determine if UNC-40 engages the same downstream effectors to promote 

invasion as it does to guide axons, I examined AC invasion in strains with mutations in 

unc-34, ced-10, and the human abLIM/limatin orthologue unc-115, and the lamellipodin 

orthologue mig-10 (Lundquist et al., 1998; Manser et al., 1997; Reddien and Horvitz, 

2000; Withee et al., 2004; Yu et al., 2002; Zipkin et al., 1997).  These genes are established 

downstream mediators of UNC-40 signaling during axon outgrowth and pathfinding 

(Chang et al., 2006; Gitai et al., 2003; Quinn et al., 2008). Another Rac GTPase mig-2, often 

acting redundantly with ced-10 in neuronal development (Demarco et al., 2012; Shakir et 

al., 2008), was also included for examination. All alleles examined were putative null 

mutations except for ced-10(n1993), which is a strong-loss-of-function mutation (Reddien 

and Horvitz, 2000). I scored AC invasion in all assays at the P6.p four-cell stage when 

BM invasion is completed in wild-type animals (Figure 5B), and later at the P6.p eight-

cell stage prior to AC fusion with neighboring uterine cells. Of these candidate effectors, 

I confirmed that unc-34, and the two Rac GTPases ced-10 and mig-2, which act 

redundantly, promote AC invasion (Figure 5C; Table 1) (Ziel et al., 2009). Animals 

lacking unc-115(ky275) showed a partial block in AC invasion in 8% of ACs examined 
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(Figure 5D; Table 1), while a putative null mutation mig-10(ok2499) caused a partial 

invasion in 6% of ACs observed. These results indicate that the effectors of UNC-

6/UNC-40 in axon development also promote AC invasion. To test if these candidate 

effectors act within the UNC-6/UNC-40 pathway to regulate invasion, I made double 

mutant combinations of unc-40 with each of these genes (Table 1). If these potential 

effectors function linearly with UNC-40 to direct AC invasion, the double mutants 

would be predicted to display phenotypic defects similar to those in the unc-40 single 

mutants (Wang and Sherwood, 2011). An enhancement of the unc-40 invasion defect, 

however, would indicate activity outside of the UNC-6/UNC-40 pathway. Loss of unc-

34, ced-10, mig-2, and unc-115 did not significantly enhance AC invasion defects caused 

by unc-40, suggesting that these genes function within the UNC-6/UNC-40 pathway 

during AC invasion (Table 1). In contrast, loss of mig-10 strongly enhanced both unc-40 

and unc-6 defects (Table 1), indicating that mig-10 has functions outside of UNC-

6/UNC-40 signaling. Taken together, these results demonstrate that most well 

characterized downstream effectors of UNC-6/UNC-40 signaling implicated in 

polarizing activity in axon guidance and outgrowth are shared during AC invasion. 

3.2.2 Effectors of UNC-6/UNC-40 act within the AC downstream of 
UNC-40 

Genetic and molecular studies in C. elegans have indicated that two distinct 

pathways act downstream of UNC-40 signaling during axon outgrowth and turning 

(Gitai et al., 2003).  One pathway is mediated by UNC-34, and the other is composed of 

the Rac GTPase CED-10 and the acting-binding protein abLIM orthologue UNC-115. 

Consistent with a similar organization in the AC, the unc-34 mutant invasion defects 

were significantly enhanced by loss of unc-115 as well as reduction of ced-10 by RNAi  
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Table 1: Genetic analysis of the Netrin/DCC pathway in AC invasion 
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(Table 1). Further, loss of mig-2 also enhanced unc-34 mutants (Table 1). These results 

suggest UNC-34 also functions in a distinct branch within UNC-40 signaling in the AC. 

I then examined genetic interactions between mig-2, ced-10, and unc-115. Loss of 

mig-2 significantly enhanced the unc-115 mutant phenotype, demonstrating that these 

genes have parallel activities. In contrast, ced-10(n1993) did not significantly enhance loss 

of unc-115, suggesting that ced-10 and unc-115 function in a linear pathway. These results 

are consistent with studies on axon pathfinding and outgrowth, which have suggested 

that the actin binding protein UNC-115 acts downstream of CED-10 and in parallel to 

MIG-2 (Demarco and Lundquist, 2010; Gitai et al., 2003; Struckhoff and Lundquist, 

2003). 

We have previously shown that mig-2 and ced-10 are expressed and function in 

the AC to promote invasion (Ziel et al., 2009). To determine where unc-34 and unc-115 

function, I examined their expression and site of action. Examination of transgenic 

animals expressing the 5’ cis-regulatory elements of unc-34 and unc-115 fused to GFP 

revealed expression in the AC throughout the invasion process (Figure 5E and 5F). 

Supporting the notion that UNC-34 and UNC-115 function in the AC, AC-specific 

expression of full-length GFP-tagged UNC-34 and UNC-115 (cdh-3 > GFP::unc-34 and 

cdh-3 > GFP::unc-115) rescued invasion defects caused by their corresponding mutations 

(Table 1). These results indicate that the effectors of UNC-6/UNC-40 signaling function 

within the AC during invasion. 

I next tested whether these effectors act upstream or downstream of the UNC-40 

receptor. As unc-115 appears to act downstream of ced-10 to promote invasion, I 

examined ced-10 as a proxy for unc-115.  I first determined whether loss of unc-34, mig-2 

or ced-10 suppressed the overexpression phenotype of ectopic protrusions generated by 

high levels of UNC-40::GFP in the AC, a strategy previously used to establish 
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downstream UNC-40 effectors during C. elegans muscle arm extension (Alexander et al., 

2009). Individual loss of unc-34, mig-2 and ced-10 dramatically suppressed the length of 

the ectopic protrusion (Figure 6), indicating that these effectors can act downstream of 

UNC-40 in the AC. Further supporting a downstream function, I found that UNC-

40::GFP was polarized normally at the invasive cell membrane in unc-34 mutants and in 

mig-2(mu28) animals treated with ced-10(RNAi) (Figure 6). 

As previously reported, UNC-6 directs the polarized localization of the UNC-40 

receptor, F-actin and the actin regulators MIG-2, CED-10 and UNC-34 to the AC’s 

invasive cell membrane prior to invasion (Ziel et al., 2009). To determine if UNC-115 is 

also polarized by UNC-6, I examined the subcellular localization of GFP::UNC-115 in the 

AC. Similar to other effectors, UNC-115 was first localized to the basal invasive 

membrane approximately five hours prior to invasion and its polarization increased 

until the time of AC invasion (Figure 5G and 5I). Further, in unc-6 mutants GFP::UNC-

115 was mislocalized in clusters to apical and lateral portions of the AC plasma 

membrane (Figure 5H and 5I). Taken together, these genetic, site of action and 

localization experiments indicate that UNC-6/UNC-40 signaling in the AC invasion acts 

in a similar fashion to UNC-40 signaling during polarization activities in neuronal 

outgrowth and guidance (Figure 5J). 

3.2.3 UNC-40’s effectors promote F-actin formation at the AC’s 
invasive cell membrane 

Ena/VASP proteins, Rac GTPases and abLIM/limatin are known regulators of 

actin cytoskeletal signaling (Bear and Gertler, 2009; Burridge and Wennerberg, 2004; 

Struckhoff and Lundquist, 2003), suggesting that UNC-34 (Ena/VASP), the Rac GTPases 

MIG-2 and CED-10, and UNC-115 (abLIM) may help organize the F-actin network 
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Figure 6: Loss of unc-34 (Ena/VASP), and the Rac GTPases mig-2 and ced-10 
suppresses the UNC-40-overexpression phenotype 

(A) AC-specific overexpression of UNC-40 [qyEx259 (cdh-3 > unc-40::GFP(overexpressed))] 
induced ectopic membrane protrusions (arrowheads) in wild-type ACs. (B-D) Loss of 

unc-34, mig-2 and ced-10 suppressed the protrusive phenotype induced by UNC-40 
overexpression. Insets highlight morphological changes in the AC membrane. (E-G) 

Quantification of suppression of the UNC-40 overexpression phenotype by mutations in 
unc-34, mig-2 and ced-10. Significant differences relative to qyEx259 are indicated. (H-J) 
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DIC (left), corresponding fluorescence (middle), and overlay (right). The polarized 
localization of UNC-40::GFP at the invasive cell membrane (arrowheads) remained 

unchanged in the ACs that failed to invade (arrowheads in DIC) in unc-34 mutants and 
mig-2 mutants treated with ced-10 RNAi. (K) Quantification of UNC-40 polarity in unc-34 

mutants and mig-2(mu28);ced-10(RNAi) animals at the P6.p one-, two- and four-cell 
stages (n ≥ 15 for each stage per genotype). 
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downstream of UNC-6/UNC-40 signaling during invasion. I thus examined the 

localization and volume of the integrated fluorescence intensity of the F-actin probe 

mCherry::moeABD in animals harboring mutations in these genes. Compared to wild-

type ACs where F-actin was tightly polarized to the invasive membrane, I found that 

22% of the total amount of F-actin was mislocalized to the apical and lateral membranes 

of ACs in unc-34 mutants (Figure 7A, 7B and 7D). Further, the overall volume of F-actin 

in unc-34 mutants was reduced by approximately 50% compared to wild-type animals 

(Figure 7E). Reduction of the activity in the Rac GTPase branch of UNC-40 signaling 

[mig-2(mu28); ced-10(RNAi)] did not alter the polarity of F-actin, but led to a 65% 

reduction of F-actin (Figure 7A and 7C-7E). Taken together, these results indicate that 

the effectors of UNC-40 signaling function to promote F-actin formation at the invasive 

membrane with UNC-34 also having an additional role in regulating F-actin polarity. 

3.2.4 UNC-40 (DCC) is active in the absence of UNC-6 (Netrin) 

In unc-6 mutants, F-actin is often mislocalized in clusters to the apical and lateral 

membranes of the AC, and the total amount of F-actin is similar to wild-type animals 

(Hagedorn et al., 2009), suggesting an UNC-6-independent mechanism exists to organize 

and generate F-actin. To further explore the relationship of UNC-6/UNC-40 signaling 

and the localization and formation of F-actin within the AC, I examined the effects of 

loss of UNC-40 on F-actin volume and polarity in three putative unc-40 null mutants, 

n324, n473 and e271 (Chan et al., 1996), which all harbor point mutations generating 

premature stop codons in the extracellular fibronectin type III (FNIII) encoding domain 

of the UNC-40 protein (Figure 8). In addition, we generated another putative null allele 

in unc-40, qy2, a deletion (711 bps) in the 11th intron and 12th exon. This deletion creates a 

predicted stop codon caused by a frame shift in the exon following the deletion (Figure 

8, see Appendix Experimental Procedures). Surprisingly, F-actin in all of these 
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Figure 7: UNC-40 effectors promote F-actin formation at the AC’s invasive cell 
membrane 

All animals were examined at the P6.p four-cell stage. Images show 3D 
reconstructions generated from confocal z-stacks. Fluorescence (left), corresponding 

dense F-actin network rendered with isosurfaces (middle), overlay (right). (A) In wild-
type animals the F-actin binding probe (mCherry::moeABD) localized to the invasive 

cell membrane (arrowhead). (B) In unc-34 mutants F-actin was reduced and mislocalized 
to the AC’s apical and lateral membranes (arrowheads). (C) In mig-2(mu28);ced-10(RNAi) 

animals F-actin was reduced but remained polarized at the invasive cell membrane 
(arrowhead). (D) The percentage of the total volume of F-actin that localized 

apicolaterally (n ≥ 15 per genotype). (E) The total volume of the F-actin (n ≥ 12 per 
genotype). 
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putative null unc-40 mutants was polarized to the invasive cell membrane (due to the 

existence of integrin activity in the basal membrane of the AC, see Figure 17), similar to 

wild-type ACs (Figure 9A, 9B and 9F). This contrasts with unc-6 mutants where 50% of 

F-actin was mislocalized to the apical and lateral membranes of the AC (Figure 9C and 

9F). Furthermore, I found an approximate 30% reduction in F-actin volume in unc-40 

mutants at the P6.p four-cell stage compared to wild-type and unc-6 mutant animals 

(Figure 9G). These results indicate that UNC-6 polarizes F-actin to the invasive cell 

membrane, while UNC-40 promotes F-actin generation at the invasive cell membrane. 

To reconcile how loss of UNC-40 and UNC-6 activity differentially regulate F-actin 

formation and localization, respectively, I generated an unc-6; unc-40 double mutant to 

determine the epistatic relationship of unc-6 and unc-40 to the F-actin phenotype.  

Notably, the F-actin phenotype in this double mutant was similar to that in unc-40 

mutants alone (Figure 9B, 9D, 9F and 9G). This result indicates that normal levels of F-

actin formation and the mislocalization of F-actin found in unc-6 mutants are dependent 

on unc-40 activity. To further test this idea, I used an AC-specific promoter to drive 

UNC-40 expression (qyIs68) in unc-6; unc-40 double mutants. UNC-40 expression 

restored F-actin levels and the mislocalized localization of F-actin (Figure 9E-9G). These 

results indicate that in the absence of UNC-6, UNC-40 is active and directs F-actin 

formation and mislocalization along apical and lateral cell membranes of the AC. 

In wild-type animals UNC-6 localizes UNC-40 to the invasive cell membrane of 

the AC. Loss of UNC-6 leads to mislocalized UNC-40 (Ziel et al., 2009). Considering the 

UNC-6-independent activity of UNC-40 and the role of its effectors in promoting F-actin 

formation, I hypothesized that the mislocalized F-actin found in unc-6 mutants might be 

directly organized by mislocalized UNC-40. Supporting this idea, I found that  
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Figure 8: Schematic diagram of unc-40 mutant alleles 

(A) The genomic locus of unc-40 showing the exons (alternating black and dark 
gray boxes) and introns (lines between boxes). The locations of putative unc-40 null 
alleles are indicated with red arrows for nonsense mutations and a red line for the 

deletion. The blue arrow indicates the location of the transmembrane (TM) domain. (B) 
A schematic diagram shows that the corresponding locations (red arrows) of these unc-

40 alleles in the predicted transcript of the unc-40 gene, and the UNC-40 proteins 
predicted for the wild-type and each of the unc-40 mutant alleles. 
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approximately 80% of mislocalized F-actin patches were tightly associated with UNC-40 

in unc-6 mutants, similar to the tight association of UNC-40 and F-actin at the invasive 

cell membrane in wild-type animals (Figure 10A, 10C, 10G and 10H). Furthermore, these 

F-actin patches also colocalized with UNC-40 downstream effectors (UNC-34, CED-10, 

MIG-2, and UNC-115; Figure 10D-10F and 10H). These results suggest that mislocalized 

UNC-40 is active and generates F-actin through its downstream effectors. 

To further test the hypothesis that UNC-40 is functionally active in an UNC-6-

independent manner, we generated a transgenic strain expressing a GFP-tagged UNC-

40 protein lacking the fourth and fifth FNIII repeats, which are necessary for UNC-6 

binding (Figure 11) (Geisbrecht et al., 2003; Kruger et al., 2004). This truncated UNC-40 

[UNC-40(∆FN4/5)] was mislocalized to the apical and lateral membranes of the AC 

(Figure 10B), resembling UNC-40 mislocalization in unc-6 mutants. Furthermore, this 

form of UNC-40 also mislocalized F-actin, which tightly associated with UNC-

40(∆FN4/5) (Figure 10B and 10H). These effects of UNC-40(∆FN4/5) were independent 

of wild-type UNC-40 (Figure 11), excluding the possibility that UNC-40(∆FN4/5) might 

function through association with UNC-40 (Stein et al., 2001). Taken together, these 

results indicate that UNC-40 generates F-actin independent of its ligand UNC-6, and 

that UNC-6 localizes an active UNC-40 receptor to the AC’s invasive cell membrane. 
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Figure 9: UNC-40 directs ectopic F-actin formation along the AC’s apical and 
lateral membranes in the absence of UNC-6  

All animals were examined at the P6.p four-cell stage. Images show 3D reconstructions 
generated from confocal z-stacks. Fluorescence (left), corresponding dense F-actin 

network rendered with isosurfaces (middle), overlay (right). (A) In wild-type animals F-
actin (mCherry::moeABD) was polarized to the AC’s basal membrane (arrowhead). (B) 

In unc-40 mutants F-actin was reduced but remained polarized to the AC’s basal 
membrane (arrowhead). (C) In unc-6 mutants F-actin was mislocalized to the AC’s apical 

and lateral membranes (arrowhead). (D) In unc-6;unc-40 double mutants F-actin was 
reduced but remained polarized to the AC’s basal membrane (arrowhead), mirroring 

unc-40 mutants in (B). (E) In unc-6;unc-40;qyIs68[cdh-3>unc-40::GFP] animals, F-actin was 
mislocalized to the AC’s apical and lateral membranes (arrowheads), resembling unc-6 

mutants in (C). (F) The percentage of the total volume of F-actin that localized 
apicolaterally (n ≥ 15 per genotype). (G) The total volume of the F-actin (n ≥ 15 per 

genotype). Significant differences relative to the wild-type are indicated. 
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Figure 10: Colocalization of F-actin with UNC-40 and UNC-40 effectors 

(A-F) All animals were examined at the P6.p two-cell stage. UNC-40, UNC-40(∆FN4/5) 
or UNC-40 effectors (left), F-actin (middle-left), and overlay (middle-right), 

colocalization quantification graph (right). Magnifications below each image show areas 
of colocalization. Plots of the fluorescence intensity (arbitrary units) for each channel 

were measured along the yellow lines (from outside to inside of the cell) shown in the 
magnifications. Distances are reported in pixels. (A) In wild-type animals UNC-40 

(green) was tightly associated with F-actin (magenta) at the invasive cell membrane 
(arrowheads). (B) In wild-type animals UNC-40(∆FN4/5) (green) mislocalized to the 

AC’s apical and lateral membranes (arrowhead) where it colocalized with F-actin 
(magenta). (C-F) In unc-6 mutants UNC-40 and its effectors, UNC-34, CED-10 and UNC-

115 were all colocalized (arrowheads) with F-actin (magenta) at the AC’s apical and 
lateral membranes. (G) 3D image colocalization analysis (see Experimental Procedures 

for details) shows UNC-40 patches tightly associated with F-actin in the AC of unc-6 
mutants. Green spheres designate UNC-40 patches while magenta spheres indicate F-

actin (bottom panels). When green and magenta spheres were in contact, the 
corresponding patches of UNC-40 and F-actin were considered associated (arrowheads). 

(H) The percentage of the F-actin patches that were associated with UNC-40, UNC-
40(∆FN4/5), UNC-34, CED-10, MIG-2 and UNC-115. Animals were examined at the P6.p 

two- (gray columns) and four-cell (black columns) stages. The cellular location of each 
analysis is shown above the columns. The genotype is specified below (n ≥ 15 for each 

stage per genotype). 
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Figure 11: UNC-40(∆FN4/5) lacking the UNC-6 binding site generates 
mispolarized F-actin 

(A) A schematic diagram illustrates the structural domains of the wild-type 
UNC-40 protein and the UNC-40(∆FN4/5) protein, an engineered form of UNC-40 

lacking the putative UNC-6 binding site in the fourth and fifth FNIII domains. (B) In 
wild-type animals UNC-40::GFP localized to the basal invasive cell membrane of the 

AC. (C) In unc-6 mutants UNC-40::GFP mislocalized to the apical and lateral membranes 
of the AC, and often induced membrane protrusions  (arrowheads; inset). (D) In wild-
type animals, UNC-40(∆FN4/5)::GFP mislocalized to the apical and lateral membranes 

of the AC and induced membrane protrusions (arrowheads; inset). (E) In unc-40 mutants 
UNC-40(∆FN4/5)::GFP was colocalized with F-actin in the apical and lateral membranes 

of the AC (arrowheads). 
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3.2.5 SLT-1, MADD-4, UNC-129 and the vulval cue do not activate 
UNC-40 

It is possible that the activity of UNC-40 that is observable in unc-6 mutants is the 

result of activation by a second signal. The capability of UNC-40 to respond to non-

UNC-6 cues has been suggested in several biological contexts (Alexander et al., 2009; 

Honigberg and Kenyon, 2000; Yu et al., 2002). To test this possibility, I determined 

whether SLT-1 (slit), MADD-4 (ADAMTSL), and UNC-129 (TGF-b), three secreted 

proteins showing genetic interactions with UNC-40 (MacNeil et al., 2009; Seetharaman et 

al., 2011; Stein and Tessier-Lavigne, 2001; Yu et al., 2002), were responsible for activating 

UNC-40 and promoting AC invasion. No invasion defects were observed, however, in 

null mutants of genes encoding these secreted proteins (Table 1). Furthermore, the 

examination of F-actin in animals doubly mutant for unc-6 and slt-1, madd-4, and unc-129 

(where F-actin generated by UNC-40 independent of UNC-6 is easily observed), 

revealed that F-actin still formed and was mislocalized similar to unc-6 single mutants 

(Figure 12). Thus, neither of SLT-1, MADD-4 or UNC-129 appears to activate UNC-40. 

The vulval cells are also known to secrete a cue, whose molecular identity is unknown, 

that acts genetically in parallel to UNC-6 to promote invasion (Sherwood and Sternberg, 

2003; Ziel et al., 2009). Similar to the other candidate cues, I found that F-actin was 

generated and mislocalized in vulvaless animals [lin-3(n1059)/lin-3(n378)] lacking unc-6 

(Figure 12). Taken together, these results indicate that SLT-1, MADD-4, UNC-129 and 

the vulval cue do not activate UNC-40 in the AC. 
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Figure 12: SLT-1, MADD-4, UNC-129 and the vulval cue do not activate UNC-40 

All animals were examined at the P6.p four-cell stage. Images show 3D 
reconstructions generated from confocal z-stacks. Fluorescence (left), corresponding 

dense F-actin network rendered with isosurfaces (middle), overlay (right). (A-D) Similar 
to unc-6 single mutants, F-actin was still formed and mislocalized (arrowheads) to the 

apical and lateral membranes of the AC in slt-1 unc-6 (A), madd-4;unc-6 (B), unc-129;unc-6 
(C), and Vul;unc-6 (D) double mutants. (E) The percentage of the volume of F-actin that 

localized apicolaterally (n ≥ 12 per genotype). (F) Quantification of the total F-actin 
volume in the AC in wild-type animals (control for normalization) and in each of the 

mutant backgrounds (n ≥ 12 per genotype). 
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3.2.6 UNC-40 mediates randomly directed, oscillating polarity in the 
absence of UNC-6 

Well-studied polarizing cells such as Dictyostellium and yeast orient polarity 

towards spatial cues (Park and Bi, 2007; Weiner, 2002). Nonetheless, in the absence of 

these cues, these cells polarize randomly, indicating an underlying polarity-generating 

mechanism whose direction is simply biased by spatial signals (Irazoqui et al., 2003; 

Johnson et al., 2011; Sasaki et al., 2007; Sohrmann and Peter, 2003). My observation of 

clustered patches of UNC-40 and F-actin in the absence of the polarity cue UNC-6, 

suggested that UNC-40 itself might mediate such a random polarity generating 

mechanism without its ligand UNC-6. To test this notion, I first examined the spatial 

distribution of F-actin in unc-6 mutants. I divided the AC’s apical and lateral cell 

membranes into five spatially equal portions: anterior, posterior, left, right and apical 

(Figure 13). I avoided the basal cell membrane (in contact with the basement membrane), 

which has unc-40-independent generated F-actin (see below and Figure 17).  Importantly, 

I found that nearly 70% of the ACs (45 out of 65 ACs observed) had the majority (> 80%) 

of ectopic F-actin polarized within one of the five membrane portions where protrusive 

extensions were often generated (Figure 13). The location of the F-actin was not biased to 

any of the five membrane domains (Figure 13). Thus, UNC-40 mediates randomly 

directed protrusive F-actin polarity within the AC. 

To understand the dynamics of this UNC-40-generated polarity, I performed 

live-cell imaging of F-actin from the P6.p two-cell stage through the four-cell stage in the 

AC of unc-6 mutants. These live-cell observations revealed a pattern of randomly 

localized, oscillatory polarity. This polarity cycle initiated with the simultaneous 

formation of multiple small F-actin patches in random locations within the AC (average 

3.1 patches) (Figure 14A).  After a short co-existence time (average of 9.6 minutes, n=32 

co-existence periods from 10 animals) one patch grew in volume and became dominant, 
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while the other patches disappeared (Figure 14A and 14B). The dominant single patches 

had average life times of 25.9 minutes (n=12 patches, 10 animals). After this time, there 

was a break down in the dominant patch, and its loss correlated with the emergence of 

multiple F-actin foci in other random locations, which reinitiated the polarity cycle 

(Figure 14A-14D). Only a few small and transient F-actin patches occasionally formed in 

the AC’s apical and lateral membranes in unc-40 mutants (Figure 13), indicating that this 

dynamic oscillatory polarity was dependent on UNC-40 activity. Further supporting this 

notion, our time-lapse analysis showed that the F-actin patches were always colocalized 

with dynamic clusters of UNC-40 in unc-6 mutants (Figure 13). Taken together, these 

results indicate that UNC-40 mediates randomly directed, oscillatory polarity 

independent of its ligand UNC-6. 
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Figure 13: UNC-40 is required for random polarization of F-actin in the AC in 
the absence of UNC-6 

Images show 3D reconstructions generated from confocal z-stacks. (A) A schematic 
diagram shows five portions of the AC’s apical and lateral membranes that were used 
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for scoring polarization. The membrane covering the top third of the AC was considered 
“apical”; the membrane covering the anterior or posterior third of the AC was the 

“anterior” or “posterior”, respectively; the lateral membrane between the anterior and 
posterior portions was designated “left” or “right”, accordingly. (B) 69% of unc-6 mutant 

ACs (n = 65) that failed to invade at the P6.p four-cell stage had a single dominant F-
actin patch (orange dashed lines) polarized toward one of the five divided portions, 
whereas 31% of ACs had multiple F-actin patches simultaneously localized in two or 

more membrane portions. An F-actin patch was considered “dominant” only when its 
volume accounted for >80% of the total F-actin at the apical and lateral membranes. 
Because of symmetry, examples for the “left” and “posterior” polarization were not 

shown. For displaying the “right” polarization, the 3D reconstruction was rotated 90° 
(indicated in the image). (C) The distribution of the orientation of the polarized F-actin 

in unc-6 mutant ACs. No significant differences were found across all the portions (n=45, 
Chi-Square test). (D) The protrusive activity of F-actin (arrowheads) in wild-type ACs, 

unc-6 mutant ACs and the ACs of unc-6 mutants expressing dorsally-localized 
membrane-tethered UNC-6. Orange dashed lines indicate the position of the BM. (E) 

Time series of F-actin dynamics in the AC in unc-40 mutants. Time points are indicated 
in minutes for each image. The orange dashed line in the first frame indicates the 

position of the BM. (F) The volume of individual F-actin patches over time within the 
AC in a representative unc-40 animal. Each colored line represents a distinct F-actin 

patch. The red line represents the dominant patch in the basal membrane of the AC. The 
horizontal gray dashed line indicates the mean volume of the dominant patch over time. 
(G-I) Six-minute time series shows that two patches of UNC-40::GFP (cyan) and F-actin 
(magenta) colocalized in the anterior (arrowhead) and posterior (bracket) membranes of 

the AC in unc-6 mutants. Orange dashed lines indicate the position of the BM. (J) 
Quantification of total fluorescence intensity of the UNC-40::GFP (black circles) and F-
actin patches (gray squares) in the AC’s anterior membrane over time. The reduction in 
UNC-40::GFP intensity paralleled the decrease in F-actin at this site. (K) Quantification 

of the length of the UNC-40 (black circles) and F-actin patches (gray squares) in the AC’s 
posterior membrane over time. The spreading of UNC-40::GFP patch in the membrane 

was spatially correlated with the extension of the F-actin patch. 
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Figure 14: UNC-40 generates oscillatory polarity that is stabilized by UNC-6 

Images show 3D reconstructions generated from confocal z-stacks taken during time-
lapse imaging from the P6.p two-cell through the four-cell stage. Time points are 

displayed in minutes for each image. (A) Time series of F-actin localization in the AC of 
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unc-6 mutants revealed cycling between unpolarized (multiple patches, noted above or 
below the images) and polarized (single patch) localization. Initially, multiple small F-

actin patches (white arrowhead and orange arrowhead) formed randomly. After 9 
minutes, however, one patch (orange arrowhead) grew in volume and became dominant, 
setting the temporary orientation of polarity. By 26 minutes this polarity started to break 

down as the patch disassembled, and multiple new F-actin foci (orange dashed lines) 
formed randomly again. The orange dashed line in the first frame indicates the position 
of the BM, where integrin activity maintains a light band of F-actin. (B) The volume of 

individual F-actin patches over time in a representative unc-6 mutant. Each colored line 
represents an individual patch. Vertical black dashed lines connect the time points and 

the corresponding images where F-actin patches were outlined by the dashed lines with 
the same color as their volume lines. (C) Similar analysis on the volume of F-actin 
patches over time in four other ACs in unc-6 mutants. (D) A schematic diagram 

illustrates the periodic polarization of F-actin in the AC’s apical and lateral membranes 
in unc-6 mutants, which cycles every ~26 minutes. Numbers indicate independent F-
actin patches (orange). (E) Time series shows F-actin dynamics in the AC of an unc-6 
mutant expressing membrane-tethered UNC-6::GFP protein (magenta) in the dorsal 

uterine cells (yellow dashed lines; orange asterisk indicates the cell expressing UNC-6 at 
a higher level). In this animal F-actin (orange arrowhead) was persistently polarized 

towards the dorsally localized UNC-6. (F) The volume of individual F-actin patches over 
time in a representative unc-6;Ex[dorsal UNC-6] animal revealed that F-actin was 

stabilized by localized UNC-6. The horizontal gray dashed line indicates the mean 
volume of the polarized F-actin patch over time. (G) Volume analysis of F-actin patches 

over time in four other ACs of unc-6;Ex[dorsal UNC-6] mutants revealed similar 
stabilization of F-actin. 
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3.2.7 UNC-6 orients and stabilizes UNC-40-mediated oscillatory 
polarity 

We’ve previously shown that in wild-type animals UNC-6 is secreted from VNC 

and accumulates at low levels in the BM under the AC, where it directs the localization 

of UNC-40 within the AC to the AC-BM interface (Figure 5A). I were next interested in 

determining if UNC-6 influences the oscillatory nature of UNC-40 generated polarity. I 

thus performed time-lapse analysis of F-actin in wild-type animals.  In stark contrast to 

UNC-6 independent polarity, the presence of endogenous UNC-6 stably localized F-

actin to the ventral, basal invasive cell membrane of the AC (Figure 15). To determine if 

UNC-6 was sufficient for stabilizing UNC-40 oscillatory polarity (and not dependent on 

other factors acting with UNC-6 at the invasive membrane), I ectopically drove the 

expression of a GFP tagged, membrane-tethered UNC-6 protein in the dorsal uterine 

cells with the promoter of the zmp-5 gene (see Appendix Experimental Procedures). This 

placed UNC-6 on the opposite side of the AC (dorsal, apical surface; Figure 16). In the 

unc-6 mutant background, dorsal UNC-6 directed F-actin and protrusive activity to the 

AC’s dorsal apical cell membrane in contact with UNC-6 (Figure 14E; Figure 16). As in 

wild-type animals, time-lapse imaging revealed that this F-actin was stably polarized 

towards ectopic UNC-6 and did not oscillate in its formation (imaged 60-90 minutes; 7/7 

animals; Figure 14E-14G). Consistent with UNC-6’s role in localizing UNC-40, UNC-40 

was also polarized towards dorsally expressed UNC-6 (Figure 16). Taken together, these 

results indicate that localized UNC-6 confines UNC-40 to a specific membrane domain 

and stabilizes UNC-40-driven oscillatory polarity. 
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Figure 15: F-actin dynamics in wild-type ACs 

(A) Time-lapse series shows F-actin dynamics in a wild-type AC. Time points are 
indicated in minutes for each image. The orange dashed line indicates the position of the 
BM in the first frame. (B) The volume of individual F-actin patches over time within the 
AC of a representative wild-type animal. Each colored line represents a distinct F-actin 

patch. The red line represents the dominant patch in the basal membrane of the AC. The 
horizontal gray dashed line indicates the mean volume of the dominant patch over time. 
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Figure 16: Membrane-tethered dorsal UNC-6 directs UNC-40 and F-actin dorsally 

(A) In unc-6 mutants membrane-tethered UNC-6 (magenta, zmp-5 > unc-6::nlg-1 
TM::GFP) is expressed in the dorsal uterine cells (yellow asterisks). F-actin (green, 

arrowhead) within the AC was polarized toward the source of UNC-6 at the P6.p four-
cell (bracket) stage. (B) The grayscale image shows that the dorsal uterine cells (yellow 
asterisks) express zmp-5-driven membrane-tethered UNC-6 protein. (C) The grayscale 
image shows the apical polarization of F-actin in the AC toward dorsal UNC-6. 89% of 

F-actin volume (n=15) was polarized toward the ectopic UNC-6 at the P6.p four-cell 
stage. The magnification of the area outlined by the white dashed box shows the F-actin 

protrusions toward the dorsal (arrowhead). Brightness was adjusted for protrusion 
display. (D-G) Images show colocalization of UNC-40::mCherry (green, expressed in the 
AC) and the membrane-tethered UNC-6 (magenta; expressed in the dorsal uterine cells, 
yellow asterisks). Images in (E)-(G) are magnifications of the area outlined by the white 

dashed box in (D). 
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3.2.8 Integrin directs a distinct polarizing activity at the AC’s invasive 
cell membrane 

In unc-40 mutants, there was an approximately 30% reduction, but never a 

complete loss of F-actin at the invasive cell membrane of the AC (see Figure 9B and 9G), 

indicating that another polarizing activity also directs F-actin formation to this cellular 

domain. I have previously reported that the C. elegans integrin heterodimer αINA-

1/βPAT-3, which is most similar to laminin-binding integrins (Baum and Garriga, 1997), 

localizes within the AC to the AC-BM interface and promotes invasion by regulating the 

cell membrane targeting of UNC-40 and other components of the invasive cell 

membrane (Hagedorn et al., 2009). I next wanted to determine whether INA-1/PAT-3 

mediates formation of this residual polarized F-actin in animals lacking UNC-40. As 

complete loss of ina-1 or pat-3 results in L1 larval lethality and embryonic lethality, 

respectively (Baum and Garriga, 1997; Gettner et al., 1995; Williams and Waterston, 

1994), I used RNAi targeting pat-3 during early larval stages. The reduction of pat-3 

resulted in a severe loss in both F-actin polarity and volume in unc-40 mutants (Figure 

17A-17E). Thus, the integrin INA-1/PAT-3 mediates an unc-40-independent polarizing 

and F-actin promoting activity at the invasive cell membrane. 

3.2.9 UNC-40 (DCC) polarizes select actin regulators to the invasive 
cell membrane 

Loss of UNC-40 led to a modest 30% reduction in F-actin at the invasive cell 

membrane at the P6.p 4-cell stage (Figure 17E), but a highly significant 95% disruption 

in normal AC invasion (Table 1). This suggests UNC-40 might direct a distinct activity 

from INA-1/PAT-3 at the invasive membrane required to promote invasion. Our genetic 

studies suggested that the actin regulators UNC-34, CED-10, MIG-2 and UNC-115 

function downstream of UNC-40, while MIG-10 (lamellipodin) has functions outside of 

UNC-40 signaling to promote invasion. I thus next determined if UNC-40 functions in 
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part to preferentially localize these actin regulators at the invasive cell membrane. 

Consistent with this notion, UNC-34 and UNC-115 showed an approximate 50% 

reduction in polarity in unc-40 mutants (Figure 17F, 17K, 17I, 17N, and 17Q), while the 

Rac GTPases CED-10 and MIG-2 had an approximate 70% reduction in polarity (Figure 

17G, 17L, 17H, 17M, and 17Q). In contrast, MIG-10, which is also expressed in the AC 

and localizes to the invasive cell membrane in the wild-type animals, showed no 

polarity decrease in unc-40 mutants (Figure 17J, 17O and 17Q). However, MIG-10 was 

mislocalized in the hypomorphic ina-1(gm39) mutants (Figure 17P and 17Q). This 

suggests that MIG-10 is likely downstream of integrin signaling and is consistent with 

our genetic studies showing that MIG-10 has activity outside of UNC-6/UNC-40 

signaling (Table 1). Taken together, our results show that UNC-40 preferentially directs 

the localization of specific actin regulators to the invasive cell membrane of the AC, 

which likely contributes to its ability to generate invasive protrusions that breach the 

BM. 
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Figure 17: INA-1/PAT-3 (integrin) and UNC-40 polarize select actin regulators 
to the invasive cell membrane 
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All animals were examined at the P6.p four-cell stage. (A-C) F-actin was polarized to the 
AC’s basal membrane (arrowheads) in wild-type animals and unc-40 mutants, whereas 

there was a severe loss in F-actin volume and polarization to the basal membrane in unc-
40;pat-3(RNAi). (D) Quantification of F-actin polarity in the ACs in wild-type (black 
diamonds), unc-40 (black empty circles), unc-40;pat-3(RNAi) (black empty squares) 

animals at the P6.p one-, two- and four-cell stages (n ≥ 15 for each stage per genotype). 
Significant differences relative to the wild-type are indicated. (E) Quantification of the 

total F-actin volume in the ACs in wild-type (control for normalization), unc-40 and unc-
40;pat-3(RNAi) at the P6.p four-cell stage (n ≥ 15 for each stage per genotype). (F-J) In 
wild-type animals GFP fusion proteins for UNC-34, CED-10, MIG-2, UNC-115, and 

MIG-10 localized to the invasive membrane (arrowhead). (K-O) In unc-40 mutants AC 
invasion was blocked and the polarized localization of UNC-34, CED-10, MIG-2 and 

UNC-115 was disrupted. MIG-10 localization, however, remained unchanged. (P) In ina-
1 mutants MIG-10::GFP was less polarized to the invasive cell membrane and was 

mislocalized to the lateral membrane of the ACs that failed to invade (arrowhead). (Q) 
Quantification of UNC-34, CED-10, MIG-2, UNC-115 and MIG-10 polarization to the 
invasive cell membrane in wild-type animals (black diamonds), unc-40 mutants (gray 
squares), as well as MIG-10::GFP polarization in ina-1 mutants (dark triangles) at the 
P6.p one-, two-, and four-cell stages (n ≥ 15 for each stage per genotype). Significant 

differences relative to the wild-type are indicated. 
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3.3 Discussion 

The Netrin receptor UNC-40 (DCC) mediates the formation of a variety of 

specialized membrane domains in cells, including the invasive cell membrane of the C. 

elegans gonadal anchor cell (AC). Using live-cell imaging my work demonstrates that the 

ligand UNC-6 (Netrin) biases the orientation and stability of an already active UNC-40 

receptor that generates randomly directed, oscillating protrusive polarity. UNC-6 

stabilization of UNC-40 directs the AC’s invasive cell protrusions towards their BM 

target, thus ensuring an invasive membrane domain only formed toward the invasion 

target. Signal-independent polarization and oscillatory variations are key aspects of 

polarizing mechanisms in single-cell yeast and Dictyostelium cells that promote robust, 

yet flexible polarization responses. Ligand-independent activity and fluctuations in 

UNC-40 polarity might be a general mechanism that allows UNC-40 (DCC) to detect 

UNC-6 (Netrin) and dynamically polarize specialized membrane domains in response to 

UNC-6 signals. 

3.3.1 UNC-40 effectors in AC invasion  

Although the UNC-40 (DCC) receptor mediates many diverse polarization and 

morphogenetic processes (Adler et al., 2006; Alexander et al., 2009; Colon-Ramos et al., 

2007; Hedgecock et al., 1990; Lai Wing Sun et al., 2011; Teichmann and Shen, 2011; Ziel 

et al., 2009), how UNC-40 (DCC) receptors signal outside of neurons remains poorly 

understood. Combining genetic and cell biological analysis, I have found that the 

effectors downstream of UNC-40 during AC invasion are largely shared and show a 

similar genetic organization to those identified in C. elegans neuronal pathfinding and 

outgrowth. Specifically, the pathway downstream of UNC-40 signaling in AC invasion 

is also bifurcated into at least two branches: one containing UNC-34 and the other 

composed of the Rac GTPase CED-10 and actin binding protein UNC-115 (Chang et al., 
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2006; Demarco and Lundquist, 2010; Gitai et al., 2003; Teichmann and Shen, 2011). My 

data also suggest that the Rac GTPase MIG-2, which appears to act redundantly with 

CED-10 (Demarco et al., 2012), is also in this branch. I show that these effectors function 

in the AC, localize to the AC’s invasive cell membrane and act to promote F-actin 

formation, which likely is required to generate an invasive protrusion that breaches the 

BM. The shared downstream effectors of UNC-40 between neurons and the AC suggest 

that this may be a core set of UNC-40 downstream effectors and that UNC-40 has 

similarities in how it signals in diverse contexts. 

3.3.2 UNC-40 has activity in the absence of UNC-6 during AC Invasion 

We have previously reported that UNC-6 secreted from VNC accumulates at low 

levels in the BM under the AC, where it targets UNC-40 and several actin regulators to 

the invasive cell membrane (Ziel et al., 2009). Studies during C. elegans axon outgrowth 

and dendrite development as well as synapse formation, have similarly found that 

extracellular UNC-6 targets the receptor UNC-40 to specific membrane regions to 

directly organize these polarized responses (Adler et al., 2006; Colon-Ramos et al., 2007; 

Teichmann and Shen, 2011). Biochemical studies in cultured vertebrate neurons and 

fibroblasts have further indicated that in response to Netrin-1 DCC receptors activate 

Rho family GTPases (Li et al., 2008; Li et al., 2002a; Li et al., 2002b; Quinn and 

Wadsworth, 2008; Shekarabi et al., 2005). Together, this work has led to the idea that 

UNC-6 (Netrin) may both direct the membrane localization as well as activation of the 

receptor UNC-40 (DCC) to organize F-actin (Quinn and Wadsworth 2008). 

Unexpectedly, however, our results indicate that in the absence of its ligand UNC-6, 

UNC-40 is active. UNC-40 was mislocalized in the AC, but still recruited its effectors 

and promoted F-actin formation at ectopic locations in unc-6 mutants. Consistent with a 

dependency on UNC-40, in animals doubly mutant for both unc-6 and unc-40, the 
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ectopic F-actin patches were lost and there was an overall reduction in the amount of F-

actin in the AC. Importantly, my results do not rule out the possibility that UNC-6 is 

required for further or differentially activating UNC-40 during AC invasion. For 

example, UNC-6 likely activates UNC-40 in a distinct manner to maintain UNC-40 

localization at the invasive cell membrane (see below). The possibility that UNC-40 can 

signal in the absence of UNC-6 is not unprecedented.  For example, UNC-40 directs 

elongation of the AVM axon and migration of the QL neuroblast in C. elegans 

independently of UNC-6 (Honigberg and Kenyon, 2000; Yu et al., 2002). Further, 

biochemical experiments in vertebrates have indicated that DCC association with the 

actin cytoskeleton is not dependent on netrin-1 (Li et al., 2002a), suggesting that DCC 

might influence F-actin independently of Netrin. Importantly, I found that cues that are 

known to interact with UNC-40 signaling, including SLT-1 (slit), MADD-4 (ADAMTSL), 

UNC-129 (TGF-b), and the vulval pro-invasion cue (MacNeil et al., 2009; Seetharaman et 

al., 2011; Sherwood and Sternberg, 2003; Yu et al., 2002), did not activate UNC-40 in the 

AC in the absence of UNC-6. Thus, UNC-40 is either stimulated by an unknown 

mechanism or it is activated cell-autonomously, independently of ligand (Chan et al., 

1996). This later possibility might help explain why overexpression of UNC-40 often 

overrides endogenous UNC-6’s control leading to ligand-independent phenotypes in 

various cell types, including neurons, muscle cells and here the AC (Bouchard et al., 

2008; Kulkarni et al., 2008; Levy-Strumpf and Culotti, 2007; Moore and Kennedy, 2006; 

Teichmann and Shen, 2011). Further, this ligand-independent activity might also 

account in part for the existence of precise control mechanisms for UNC-40 (DCC) 

trafficking to the plasma membrane in vertebrate neurons (Bouchard et al., 2008; Moore 

and Kennedy, 2006).  
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3.3.3 UNC-40 independently couples polarity generation and 
orientation during AC invasion 

During yeast budding, Dictyostelium cell movement and cell division in 

Drosophila neuroblasts, polarity generation and orientation can be decoupled, as these 

cells have intrinsic machinery to polarize independently of orientation cues (Johnson et 

al., 2011; Sasaki et al., 2007; Yoshiura et al., 2012). The role of orienting cues in these 

polarity processes is to bias the direction of intrinsic symmetry breaking machinery. My 

data on the polarizing activity of UNC-40 in the AC indicate that it shares similarities to 

other polarity systems. In the absence of the external orientation cue UNC-6, F-actin and 

protrusive activity are still polarized, albeit randomly in the AC.  Interestingly, whereas 

the intrinsic polarity machinery in budding yeast, Dictyostelium chemotaxis and 

Drosophila neuroblasts cell division, can act independently of the receptor for external 

cues or landmark proteins in yeast, our results show that the Netrin receptor UNC-40 is 

itself a key component of the UNC-6 signal-independent polarization mechanism. My 

time-lapse imaging revealed that in the absence of its ligand UNC-6, UNC-40 molecules 

polarize in random portions of the cell membrane and direct F-actin formation and 

protrusive activity at these sites. I further show that UNC-40 also mediates orientation of 

polarity, as either endogenous ventrally localized UNC-6 or ectopically expressed dorsal 

UNC-6 directs UNC-40 to ventral and dorsal membrane domains, respectively, where 

UNC-40 directs F-actin formation and protrusive activity. Thus, UNC-40 (DCC) 

independently couples polarity generation and orientation to direct AC invasion. 

The shared downstream effectors of UNC-40 and the known roles of localized 

UNC-40 in establishing a variety of specialized membrane domains, supports the idea 

that UNC-40 might function similarly in other polarization events. Consistent with this 

view, a dominant activating mutation in the unc-40 receptor similarly directs random 

polarity independently of the unc-6 ligand during the HSN neuronal polarization in C. 
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elegans that is oriented by the presence of the UNC-6 ligand (Xu et al., 2009). These 

observations strongly suggest that UNC-40 independent coupling of polarity generation 

and orientation is a unifying mechanism for UNC-40-mediated polarity establishment. 

3.3.4 UNC-40 generates oscillatory polarity in the absence of UNC-6 

In addition to clustering and organizing randomly directed polarized protrusive 

activity, I also found that UNC-40-mediated polarity was oscillatory, forming and 

disassembling clusters every 26 minutes.  Oscillations in cellular and molecular polarity 

have also been observed independent of orienting signals during yeast polarization and 

Dictyostelium cell migration processes (Arai et al., 2010; Howell et al., 2012; Killich et al., 

1993; Maeda et al., 2008). These oscillations are thought to result when positive 

feedback-mediated polarization is antagonized by a delayed negative feedback loop 

(Brandman and Meyer, 2008; Cheong and Levchenko, 2010; Howell et al., 2012; Tsai et 

al., 2008). Oscillations in polarized response add robustness to the polarization process 

and optimize chemotactic cells’ ability to response to alterations in signal (Brandman 

and Meyer, 2008; Das et al., 2012; Howell et al., 2012). UNC-6 may stabilizes UNC-40 

activity at the invasive membrane through increased positive signaling through UNC-40 

at the basal surface. Alternatively, UNC-6 may activate a distinct signaling activity that 

antagonizes a negative feedback loop normally limiting the lifetime of UNC-40 mediated 

polarization (Brandman and Meyer, 2008; Howell et al., 2012). In turn, the oscillatory 

nature of UNC-40 activity (observed in the absence of UNC-6 ligand) may confer more 

dynamic polarization properties generating exploratory behavior to detect and direct 

polarized responses rapidly towards sources of UNC-6. 

3.3.5 Interactions of netrin and integrin at the invasive cell membrane 

Netrin and integrin are both strongly associated with invasive cellular behavior 

in normal development and cancer metastasis (Desgrosellier and Cheresh, 2010; 
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Dumartin et al., 2010; Hagedorn et al., 2009; Kaufmann et al., 2009; Lambert et al., 2012; 

Nguyen and Cai, 2006), and it remains important to understand how these signaling 

pathways interact to promote invasion through BM. We’ve previously shown that the 

integrin heterodimer αINA-1/βPAT-3 localizes to the invasive cell membrane of the AC 

and that it is required to recruit UNC-40 to the plasma membrane. Further, loss of unc-40 

or unc-6 does not perturb INA-1/PAT-3 localization at the invasive cell membrane, 

consistent with integrin acting upstream of UNC-40 activity (Hagedorn et al., 2009). In 

this work, I found that ACs lacking unc-40 activity, still polarized F-actin strongly to the 

invasive cell membrane (70% the normal levels) and that this polarity was INA-1/PAT-3 

dependent. These results indicate that INA-1/PAT-3 serves as a dominant invasive cell 

membrane polarity system during AC invasion. 

Despite 70% of the total amount of F-actin remaining at the invasive membrane 

in unc-40 mutants, however, these ACs had a severely hampered ability to invade. This 

suggests that αINA-1/βPAT-3 polarization is not sufficient to facilitate normal invasion 

and that UNC-40 contributes an important activity to the invasion process. My results 

here demonstrate that the UNC-40 protein selectively recruits unique actin regulators to 

the invasive cell membrane, including the Rac GTPases MIG-2 and CED-10 and UNC-34. 

Given the ectopic protrusions generated at sites of UNC-40 polarization in unc-6 

mutants, UNC-40, through its downstream actin regulatosr, may specifically promote 

the formation of an invasive protrusion that breaches the BM in wild-type animals. 

Together, these studies are consistent with the idea that the integrin INA-1/PAT-3 

mediates the formation of a plasma membrane associated-protein scaffold, including F-

actin and actin and adhesion regulators that helps support signaling molecules such as 

UNC-40 that contribute distinct functions to the invasive process (Desgrosellier and 

Cheresh, 2010; Hagedorn et al., 2009; Wickstrom and Fassler, 2009). 
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4. LIN-29/EGR1, a zinc-finger transcription factor, 
initiates basement membrane sliding during uterine-

vulval tissue boundary remodeling in C.elegans 
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4.1 Introduction 

Basement membrane (BM) is a dense, thin, highly cross-linked form of 

extracellular matrix that underlies all epithelia and endothelia, and surrounds most 

tissues (Kalluri, 2003). During development and normal physiological processes, cell 

invasion through BM is highly regulated and mediated by dynamic interactions between 

the invading cell and the BM (Hagedorn and Sherwood, 2011). Misregulated cell 

invasion plays a key role in pathogenesis of numerous human diseases, including 

asthma, rheumatoid arthritis and most notably metastatic cancer (Christofori, 2006; 

Ingram et al., 2011; Lim et al., 1997; Steeg, 2003; Ulbrich et al., 2003).  Owing to the 

complexity of the microenvironment, cell-BM interactions have been challenging to 

experimentally examine in vivo, and the underlying mechanisms are poorly understood 

(Sherwood, 2006). 

BM remodeling is indispensible for cell invasion, as it results in the creation of a 

path in the BM for cells to migrate through (Rowe and Weiss, 2008). Many aspects of BM 

remodeling during invasion need to be precisely controlled, such as the degree of BM 

deconstruction and the size of resulting BM gaps (Ihara et al., 2011). Such control can be 

accomplished through the functional coordination of invading cells and the tissues they 

invade (Ihara et al., 2011; Nourshargh et al., 2010). For example, leukocytes transmigrate 

through venular wall, leaving no gross and permanent disruption on the perivascular 

BM structure, which is thought to involve the collaboration of leukocytes with 

endothelial cells and pericytes (Nourshargh et al., 2010; Wang et al., 2006). However, the 

lack of genetic and visually accessible models has hindered our understanding of the 

relative contributions of invading cells and neighboring cells to BM remodeling during 

invasion in diverse contexts. 
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Anchor cell (AC) invasion in C. elegans is a visually and experimentally tractable 

in vivo model for studying BM remodeling during cell invasion and subsequent uterine-

vulval attachment (Ihara et al., 2011). The AC is a specialized gonadal cell that invades 

through the juxtaposed gonadal and ventral epidermal BMs and contacts the central 1°-

fated vulval precursor cells. AC invasion initiates uterine-vulval attachment, which 

generates a passageway for embryos and mating. By examining cell-BM interactions 

during this attachment process, we recently uncovered a novel BM remodeling 

mechanism – BM sliding. During uterine-vulval attachment, the BM laterally slides 

away from the rim of AC’s basal membrane along invaginating vulval cells (Figure 2). 

This sliding further enlarges the BM hole initially generated by the AC. The extra space 

created by BM sliding allows the juxtaposed uterine cells and vulval cells to directly 

contact each other to complete the uterine–vulval connection. The sliding BM is 

ultimately stabilized by the uterine cells and the invaginated 2°-fated vulval cells (vulD) 

through integrin signaling and VAB-19, the C. elegans orthologue of the tumor 

suppressor protein Kank. Although the stopping mechanism of BM sliding is known, 

how this sliding process is initiated remains unclear. 

To identify other molecules that regulate the BM sliding process, I performed a 

forward mutagenesis screen for mutants with defects in uterine-vulval connection. 

Through this screen I identified a mutant with defects in BM sliding. Cloning of this 

gene revealed that it encodes LIN-29, a conserved zinc-finger transcription factor related 

to the EGR family. My studies indicate that LIN-29 functions within the AC to initiate 

BM sliding by releasing the BM from the AC-BM contacting region likely through 

regulating integrin-mediated cell-matrix adhesion. 
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4.2 Results 

4.2.1 A mutagenesis screen for mutants defective in uterine-vulval 
attachment 

Uterine-vulval attachment involves extensive interactions between the BM and 

surrounding uterine and vulval cells. One prominent example is the widening of the BM 

gap created by AC invasion through BM sliding. To further identify new genetic players 

regulating BM gap formation, I designed and performed a forward genetic screen using 

ethyl methanesulfonate (EMS) (See Appendix for more details), seeking mutants with 

defective uterine-vulval attachment. As the defects in connecting the uterus with the 

vulva often result in a protruding vulva (Pvl) at the adult stage (a morphological 

phenotype that is readily visually identified (Figure 18), I first isolated Pvl mutants from 

this screen. Since the Pvl phenotype can also be caused by defects in other parts of the 

reproductive system, microscopic examination was performed on all isolated Pvl 

mutants. Mutants with specific defects in uterine-vulval attachment were kept for 

further studies. Among ten isolated Pvl mutants, a novel allele qy1 displayed defects in 

uterine-vulval attachment. The size of the BM opening in qy1 mutants at the P6.p eight-

cell stage (early L4 molt) was significantly smaller than that in wild-type animals (Figure 

19), suggesting that this mutation affects the expansion of the BM opening during 

uterine-vulval attachment. To characterize this phenotype, I first mapped this mutation 

using the snip-SNP technique (Davis et al., 2005). The qy1 mutation was mapped to the 

lin-29 gene, encoding a conserved zinc-finger transcription factor, which is the 

orthologue of the mammalian Kruppel-family early growth response protein 1 (EGR1) 

(Harris and Horvitz, 2011). The qy1 allele resulted in a premature ochre stop codon (A to 

T at the 616th nucleotide position relative to lin-29a cDNA) (Figure 20), affecting all three 

known transcripts encoded by lin-29. I predicted this is likely a null mutant, as a 
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previously characterized null allele in lin-29 gene, n546, has a premature stop codon at 

nucleotide position 880 relative to lin-29a cDNA (Ambros and Horvitz, 1984; Rougvie 

and Ambros, 1995). 

4.2.2 The boundary of the BM opening remains in tight contact with 
the AC in lin-29(qy1) mutants 

In wild-type animals the BM starts sliding away from the AC at the late P6.p 

four-cell stage (late-L3 molt) shortly after the AC completes invasion and at the same 

time as the dorsal invagination of the VPCs. BM sliding continues until it is later 

stabilized by the vulD cells at the P6.p eight-cell stage (early-L4 molt), leaving a physical 

gap in between the AC and the boundary of the BM opening (Ihara et al., 2011). 

Strikingly, in lin-29(qy1) mutants this gap failed to form. The BM boundary remained in 

tight contact with the AC throughout uterine-vulval attachment (Figure 19). These 

observations suggest that LIN-29 is required to break down the AC-BM contact. 
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Figure 18: The protruding vulva (Pvl) phenotype in a C. elegans adult  

(A) A wild-type animal with the vulva in the middle of the body (arrow). (B) A mutant 
with a protruding vulva (Pvl). Images were taken with 100x magnification. 
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Figure 19: The BM boundary remains in contact with the AC at the early-L4 molt in 

lin-29(qy1) mutants 

Anterior is left, and ventral is down unless specified otherwise; arrows point to the AC 
in this and all subsequent figures. (A and B) DIC (top) and corresponding fluorescence 

(bottom). (A) In a wild-type animal, the BM (green, visualized by the BM marker 
laminin::GFP) slides away from the AC (magenta, expressing a membrane marker cdh-3 
>  mCherry::PLCδPH), leaving a gap (orange brackets) between the AC and the boundary 

(arrowheads) of the BM hole (dotted lines) by the early-L4 molt. (B) In a lin-29(qy1) 
mutant, the gap between the AC and the boundary of the BM opening failed to form. 

The BM boundary remained in contact with the AC. The scale bar is 5 µm. 
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Figure 20: Schematic diagram of the qy1 allele in the lin-29 genomic locus 

The diagram shows the genomic locus of lin-29 with the exons (alternating black and 
gray boxes) and the introns (lines between boxes). The location of the qy1 and n546 

alleles are indicated with a red or orange dotted line, respectively, across three 
predicated lin-29 transcripts. The qy1 mutation is a novel A-to-T transversion at the 616th 

nucleotide position in relation to lin-29a cDNA, resulting in a premature stop codon 
affecting all three transcripts. The n546 null allele is a C-to-T transition at the 880th 

nucleotide position relative to lin-29a cDNA and also causes a premature stop codon in 
all three transcripts. 
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4.2.3 BM sliding does not occur in lin-29(qy1) mutants 

Two possibilities could account for the persistent AC-BM contact in lin-29 

mutants. One is that BM sliding never occurs. The other is that BM sliding does occur; 

however the AC-BM gap that is normally created by BM sliding is filled by additional 

BM deposition, thereby masking the actual occurrence of BM sliding. Differentiating 

these two possibilities requires tracking BM fate during uterine-vulval attachment in lin-

29 mutants. To this end, I used a previously reported photoconvertible protein Dendra 

fused to laminin (Ihara et al., 2011), a major component of BM, to visualize and track 

BM. Two approximately 3µm-wide BM segments at the edge of the forming opening 

were photoconverted at the p6.p four-cell stage (mid-to-late L3) and were followed until 

the P6.p eight-cell stage (early-L4 molt). If BM sliding takes place in lin-29(qy1) mutants, 

the converted segments should be shifted laterally away from the AC. On the contrary, 

these photoconverted segments still remained in tight contact with the AC (Figure 21), 

suggesting that the BM boundary does not shift away from the AC in lin-29(qy1) 

mutants. This observation indicates that BM sliding does not occur in lin-29(qy1) 

mutants. 
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Figure 21: BM sliding does not occur in lin-29(qy1) mutants 

(A and B) Fluorescence overlays show photoconverted laminin::Dendra (arrowheads, 
magenta) at the localized regions (top). Corresponding images show only 

photoconverted laminin::Dendra in gray scale (middle) and laminin::Dendra overlaid on 
DIC (bottom). Times are shown in minutes; T0′	  is the time at which the laminin::Dendra 

was photoconverted. (A) Left: in a wild-type animal three approximate 3μm-wide 
regions of laminin::Dendra were photoconverted at the mid-to-late L3 molt; two at the 
anterior and posterior boundary regions of the BM opening and a third region several 
micrometres anterior to the opening (control). Right: the same animal as shown on the 

left, 240 min later, at the early-L4 stage. The photoconverted boundary region of 
laminin::Dendra slid to a position over the vulD cell (dotted line) (n=10/10 animals) as 
previously reported (Ihara et al., 2011). (B) Left: in a lin-29(qy1) mutant the four regions 
of laminin::Dendra were photoconverted; two at the boundary of the BM opening, and 

the other two at distances anterior or posterior to the opening. Right: the same animal as 
shown on the left, 240 min later. The photoconverted boundary regions remained in 

contact with the AC (n=18/18 animals). The vulD cells were out of the focal plane in this 
mutant. 
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4.2.4 LIN-29 functions within the AC to initiate BM sliding 

To determine the site of action of LIN-29, I first examined the expression patterns 

of lin-29. In C. elegans the genomic region immediately upstream of the start codon of the 

gene of interest is typically considered to be a promoter and usually contains significant 

cis-regulatory information to produce a tentative expression pattern (Boulin et al., 2006). 

Of the three lin-29 transcripts, the genomic positions of lin-29a and lin-29b suggest that 

they share the same promoter, while the lin-29c promoter was predicted to lie in the long 

3rd intron of lin-29a/b (Figure 20). The expression of GFP driven by the 5’ cis-regulatory 

element of lin-29a/b was found in the AC prior to and during AC invasion and was 

continuously observed throughout the formation of the uterine-vulval connection 

(Figure 22). The expression of lin-29c was not observed in the AC, but found in the 

descendants of the 2°-fated vulval precursor cells. These observations suggest a potential 

role of LIN-29 A/B within the AC. The lin-29a and lin-29b transcripts encode nearly 

identical proteins. LIN-29A has a different amino acid at the 37th position from LIN-29B 

and contains four additional amino acids (38th-41st) that are absent in LIN-29B (Figure 

23). To test if LIN-29 functions within the AC, we generated a rescue construct 

containing full-length lin-29a cDNA downstream of an AC-specific promoter cdh-3. The 

expression of AC-specific LIN-29A rescued the defect in BM sliding in lin-29 mutants, as 

evidenced by the restored size of the BM opening at the early-L4 molt (Figure 24). Taken 

together, these results suggest that LIN-29 A/B, which I refer to as LIN-29, acts within 

the AC to promote the initiation of the sliding process. 
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Figure 22:  The transcriptional reporter construct for lin-29 a/b gene is expressed in the 
AC 

The construct containing the open reading frame of GFP driven by the 5’ cis-regulatory 
element of lin-29a/b is expressed in the AC prior to (P6.p one-cell stage), during AC 

invasion (P6.p two-cell to four-cell stages) and throughout the formation of the uterine-
vulval connection (P6.p four-cell to eight-cell stages). DIC images at the upper panel; the 

corresponding fluorescence images in gray scale at the lower panel. 
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Figure 23: Differences on the protein sequences of LIN-29A and LIN-29B 

The 37th amino acid of LIN-29A protein is phenylalanine (F) (red), whereas leucine (L) is 
at the same position of LIN-29B. LIN-29B lacks the 38th-41st amino acids (green) of LIN-

29A at the corresponding positions. 
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Figure 24: LIN-29 acts within the AC to initiate BM sliding  

(A) Quantification of the size of the BM opening at the P6.p eight-cell stage (early-L4 
molt) in wild-type animals, lin-29(qy1) mutants, and lin-29(qy1) mutants expressing GFP-
tagged LIN-29A protein under the control of an AC-specific promoter (qyIs251 [cdh-3 > 

lin-29a::GFP]). (B) Quantification of the lateral distance between the AC and the 
boundary of the BM opening at the P6.p eight-cell stage (early-L4 molt). Three asterisks 

(***) indicate the statistically-significant difference of p < 0.001, and N.S. indicates no 
significant difference in relation to the wild-type (Student's t test, n ≥ 15 animals for each 

genotype). Error bars represent the standard error of the mean. 
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4.2.5 Integrin activity is upregulated at the AC-BM contacting sites in 
lin-29(qy1) mutants 

Integrins are evolutionarily conserved cell surface receptors for extracellular 

matrix, mediating direct cell-matrix adhesion (Yurchenco et al., 2004). The C. elegans 

genome contains only two genes encoding the predicted α integrin subunit, PAT-2 and 

INA-1, and a gene encoding the sole β subunit, PAT-3. Similar to the secretory 

mechanisms in Drosophila and vertebrates, the heterodimerization of α and β subunits 

within the secretory apparatus is required for transportation of integrin receptors to the 

cell surface of the AC, vulval cells and somatic gonadal cells in C. elegans (Hagedorn et 

al., 2009). Given that the vulD cells were previously shown to stabilize BM sliding 

through INA-1/PAT-3 heterodimers (Ihara et al., 2011), I tested whether the lin-29 

mutant ACs adhered to BM through integrin. As PAT-2 is not expressed and failed to 

translocate PAT-3 to the cell surface in the AC (Hagedorn et al., 2009), I examined the 

localization of a full-length PAT-3::GFP construct co-transformed with genomic DNA 

encoding INA-1 in the AC in lin-29 mutants. Localized enrichment of PAT-3::GFP was 

observed at the sites of AC-BM contact by the early-L4 molt (Figure 25), suggesting a 

functional role for INA-1/PAT-3 in mediating AC-BM adhesion in lin-29 mutants. In 

contrast, in wild-type animals, no localized enrichment of PAT-3::GFP was observed in 

the AC. Instead, PAT-3::GFP was predominantly enriched on the dorsal surfaces of the 

vulD cells, consistent with the previous study (Ihara et al., 2011). These results suggest 

that LIN-29 might be required to downregulate INA-1/PAT-3 within the AC, thus 

initiating BM sliding. 
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Figure 25: Integrin activity is upregulated at the AC-BM adhesion sites 

(A and B) DIC images overlaid with BM fluorescence (labeled with laminin::mCherry) 
and integrin fluorescence (visualized by PAT-3::GFP) (upper), the fluorescent images of 

BM and integrin (middle), and corresponding spectral representations of the integrin 
fluorescence intensity (lower). (A) A wild-type animal where the opening in the BM has 

expanded and stabilized over the vulD cells (white dotted lines) at the P6.p eight-cell 
stage (early-L4 molt). PAT-3::GFP derived from the vulD cells (white brackets) was 

enriched at the boundary of the BM opening. (B) A lin-29(qy1) mutant where the opening 
in the BM was not expanded. Instead, the BM opening boundary laterally adhered to the 

AC dorsal membrane (orange dotted lines). PAT-3::GFP derived from the AC was 
enriched at the boundary of the unexpanded BM opening. 
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4.3 Discussion 

4.3.1 The AC initiates BM sliding by releasing the BM 

BM sliding is a novel mechanism for expanding BM openings. Precise regulation 

of BM opening is required to initiate and terminate the expansion of the BM opening 

during uterine-vulval attachment. While BM sliding stops at the vulD cells (Ihara et al., 

2011), it is not clear how this process is initiated. A previous study from the Sherwood 

group showed that after the AC generates a detectable opening in the BM, sliding 

proceeds normally even after removing the AC by laser ablation. From this experiment, 

the authors concluded that the AC appears to be dispensable for the BM sliding process 

after it creates a small breach in the BM (Ihara et al., 2011). However, my data indicate 

that the AC initiates BM sliding at a defined developmental time (the late P6.p four-cell 

stage). My analysis for the site of action of lin-29, BM fate tracing, and the localization of 

integrin suggest that this initiation is likely accomplished through a lin-29-mediated 

transcriptional program that dissolves integrin-mediated adhesion between the AC and 

the boundary of the BM opening, permitting the BM to detach from the AC to move 

away. This important functional role of the AC was not previously identified, possibly 

because of the inability of the laser-ablated, dead AC to adhere to the boundary of the 

BM opening. This unattached opening was later easily expanded with the dorsal 

invagination of vulval cells, which is thought to provide force to facilitate BM shifting 

(Ihara et al., 2011).  

Taken together, with the previous study, my results reveal a dual functional role 

for the AC in generating the BM opening between the uterus and vulva: (1) the AC is 

required to initiate a BM opening, and (2) the AC is required to initiate BM sliding likely 

by disassembling the AC-BM adhesion at a specific developmental time, allowing the 

BM to shift. The revelation of AC’s new role in BM sliding suggests that the initiation of 
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sliding is an actively controlled process, instead of a passive consequence of the force 

generated from the invagination of the vulval cells that is previously thought to drive 

BM sliding (Ihara et al., 2011). 

4.3.2 LIN-29 and integrin during BM sliding 

My data suggest that lin-29 regulates integrin signaling to initiate BM sliding. 

Further confirmation of this notion requires direct perturbation of integrin in the lin-29 

mutant AC. LIN-29 might inhibit activators of integrin signaling, or activate inhibitors of 

integrin signaling, or transcriptionally regulate the expression of integrin subunits, 

resulting in the disassembly of AC-BM adhesion. Although detailed mechanisms remain 

unknown, our observations are consistent with the important role of integrin signaling 

in tissue remodeling events during development, such as fertilization, blastula 

formation, and angiogenesis (Meighan and Schwarzbauer, 2008; Serini et al., 2008). In 

these events, the temporal and spatial regulation of the expression or activity patterns of 

integrin underlies dynamic cell-BM interactions (Larsen et al., 2006; Meighan and 

Schwarzbauer, 2008). Similarly, during uterine-vulval attachment, integrin signaling is 

utilized at least twice by different cells at distinct developmental times to ensure 

successful sliding: first, the AC needs to dampen integrin signaling to release the BM for 

sliding after AC invasion is completed; second, the vulD cells later upregulate the 

activity of integrin that adheres to the BM to halt sliding.  

The presence of lin-29’s promoter activity was continuously observed prior to 

invasion, during AC invasion and throughout uterine-vulval attachment. This 

observation raises an intriguing question of how LIN-29 achieves the precise temporal 

control of integrin signaling. One possibility is that lin-29 mRNA is post-

transcriptionally repressed, which is alleviated at a specific time. For example, in 

hypodermis, the timing of appearance of LIN-29 protein is controlled by LIN-41 protein 
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as LIN-41 inhibits the translation of lin-29 mRNA (Slack et al., 2000). Alternatively, LIN-

29 protein could be actively generated, but it requires a functional partner that engages 

in at a specific time acting with LIN-29 to regulate integrin activity. In seam cells, MAB-

10, a NAB (NGFI-A-binding protein) transcription co-factor, was found to function with 

LIN-29 in regulating the larval-to-adult transition in C. elegans (Harris and Horvitz, 

2011). It would be interesting to test if MAB-10 functions with LIN-29 in the AC. Further 

studies are needed to differentiate these possibilities. 

 4.3.3 The BM sliding defects and the overinvasion phenotype 

In addition to defective BM sliding, the qy1 mutation in lin-29 gene causes a 

novel overinvasion phenotype where the AC invades further ventrally during uterine-

vulval attachment in comparison to the wild-type (Figure 19). Site-of-action analysis 

indicated that LIN-29 acts within the AC to regulate the invasion depth. This result 

raises the question of whether the overinvasion phenotype is dependent on defective 

BM sliding. An association between these two phenotypes was noticed. In most of cases, 

overinvaded ACs tightly adhered to the boundary of the BM opening with localized 

enrichment of PAT-3::GFP at the adhesion sites. It is possible that the strong AC-BM 

adhesion contributes to overinvasion. Disruption of integrin specifically in the AC 

would help determine if overinvasion is the consequence of defective BM sliding. 

Alternatively, overinvasion could be independent of the BM sliding defects. One 

hypothesis is that AC overinvasion is the result of a more complete epithelial-to-

mesenchymal transition (EMT), a process where an epithelial cell loses cell-cell 

adhesions and apico-basal polarity, and acquires a mesenchymal migratory behavior 

(Nieto and Cano, 2012; Sánchez-Tilló et al., 2012). A prominent feature of EMT is loss of 

E-cadherin, an important adherens junction protein mediating cell-cell adhesion and 

polarity (Baum and Georgiou, 2011; Capaldo and Macara, 2007). This loss can be 
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transcriptionally controlled (Sánchez-Tilló et al., 2012). It will be worth testing whether 

LIN-29 regulates the adhesion of the AC to surrounding cells. Another important event 

accompanying loss of E-cadherin during EMT is the disappearance of apico-basal 

polarity. Given the epithelial origin of the AC, the epithelial polarity may be impaired in 

lin-29 mutants. Examination of localization and expression of major polarity proteins/ 

complexes in lin-29 mutants might provide insights. Given the dynamic nature of 

invasion, live-cell imaging of the invading process with fluorescent markers for 

adhesion or polarity molecules of interest, the AC, and basement membrane would be 

helpful to illuminate morphological and cellular changes underlying overinvasion. 

Complementary to this visual approach, disruption of candidate genes combined with 

targeted genetic screens may facilitate identification of LIN-29’s targets and its 

interacting genes.  
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5. Summary and future perspectives 
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5.1 Summary and conclusions 

Cell invasion through basement membrane (BM) is a dynamic and progressive 

process that involves the acquisition of polarized cellular morphology, BM breaching, 

and BM remodeling. The mechanisms of cell invasion through BM remain poorly 

understood partly because of the challenges of visualizing and experimentally 

examining cell invasion in vivo. Anchor cell (AC) invasion into the vulval epithelium in 

C. elegans provides an experimentally tractable cell invasion model that is particularly 

suitable for in vivo analysis of the complicated interactions among an invading cell, BM 

and surrounding tissues. Using this model, I have explored the establishment of 

invasive polarity in response to an invasive cue prior to invasion, and post-invasion BM 

remodeling, which are two distinct but integral parts of a successful invasion process. 

Chapter 3 revealed a novel mechanism for how an invading cell detects the 

invasive cue to orient the polarized responses essential for breaching BM. I found that 

during AC invasion the UNC-40/DCC receptor generates ligand-independent searching 

behavior that has oscillatory dynamics. This searching behavior detects netrin, which 

then stabilizes the receptor and the polarized response toward the source of netrin 

(Figure 26). I began this study with genetic analysis aimed at understanding the 

pathway organization downstream of UNC-40 in the AC. I found that the pathway was 

largely conserved with neurons, suggesting that UNC-40 signals similarly in diverse 

contexts. Unexpectedly, my cellular and genetic analysis indicated that UNC-40 was 

active without its canonical ligand UNC-6. Strikingly, this ligand-independent activity of 

UNC-40 activated the cohort of its downstream effectors to generate a random polarity 

oscillation, which was characterized by periodic F-actin assembly and disassembly. This 

observation revealed a novel role for UNC-40 in polarity generation independent of its 

ligand. I further demonstrated that ectopically localized UNC-6 was sufficient to 
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stabilize and orient this oscillation. From this I conclude that UNC-40 (DCC) has a 

central and dual role in mediating polarized responses during AC invasion: (1) 

generating polarity and (2) coupling polarity generation with polarity orientation in 

response to UNC-6. Given the close resemblance to the dynamic polarization observed 

during the exploratory behavior in yeast and Dictoystelium (Bendezu and Martin, 2013; 

Das et al., 2012; Sasaki et al., 2007), I propose that this UNC-40-generated oscillation 

serve as an exploratory mechanism to detect and direct cellular polarization towards 

sources of UNC-6. Although speculative, the oscillating dynamics may add accuracy 

and flexibility to the cue-detecting behavior allowing the intrinsic machinery or a cell to 

swiftly respond to UNC-6, expression and localization of which changes during 

development (Wadsworth, 2002). Given the conserved role for netrin in diverse 

biological process, the findings may represent a common strategy for the netrin pathway 

to regulate polarization events in various contexts.   

In Chapter 4, I presented experimental evidence revealing a previously unknown 

role for the AC in BM sliding, a newly identified BM remodeling mechanism that 

defines tissue boundaries during uterine-vulval attachment (Ihara et al., 2011). This 

sliding process is complicated in that it is a dynamic collaboration between the AC and 

its neighboring cells. The invaginating vulval cells provide the force to widen the BM 

through sliding, and then uterine and vulval cells halt sliding at specific cellular borders. 

Prior to this study, it was unknown how BM sliding was initiated and what individual 

roles the invading cells and neighboring cells play during this process. The 

characterization of the lin-29(qy1) allele isolated from the forward mutagenesis screen, 

an unbiased gene-identifying approach, has led to new findings on BM sliding. 

Expression patterns and site-of-action analysis indicated that LIN-29, a conserved zinc-

finger transcription factor, acts specifically within the AC to initiate BM sliding. I also 
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provided evidence that integrin was inappropriately expressed at the AC-BM contacting 

sites in lin-29 mutants. This raises the possibility that LIN-29 breaks down the AC-BM 

contact by disassembling integrin-mediated cell-BM adhesion, thereby allowing the BM 

to slide away from the AC. Looking at BM sliding from the perspective of tissue 

remodeling, my study advanced our understanding of how an invading cell regulates a 

post-embryonic organogenesis event. 
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Figure 26: Schematic diagram for the UNC-40-generated searching behavior 
without UNC-6 (netrin) 

In wild-type ACs, in response to the ventral cue UNC-6 (netrin), UNC-40 (DCC) is 
localized to the invasive membrane towards the BM. Here UNC-40 promotes the 

polarized formation of F-actin, which is thought to generate protrusions that breach the 
BM. In the absence of UNC-6, UNC-40’s ligand-independent activity generates a 

random polarity oscillation, which is characterized by periodic F-actin assembly and 
disassembly. These F-actin patches generate dynamic filopodia-like protrusions. This 
UNC-40-mediated polarity oscillation resembles a searching behavior for detecting its 

ligand. 
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5.2 Future perspectives 

5.2.1 What is the mechanism underlying the UNC-40-mediated 
random polarity oscillation? 

Proposed principles underpinning polarity oscillations are that the positive-

feedback-mediated polarization is antagonized by a delayed negative feedback loop 

(Brandman and Meyer, 2008; Cheong and Levchenko, 2010; Howell et al., 2012; Tsai et 

al., 2008). An understanding of how UNC-40 clusters are formed on the membrane in 

the absence of UNC-6 would shed light on the positive feedback loop. An analogy to this 

polarized UNC-40 patch is the polarized Cdc42 cap formed during the establishment of 

spontaneous polarity in budding yeast lacking landmark proteins. Positive feedback 

underlying Cdc42 cap formation is achieved through two mechanisms, reaction 

diffusion and vesicle trafficking (Savage et al., 2012). In the latter, Cdc42 at a random 

domain of the plasma membrane induces formation of actin cables that direct trafficking 

of Cdc42-loaded vesicles to this site. The increasing amount of Cdc42 promotes the 

formation of more actin cables that lead to more Cdc42 vesicles delivered to this site, 

thus forming a vesicle-trafficking-mediated positive feedback loop. Despite the 

controversies over the validity of this positive feedback in budding yeast, it appears to a 

plausible theory to explain how UNC-40 clusters are formed at the plasma membrane in 

unc-6 mutants. Supporting this theory, I observed that GFP-tagged UNC-40 is 

concentrated within intracellular vesicles in the cytoplasm of the AC. The identity of 

these vesicles, however, is unclear. Consistent with this observation, DCC, the vertebrate 

homologue of UNC-40, can be delivered to the plasma membrane through vesicle 

trafficking in vertebrate neurons (Bouchard et al., 2008; Moore and Kennedy, 2006). 

Moreover, myosin X, an unconventional myosin motor involved in filopodia extension 

and cell adhesion, regulates DCC distribution to filopodia and neurites (Zhu et al., 2007). 
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Finally, the density of UNC-40 at the site where F-actin was polarized was nearly 2 times 

higher than the rest of the plasma membrane, suggesting that UNC-40 was locally 

concentrated. Thus, it is tempting to propose a simple vesicle-trafficking hypothesis: in 

unc-6 mutants (1) UNC-40 is delivered to the apical and lateral plasma membranes of the 

AC through vesicle trafficking. (2) A vesicle delivery event or unbalanced lateral 

diffusion of UNC-40 causes the stochastic accumulation of UNC-40 at a random 

membrane domain, leading to activation of UNC-40 possibly through multimerization 

(Stein and Tessier-Lavigne, 2001), which results in localized F-actin formation; this 

membrane domain thus becomes the site where UNC-40-containing vesicle flux 

preferentially targets. (3) With more UNC-40 delivered there, F-actin is continuously 

generated with increasing volume until the negative feedback loop engages. Further 

experimental evidence is required to support this hypothesis. For example, determining 

the identity of UNC-40-containng vesicles and characterizing dynamic properties of 

these UNC-40 patches would help advance understanding of membrane transport of 

UNC-40. Two photodynamic imaging techniques, fluorescence recovery after 

photobleaching (FRAP) and fluorescence-lifetime imaging microscopy (FLIM) may 

reveal informative details about the membrane dynamics of UNC-40 patches. 

Meanwhile, testing whether the delivery of UNC-40 is F-actin-dependent will be 

necessary because the negative feedback loop could counteract positive feedback by 

promoting disassembly of F-actin. 

Solving the genetic basis for negative feedback will likely be more challenging. 

Even in well-studied single cell polarity systems, such as budding yeast where negative 

feedback adds robustness to symmetry breaking, and fission yeast where the negative 

feedback loop is used for generating a polarized-growth associated oscillation, the 

molecular basis of their negative feedback remains less characterized, possibly because 
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negative feedback involves a temporal delay and can be achieved in several ways. For 

example, negative feedback could work through the inhibition of an activator involved 

in positive feedback or the activation of an inhibitor that dampens positive feedback. 

Similarly, in our case, negative feedback could target any components of the positive 

feedback loop at multiple levels, such as membrane diffusion of UNC-40 patches, vesicle 

transport of UNC-40, or F-actin polymerization (if it is required for positive feedback). 

Thus, it appears that negative feedback might be more effectively unraveled after a 

better understanding of positive feedback is obtained.  

Of note, during UNC-40-mediated oscillations, there were short intermediate 

states during which multiple polarized F-actin patches co-existed before one became 

dominant. The similar intermediate state in budding yeast is thought to result from a 

competition mechanism (Howell et al., 2009) where multiple sites compete for a limited 

amount of downstream effectors. The same mechanism could also explain what I 

observed in the AC.   

While new insights into positive and negative feedback loops can be gleaned 

from the analysis of genetic-screen-yielded mutants that have defects in the oscillatory 

dynamics, computational modeling can be a complementary approach for 

understanding the mechanism of oscillation. Although the activation of UNC-40 might 

not be entirely autonomous, the UNC-40-induced oscillation highly resembles a system-

level self-organizing behavior with the engagement of a network-scale number of 

molecules. This network evidently exceeds the entire UNC-40 downstream pathway and 

the vesicular trafficking system. Given that mathematic and computational approaches 

have yielded crucial insights into the principles and mechanisms underlying various 

system-level behaviors (Karsenti, 2008), the application of these approaches would also 

facilitate mechanistic studies on UNC-40-mediated oscillations. 
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In summary, ligand-independent polarity oscillation of the UNC-40 receptor in 

the AC is a novel system for studying biological oscillations, and provides a new 

perspective for thinking about how netrin receptor detects its ligand. Although many 

questions remain unanswered, genetic perturbation combined with live-cell imaging 

and computational approaches will help advance our understanding of both the 

mechanisms driving this oscillation and its functional output.  

5.2.2 Regulation of F-actin at the AC-BM interface 

In metazoan cells, there are estimated to be 15 geometrically and functionally 

distinct actin-based cellular structures (Chhabra and Higgs, 2007). Many of these 

structures function in key aspects of cell invasion, such as BM attachment and BM 

breaching (Friedl and Gilmour, 2009; Mattila and Lappalainen, 2008; Nobes and Hall, 

1999; Ridley et al., 2003). How F-actin dynamics are regulated by extracellular signaling 

and intrinsic pathways during cell invasion through BM is poorly understood. Our data 

support the notion that UNC-6/UNC-40 signaling, integrin activity, and the vulval cue 

whose identity remains unknown, all act on F-actin dynamics to mediate BM breaching. 

Recent time-lapse imaging in the Sherwood group revealed that at the invasive 

membrane of the wild-type ACs, F-actin is organized into highly dynamic small 

punctate structures with lifetimes of several minutes and an average diameter 

approximately 1µm. Moreover, we have evidence showing that these structures localize 

to BM breaching sites and bear invasive protrusion-generating activity. Such 

localization, association with invasive activity, dynamics and morphology suggest that 

these F-actin structures are the in vivo counterpart of “invadopodia”, an F-actin-rich 

dynamic structure associated with highly metastatic cancer cells plated on simplified 

matrix in vitro (Chen, 1989; David-Pfeuty and Singer, 1980; Murphy and Courtneidge, 

2011). Thus, these dynamic F-actin structures at the invasive membrane are presumably 



 

93 

critical for the AC to breach BM. My results showed that localized UNC-6 alone was not 

sufficient generate such refined “invadopodia-like” F-actin structures, because these 

structures have not been unambiguously observed at the plasma membrane domain of 

the AC towards ectopically localized UNC-6. There are two possible explanations. One 

is that the formation of F-actin structures requires the input from the other netrin-

interacting pathways that are normally presented at the invasive membrane domain 

(FOS-1, vulval cue and integrin signaling) (Hagedorn and Sherwood, 2011; Hagedorn et 

al., 2009; Sherwood et al., 2005; Sherwood and Sternberg, 2003). The other pathways may 

collaborate with UNC-6 signaling to “fine tune” the dynamics and the topology of the 

polarized F-actin network at the AC’s invasive membrane. Consistent with this 

possibility, we have observed that loss of the vulval cue and integrin signaling alters the 

dynamics of these “invadopodia-like” F-actin structures (E. Hagedorn, personal 

communication). Future research is needed to examine how UNC-6 and UNC-40 

coordinate with other pathways to refine F-actin dynamics at the invasive membrane.  

Given that the physical and biochemical properties of extracellular matrix (ECM) 

are known to have profound impacts on cell behaviors (Hynes, 2009; Lu et al., 2011), I 

speculate that the composition of local BM underlying the AC may impact F-actin 

dynamics and structures an invading cell generates towards effective BM penetration. It 

will be important to study how cells adjust the dynamics and topology of F-actin 

network according to different compositions and structural integrity of local BM. Given 

that invading cells can be both producers and modifiers of BM, the study might improve 

our understanding of the adaptive, reciprocal relationship between invading cells and 

BM.   

In closing, the AC-BM interface is a unique site where netrin, an extracellular 

signal, presented by the BM, interacts with the other intrinsic and extrinsic pathways. 



 

94 

The collaboration of these pathways generates defined dynamic F-actin structures that 

result in BM breaching and removal. Further, this AC-BM interface can be a convenient 

model for studying the reciprocal influences between BM and invading cells. 

5.2.3 The multifaceted role of LIN-29 during AC invasion 

A growing number of studies have revealed many developmental functions for 

LIN-29, a conserved Kruppel family zinc-finger transcription factor. Best characterized 

as a heterochronic gene, LIN-29 regulates developmental timing by controlling terminal 

differentiation from the L4-larval-to-adult transition (Ambros, 1989; Ambros and 

Horvitz, 1984; Rougvie and Ambros, 1995). LIN-29 is required for the induction of the π 

cells during uterine development (Newman et al., 2000), and for the regulation of male 

tail morphogenesis (Euling et al., 1999). LIN-29 also controls nonapoptotic cell death of 

the linker cell in male C. elegans (Abraham et al., 2007). In this dissertation study I have 

found that LIN-29 promotes the initiation of BM sliding during uterine-vulval 

attachment. Of note, LIN-29 also appears to mediate BM modulations. My observations 

showed that lin-29 mutants are defective in BM-BM adhesion, a process where two 

juxtaposed gonadal and ventral BM are adhered together upon the initial BM breach 

created by the AC. These defects suggest that LIN-29 must activate several functionally 

distinct programs for BM remodeling at different times during invasion. Although 

detailed mechanisms await further investigations, the novel roles of LIN-29 in regulating 

cell-BM interactions prompt an exciting question of whether the homologues of LIN-29 

in other systems (e.g. EGR-1 (early growth response protein 1) in vertebrates) exert 

similar functions during cell invasion and organogenesis. 

5.2.4 The roles of AC’s neighboring cells in the initiation of BM sliding  

BM sliding, an essential part of the tissue remodeling process during uterine-

vulval attachment, is accomplished through the collaboration of the AC with uterine and 
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vulval cells (Ihara et al., 2011). Although the site-of-action analysis indicates the AC is 

where LIN-29 acts to regulate the initiation of the sliding, it does not rule out that the 

neighboring cells of the AC also contribute to this initiation. Given the complicated 

signaling cross-talk underlying cell fate specification within this tissue area, it is possible 

that LIN-29 acts in the AC by controlling signaling from the AC to uterine and/ or 

vulval cells, which results in reduced adhesion to the BM. This reduction in adhesion 

might be also through downregulation of integrin acitivity or other cell-matrix adhesion 

systems, such as dystrophin-glycoprotein or hemidesmosome-like structures (Cox et al., 

2004). Cell removal by laser ablation in combination with tissue-specific perturbation on 

candidate adhesion molecules might be of help to characterize functional roles of these 

cells in BM sliding.  

5.3 Closing remarks: a comprehensive approach to identify new 
players in AC invasion and BM remodeling 

One of the most prominent strengths the AC invasion model possesses is 

amenability for genetic manipulations. This feature is well manifested in the forward 

mutagenesis screen from which the novel allele lin-29(qy1) was isolated with defective 

uterine-vulval attachment. Looking into the future, I anticipate forward and reverse 

genetic screens to continue to be an important approach for identifying genes involved 

in the invasive process. More sophisticated genetic screens, such as enhancer screens on 

genetic backgrounds with tissue-specific gene perturbations, are expected to cope with 

genetic lethality and substantial redundancy, and open up new and exciting avenues of 

research. Emerging cytometry-based automated screening techniques and whole 

genome sequencing for pinpointing mutation lesions will simplify mutant isolation and 

identification, allowing a more exhaustive and effective interrogation of genetic 

pathways involved in many biological processes. Technological advances in functional 
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genomics and systems biology are revolutionizing C. elegans studies by providing 

diverse approaches to complement classic genetic screens to dissect genetic 

pathways/networks at unprecedented scales. Given the wealth of this functional data, I 

anticipate that strategies involving traditional genetics, cell biology, biochemistry and 

functional genomics, will be further refined to effectively dissect this invasion process. 

The development of new technologies coupled with the established powerful traits of 

the C. elegans model system, ensures that this in vivo invasion model will continue to 

serve an important role at the forefront of cell invasive behavior research. 
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Appendix: Methods and Materials 

1. Chapter 3 materials and methods 

1.1 Worm handling and strains 

Worms were reared under standard conditions at 15°C, 20°C, or 25°C (Brenner, 

1974). N2 Bristol strain was used as wild-type nematodes. Strains were reared and 

viewed at 20°C or 25°C using standard techniques. In the text and figures, we use a “>” 

symbol for linkages to a promoter and use a “::” symbol for linkages that fuse open 

reading frames.  The following alleles and transgenes were used: 

qyEx196 [unc-115 > GFP], qyEx257 [zmp-5 > unc-6::nlg-1 TM::GFP], qyEx258 [unc-34 > 

GFP], qyEx259 [cdh-3 > unc-40::GFP(overexpressed); myo-2 > GFP], qyIs57 [cdh-3 > 

mCherry::moeABD], qyIs61 [cdh-3 > GFP::unc-34], qyIs67 [cdh-3 > unc-40::GFP], qyIs68 [cdh-

3 > unc-40::GFP], qyIs155 [cdh-3 > unc-40(∆FN4/5)::GFP], qyIs182 [cdh-3 > GFP::unc-115], 

qyIs183 [cdh-3 > mig-10::GFP], qyIs220 [cdh-3 > GFP::mig-2], qyIs221[cdh-3 > GFP::ced-10]; 

qyIs262 [cdh-3 > unc-40::mCherry]; LGI,  unc-40(e271), unc-40(n234), unc-40(n473), madd-

4(ok2854); LGII, qyIs17 [zmp-1 > mCherry]; LGIII, mig-10(ct41), mig-10(ok2499); LGIV, ced-

10(n1993), qyIs10 [laminin::GFP], unc-129(ev554), lin-3(n1079), lin-3(n378); LGV, unc-

34(gm104), unc-34(e951), qyIs50 [cdh-3 > mCherry::moeABD]; LGX, unc-6(ev400), unc-

115(ky275), mig-2(mu28), slt-1(eh15). Vulvaless animals were created using the strain 

lin‐3(n1059)/lin‐3(n378), as described previously (Sherwood and Sternberg, 2003). 

1.2 RNA interference 

Double-stranded RNA (dsRNA)-mediated gene interference (RNAi) was performed by 

feeding larvae with bacteria expressing dsRNA. dsRNA targeting ced-10 was delivered 

by feeding to L4 larvae of mig-2(mu28), unc-34(gm104), or unc-40(e271);mig-2(mu28) at 

20°C; animals were allowed to grow to produce F1 progeny that were then scored for 
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AC invasion, analyzed for F-actin volume or polarity. To bypass the embryonic lethality 

of pat-3 RNAi, synchronized L1-arrested larvae of unc-40(e271);qyIs50 were grown for 7 

hours on regular OP50 bacteria at 20°C before transferred to pat-3 RNAi plates. 

1.3 Microscopy, image acquisition, and image processing 

Images were acquired using a Zeiss AxioImager microscope with a 100x Plan-

APOCHROMAT objective and equipped with a Yokogawa CSU-10 spinning disc 

confocal controlled by iVision software (Biovision Technologies), or using a Zeiss 

AxioImager microscope with a 100x Plan-APOCHROMAT objective and with a Zeiss 

AxioCam MRm CCD camera controlled by Axiovision software (Zeiss Microimaging). 

Acquired images were processed using ImageJ 1.40 and Photoshop CS3 Extended 

(Adobe Systems). Three-dimensional reconstructions were built from confocal z-stacks, 

analyzed and exported using Imaris 7.4 (Bitplane). 

1.4 Scoring of AC invasion and polarity measurement 

AC invasion was scored by examining the integrity of the phase-dense line 

between the AC and the underlying descendants of the P6.p vulval precursor cell as 

previously described (Sherwood et al., 2005). Quantitative measurements of polarity 

were performed as previously described (Hagedorn et al., 2009). Briefly, polarity was 

determined as the ratio of the average fluorescence intensity from a five-pixel-wide line 

drawn along the invasive (basal) versus the noninvasive (apical and lateral) membranes 

of images taken from the AC using ImageJ software. 

1.5 Quantitative analysis of F-actin volume, F-actin patch association 
and time-lapse imaging 

F-actin volume was measured using the “isosurface rendering” function of 

Imaris, as previously described (Hagedorn et al., 2009). Association analysis of F-actin 

patches with those of UNC-40 and UNC-40’s effectors in unc-6 mutants was performed 
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using the “spot tracking” function of Imaris. Briefly, a confocal z-stack of the AC 

expressing both an F-actin mCherry probe and a GFP fusion protein [UNC-40::GFP, 

UNC-40(∆FN4/5)::GFP, GFP::UNC-34, GFP::CED-10, GFP::MIG-2 or GFP::UNC-115] 

was acquired and then reconstructed into a 3D image. A threshold was determined for 

each AC such that fluorescent patches were assigned with 3D spots (radius of 350nm). 

Two adjacent spots were considered “associated” if they were in contact or overlapped 

with one another. For time-lapse imaging, worms were anesthetized using 0.2% tricaine 

(Sigma E10521), 0.02% levamisole (Sigma 196142) in M9 buffer and gently transferred 

onto a 5% noble agar pad solidified on a glass slide. The slide was then covered with a 

22 x 22 mm glass coverslip. Valap was applied to the four sides of the coverslip in order 

to minimize liquid evaporation. Worms at the P6.p two-cell stage were used for time-

lapse imaging. The duration of time-lapse imaging ranged from 60 to 90 minutes. 

Confocal z-stacks were taken at 1-minute intervals. The following parameters were set 

for imaging: binning 2 by 2, image size 1344 pixels by 1024 pixels, 1µm z-slice interval (7-

8 slices each stack), exposure time 200 ms for F-actin and UNC-40::GFP, 150 ms for 

UNC-6::NLG-1 TM::GFP. Images from time-lapse analysis were reconstructed in Imaris 

7.4 for 4D analysis. Drifts during image acquisition were corrected using the “correct 

drift” function of Imaris. Isosurfaces rendering of F-actin were performed similar to the 

F-actin volume measurement procedure. Each isosurface was individually tracked for F-

actin dynamics analysis. 

1.6 Quantitative analysis of suppression on UNC-40-overexpression-
induced protrusive phenotype 

The ACs from animals overexpressing cdh-3 > unc-40::GFP in wild-type, unc-

34(gm104), ced-10(n1993) and mig-2(mu28) animals were imaged using 0.5 µm slice 

intervals on a confocal microscope. The z-stacks were then built into three-dimensional 
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images. The number of protrusions on the apical and lateral membranes of ACs was 

determined and the length of protrusions were assessed using Imaris measurement 

function. Protrusions shorter than 0.2 µm (the resolution of light microscopy) were 

excluded from analysis. 

1.7 Molecular biology and transgenic strains 

Standard techniques were used to generate the following PCR fusion products 

(Hobert, 2002) and plasmids and transgenic animals (Mello and Fire, 1995). To generate 

the transcriptional reporter for the unc-115 gene, the promoter region 3.9 kb upstream of 

the ATG start codon of the unc-115 gene was amplified. This promoter sequence was 

then fused in frame to GFP coding sequence (PCR amplified from the vector pPD95.81) 

using PCR fusion. For the transcriptional reporter of the unc-34 gene, 4.2 kb upstream of 

the unc-34 coding sequence was PCR amplified and subcloned into pPD95.75 (GFP 

vector) at BamHI and KpnI sites. AC-specific MIG-10::GFP was generated by fusing the 

cdh-3 promoter (Sherwood et al., 2005) to a coding sequence for MIG-10::GFP amplified 

from the unc-86 > mig-10::GFP vector (obtained from C. Bargmann). The unc-115 cDNA, and 

mig-2 and ced-10 amplified from N2 genomic DNA, were PCR fused to the cdh-3 > GFP 

amplicon to generate cdh-3 > GFP::unc-115, cdh-3 > GFP::mig-2 and cdh-3 > GFP::ced-10. For 

cdh-3 > unc-40(∆FN4/5)::GFP, the amplicon containing unc-40 cDNA with a deletion of 

the fourth and fifth FNIII domains (amino acids 738-939 of UNC-40 protein, the putative 

UNC-6 binding site) in frame to GFP sequence was amplified from the unc-40::GFP 

expression vector described previously (Ziel et al., 2009). This amplicon unc-

40(∆FN4/5)::GFP was then fused using PCR with cdh-3 promoter. To express a 

membrane-tethered UNC-6 in dorsal uterine cells, we first generated the zmp-5 > unc-

6::nlg-1 TM::GFP expression vector that produced UNC-6 protein fused with the 

transmembrane (TM) domain of NLG-1 in frame to GFP. The promoter of zmp-5 gene 
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(~8.7kb) was cut from the fosmid WRM066bb10 via restriction enzyme digestion at 

BamHI (8641bp upstream of H18L16.1 ATG start codon) and KpnI (22bp downstream of 

H18L16.1 ATG start codon) sites. This promoter was subcloned into pPD95.75 (GFP 

vector) at BamHI and KpnI sites to generate a zmp-5 > GFP expression vector. The 

sequence encoding UNC-6::NLG-1 TM amplified from the plasmid DR99 (unc-6 > unc-

6::nlg-1 TM::mCherry, obtained from K. Shen) was inserted after zmp-5 promoter and in 

frame to the GFP sequence at SnaBI (65bp upstream of KpnI) and KpnI sites of the zmp-5 

> GFP expression vector. For cdh-3 > unc-40::mCherry, unc-40 cDNA was subcloned into 

the plasmid pBS-mCherry (pBluescript II vector with mCherry inserted) at HindIII and 

XmaI sites in frame to mCherry. The sequence of unc-40::mCherry was amplified and 

fused using PCR with cdh-3 promoter. Transgenic worms were created by co-injection of 

expression constructs with the transformation marker pPD#MM016B (unc-119+), or the 

co-injection marker (myo-2 > GFP) or both into the germline of unc-119(ed4) mutants. 

These markers were injected with EcoRI-digested salmon sperm DNA and pBluescript II 

at 50 ng/μl as carrier DNA along with the expression constructs, which were normally 

injected at 10-50 ng/μl. Integrated strains were generated as described previously (Inoue 

et al., 2002). 

1.8 Generation and isolation of the deletion mutant unc-40(qy2) 

The unc-40 deletion mutant was generated using a standard TMP/ UV 

mutagenesis protocol as previously described (Jansen et al., 1997; Jansen et al., 1999; Liu 

et al., 1999). Briefly, I screened 30,000 wild-type (N2) genomes using 4,5′,8-

trimethylpsoralen (TMP)/ ultraviolet (UV) light mutagenesis. A “poison primer”-based 

PCR strategy (Edgley et al., 2002) was used to isolate deletion mutants. Four regions of 

the unc-40 genomic locus (11075bp ranging from ATG start codon to TAA stop codon: 

region I, 4129-5345 bp; region II, 5301-6694 bp; region III, 6654-8226 bp; region IV, 8184-
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9554 bp) were selected for PCR-based deletion detection. For each region, three sets of 

primers, termed “outer primers”, “poison primers” and “inner primers”, were deigned. 

The outer and poison primers were used in the first PCR round. The inner primers were 

used in the second round. A deletion in the unc-40 genomic sequence was identified and 

assigned with the allele name qy2. This deletion removing 711 bp in the unc-40 genomic 

sequence (7202-7912 bp, details see Figure 8) causes a frame shift resulting in a 

premature stop codon in the exon immediately after the deletion region. The protein is 

predicted to have amino acids 709-1031 deleted and replaced with 50 amino acids 

encoded by the shifted-frame. The transmembrane and intracellular domains are 

truncated. 

1.9 Statistics 

Statistical analysis was performed using Student's t-tests, Fisher's exact tests or 

Chi-Square tests as indicated in text. 

 

 

 

 

 

 

 

 

 

 



 

103 

2. Chapter 4 materials and methods 

2.1 Worm strains 

Worms were reared under standard conditions at 15°C, 20°C, or 25°C (Brenner, 

1974). N2 Bristol strain was used as wild-type nematodes. Strains were reared and 

viewed at 20°C or 25°C using standard techniques. In the text and figures, we use a “>” 

symbol for linkages to a promoter and use a “::” symbol for linkages that fuse open 

reading frames.  The following alleles and transgenes were used: 

qyIs108 [laminin::Dendra], qyIs251 [cdh-3 > lin-29a::GFP], Ex [lin-29a/b > GFP], qyIs43[pat-3 

>  pat-3::GFP ; genomic ina-1];  LGIV, qyIs8 [laminin::GFP];	  LGX, qyIs24 [cdh-3 >	  

mCherry::PLCδPH ]. Because the protruding vulva of qy1 homozygotes prevents male 

mating, the lin-29(qy1)-containing chromosome was balanced by the balancer 

mIn1[mIs14 dpy-10(e128)] for effective mating. 

2.2 Mutagenesis screen and mutant isolation 

An appropriate number of L4 N2 worms were mutagenized in 4 ml M9 buffer 

with 20 µl ethyl methanesulfonate (EMS) added (EMS final concentration, 50 mM) in 15 

ml conical tube. The tube was placed on the rocker for 4 hours at room temperature and 

then subject to centrifugation allowing worms to settle. Washed worms 3 times with 3 

ml M9 buffer. Worms were then resuspended in a few drops of M9 and transferred to a 

plate using a glass pipette. One hour later, healthy worms were transferred to new 

plates with 2 worms/plate. Ten rounds of mutagenesis were performed. Approximately 

80,000 F2 progeny produced from the mutagenized worms were examined for the 

protruding-vulva (Pvl) phenotype. The non-sterile Pvl mutants were subject to 

microscopic examination for defects in uterine-vulval attachment. 
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2.3 Genetic mapping 

A single-nucleotide-polymorphisms (SNP) based mapping strategy was used to 

locate the qy1 mutation onto the interval of chromosome II (Davis et al., 2005; Wicks et 

al., 2001). Briefly, three hundred F2 Pvl progeny of multiple qy1/CB4856 F1 

hermaphrodites that were produced by crossing CB4856 males into qy1/mIn1 were 

individually isolated onto each well of 24-well plates. After 4 days, self-progeny from 

these F2 progeny were washed off the plate using water (> 30 worms/plate) and placed 

in a single well of a 96-well plate. Worms were allowed to settle to the bottom of the 

wells at 4°C for 15 minutes. The excess solution was removed to leave the final volume 

90 µl for each well. The plates were stored at -80°C. For mapping PCR, the plates were 

thawed and 10 µl of 10X lysis buffer was then added to each well to give 1X lysis buffer 

(50 mM KCl, 2.5 mM MgCl2, 10 mM Tris pH 8.3, 0.45% Tween 20, 0.04% gelatin, 100 

µg/ml proteinase K (freshly added)). The worms were lysated by incubation at 65°C 1 

hour and 95°C 15 minutes. These PCR templates were stored and frozen at -80°C and 

thawed prior to each use. For each PCR, 1 µl of worm lysis was added into each well of 

the 96-well plate that then received 19 µl of a PCR mix containing 14 µl water, 2 µl 10X 

buffer, 0.4 µl 10 mM dNTP, 2 µl each primer (10 µM), and 0.2 µl Taq (5 units/µl). PCR 

conditions: 93°C, 2 minutes, 35 cycles (93°C, 20 secs, 58°C, 30 secs, 72°C, 1 minute), 72°C, 

5 minutes, 10°C for holding. The restriction enzyme DraI 0.26 µl (20 unit/µl) with its 10x 

buffer was added into each PCR well to make final digestion 22.26 µl. 

2.4 Photoconversion of laminin tagged with the photoconvertible 
Dendra protein for BM fate tracking 

Transgenic animals expressing laminin::Dendra were photoconverted using a 

Zeiss LSM 510 confocal microscope (Zeiss Microimaging), equipped with a ×63 

objective, scanning regions of interest with a 405 nm laser at 1 mW power for 30 s. After 
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photoconversion, images were captured using a spinning disc confocal microscope. 

Animals were recovered from the agar pad, left to develop on the plates with OP50 at 25 

ºC for the specified amount of time and then reimaged. Identical settings were used to 

acquire images at all times. Acquired images were processed using Imaris (Bitplane).  

2.5 Microscopy, image acquisition and quantitative analysis of BM 
opening  

Images were acquired using a Zeiss AxioImager microscope with a 100x Plan-

APOCHROMAT objective and equipped with a Yokogawa CSU-10 spinning disc 

confocal controlled by iVision software (Biovision Technologies), or using a Zeiss 

AxioImager microscope with a 100x Plan-APOCHROMAT objective and with a Zeiss 

AxioCam MRm CCD camera controlled by Axiovision software (Zeiss Microimaging). 

Acquired images were processed using ImageJ 1.40 and Photoshop CS3 Extended 

(Adobe Systems). Three-dimensional reconstructions were built from confocal z-stacks, 

analyzed and exported using Imaris 7.4 (Bitplane). The maximum diameter of the BM 

opening along the anterior-posterior axis was measured as the size of the opening using 

3D reconstructed images. The distances between the anterior and posterior boundaries 

of the BM opening and the AC’s corresponding lateral membranes were measured.  

2.6 Molecular biology and transgenic strains 

Standard techniques were used to generate the following PCR fusion products 

(Hobert, 2002) and plasmids and transgenic animals (Mello and Fire, 1995). To generate 

the transcriptional reporter for the lin-29a/ b gene, the promoter region 5.4 kb upstream 

of the ATG start codon of the lin-29a/ b gene was amplified. This promoter sequence was 

then fused in frame to GFP coding sequence (PCR amplified from the vector pPD95.81) 

using PCR fusion. For the transcriptional reporter of the lin-29c gene, 4.2 kb upstream of 

lin-29c coding sequence was PCR amplified and fused in frame to GFP coding sequence 
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(PCR amplified from the vector pPD95.81) using PCR fusion. AC-specific lin-29a::GFP 

was generated by fusing GFP coding sequence with the amplicon cdh-3 > lin-29a using 

PCR fusion. To generate the amplicon cdh-3 > lin-29a, lin-29b cDNA was first PCR 

amplified and subcloned into the vector pPD95.81 containing the cdh-3 promoter 

(Sherwood et al., 2005) at XhoI and HindIII sites. The coding sequence of cdh-3 > lin-29a 

was PCR amplifying from the vector cdh-3 > lin-29b using the site-directed-mutagenesis 

protocol (New England Laboratory) with a primer containing a sequence encoding four 

lin-29a specific amino acids.  

 Transgenic worms were created by co-injection of expression constructs with the 

transformation marker pPD#MM016B (unc-119+), or the co-injection marker (myo-2 > 

GFP) or both into the germline of unc-119(ed4) mutants. These markers were injected 

with EcoRI-digested salmon sperm DNA and pBluescript II at 50 ng/µl as carrier DNA 

along with the expression constructs, which were normally injected at 10-50 ng/µl. 

Integrated strains were generated as described previously (Inoue et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 



 

107 

References 
Abraham, M.C., Lu, Y., and Shaham, S. (2007). A Morphologically Conserved 
Nonapoptotic Program Promotes Linker Cell Death in Caenorhabditis elegans. Dev Cell 
12, 73-86. 

Adler, C.E., Fetter, R.D., and Bargmann, C.I. (2006). UNC-6/Netrin induces neuronal 
asymmetry and defines the site of axon formation. Nat. Neurosci. 9, 511-518. 

Alexander, M., Chan, K.K., Byrne, A.B., Selman, G., Lee, T., Ono, J., Wong, E., Puckrin, 
R., Dixon, S.J., and Roy, P.J. (2009). An UNC-40 pathway directs postsynaptic membrane 
extension in Caenorhabditis elegans. Development 136, 911-922. 

Ambros, V. (1989). A hierarchy of regulatory genes controls a larva-to-adult 
developmental switch in C. elegans. Cell 57, 49-57. 

Ambros, V., and Horvitz, H.R. (1984). Heterochronic mutants of the nematode 
Caenorhabditis elegans. Science 226, 409-416. 

Arai, Y., Shibata, T., Matsuoka, S., Sato, M.J., Yanagida, T., and Ueda, M. (2010). Self-
organization of the phosphatidylinositol lipids signaling system for random cell 
migration. Proc Natl Acad Sci U S A 107, 12399-12404. 

Aumailley, M., and Timpl, R. (1986). Attachment of cells to basement membrane 
collagen type IV. J Cell Biol 103, 1569-1575. 

Avery, L., and Wasserman, S. (1992). Ordering gene function: the interpretation of 
epistasis in regulatory hierarchies. Trends in Genetics 8, 312-316. 

Barr, M.M. (2003). Super models. Physiological Genomics 13, 15-24. 

Bateson, W. (1909). Mendel's Principles of Heredity, 1909 edn (Cambridge, UK, 
Cambridge University Press). 

Baum, B., and Georgiou, M. (2011). Dynamics of adherens junctions in epithelial 
establishment, maintenance, and remodeling. J Cell Biol 192, 907-917. 

Baum, P.D., and Garriga, G. (1997). Neuronal migrations and axon fasciculation are 
disrupted in ina-1 integrin mutants. Neuron 19, 51-62. 

Bear, J.E., and Gertler, F.B. (2009). Ena/VASP: towards resolving a pointed controversy 
at the barbed end. J Cell Sci 122, 1947-1953. 

Bendezu, F.O., and Martin, S.G. (2013). Cdc42 explores the cell periphery for mate 
selection in fission yeast. Curr Biol 23, 42-47. 

Boone, C., Bussey, H., and Andrews, B.J. (2007). Exploring genetic interactions and 
networks with yeast. Nat Rev Genet 8, 437-449. 



 

108 

Bouchard, J.-F., Horn, K.E., Stroh, T., and Kennedy, T.E. (2008). Depolarization recruits 
DCC to the plasma membrane of embryonic cortical neurons and enhances axon 
extension in response to netrin-1. Journal of Neurochemistry 107, 398-417. 

Boulin, T., Etchberger, J.F., and Hobert, O. (2006). Reporter gene fusions. WormBook, 1-
23. 

Brandman, O., and Meyer, T. (2008). Feedback loops shape cellular signals in space and 
time. Science 322, 390-395. 

Brenner, S. (1974). THE GENETICS OF CAENORHABDITIS ELEGANS. Genetics 77, 71-
94. 

Burridge, K., and Wennerberg, K. (2004). Rho and Rac take center stage. Cell 116, 167-
179. 

Cai, H., and Devreotes, P.N. (2011). Moving in the right direction: how eukaryotic cells 
migrate along chemical gradients. Semin Cell Dev Biol 22, 834-841. 

Caldieri, G., Ayala, I., Attanasio, F., and Buccione, R. (2009). Chapter 1 Cell and 
Molecular Biology of Invadopodia. In International Review of Cell and Molecular 
Biology, W.J. Kwang, ed. (Academic Press), pp. 1-34. 

Capaldo, C.T., and Macara, I.G. (2007). Depletion of E-Cadherin Disrupts Establishment 
but Not Maintenance of Cell Junctions in Madin-Darby Canine Kidney Epithelial Cells. 
Molecular Biology of the Cell 18, 189-200. 

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., and Prasher, D.C. (1994). Green 
fluorescent protein as a marker for gene expression. Science 263, 802-805. 

Chan, S.S., Zheng, H., Su, M.W., Wilk, R., Killeen, M.T., Hedgecock, E.M., and Culotti, 
J.G. (1996). UNC-40, a C. elegans homolog of DCC (Deleted in Colorectal Cancer), is 
required in motile cells responding to UNC-6 netrin cues. Cell 87, 187-195. 

Chang, C., Adler, C.E., Krause, M., Clark, S.G., Gertler, F.B., Tessier-Lavigne, M., and 
Bargmann, C.I. (2006). MIG-10/lamellipodin and AGE-1/PI3K promote axon guidance 
and outgrowth in response to slit and netrin. Curr Biol 16, 854-862. 

Chen, W.T. (1989). Proteolytic activity of specialized surface protrusions formed at 
rosette contact sites of transformed cells. J Exp Zool 251, 167-185. 

Cheong, R., and Levchenko, A. (2010). Oscillatory signaling processes: the how, the why 
and the where. Curr Opin Genet Dev 20, 665-669. 

Chhabra, E.S., and Higgs, H.N. (2007). The many faces of actin: matching assembly 
factors with cellular structures. Nat Cell Biol 9, 1110-1121. 

Christofori, G. (2006). New signals from the invasive front. Nature 441, 444-450. 



 

109 

Chun, T.-H., Hotary, K.B., Sabeh, F., Saltiel, A.R., Allen, E.D., and Weiss, S.J. (2006). A 
Pericellular Collagenase Directs the 3-Dimensional Development of White Adipose 
Tissue. Cell 125, 577-591. 

Colon-Ramos, D.A., Margeta, M.A., and Shen, K. (2007). Glia promote local 
synaptogenesis through UNC-6 (netrin) signaling in C. elegans. Science 318, 103-106. 

Cordell, H.J. (2002). Epistasis: what it means, what it doesn't mean, and statistical 
methods to detect it in humans. Human Molecular Genetics 11, 2463-2468. 

Cordero, J.B., Macagno, J.P., Stefanatos, R.K., Strathdee, K.E., Cagan, R.L., and Vidal, M. 
(2010). Oncogenic Ras diverts a host TNF tumor suppressor activity into tumor 
promoter. Dev Cell 18, 999-1011. 

Cox, E.A., Tuskey, C., and Hardin, J. (2004). Cell adhesion receptors in C. elegans. 
Journal of Cell Science 117, 1867-1870. 

Das, M., Drake, T., Wiley, D.J., Buchwald, P., Vavylonis, D., and Verde, F. (2012). 
Oscillatory dynamics of Cdc42 GTPase in the control of polarized growth. Science 337, 
239-243. 

David-Pfeuty, T., and Singer, S.J. (1980). Altered distributions of the cytoskeletal 
proteins vinculin and alpha-actinin in cultured fibroblasts transformed by Rous sarcoma 
virus. Proc Natl Acad Sci U S A 77, 6687-6691. 

Davis, M.W., Hammarlund, M., Harrach, T., Hullett, P., Olsen, S., and Jorgensen, E.M. 
(2005). Rapid single nucleotide polymorphism mapping in C. elegans. BMC Genomics 6, 
118. 

Demarco, R.S., and Lundquist, E.A. (2010). RACK-1 acts with Rac GTPase signaling and 
UNC-115/abLIM in Caenorhabditis elegans axon pathfinding and cell migration. PLoS 
Genet 6, e1001215. 

Demarco, R.S., Struckhoff, E.C., and Lundquist, E.A. (2012). The Rac GTP exchange 
factor TIAM-1 acts with CDC-42 and the guidance receptor UNC-40/DCC in neuronal 
protrusion and axon guidance. PLoS Genet 8, e1002665. 

Desgrosellier, J.S., and Cheresh, D.A. (2010). Integrins in cancer: biological implications 
and therapeutic opportunities. Nat Rev Cancer 10, 9-22. 

Discher, D.E., Janmey, P., and Wang, Y.-l. (2005). Tissue Cells Feel and Respond to the 
Stiffness of Their Substrate. Science 310, 1139-1143. 

Doitsidou, M., Flames, N., Lee, A.C., Boyanov, A., and Hobert, O. (2008). Automated 
screening for mutants affecting dopaminergic-neuron specification in C. elegans. Nat 
Methods 5, 869-872. 

Duc-Goiran, P., Mignot, T.M., Bourgeois, C., and Ferr√©, F. (1999). Embryo‚Äìmaternal 
interactions at the implantation site: a delicate equilibrium. European Journal of 
Obstetrics & Gynecology and Reproductive Biology 83, 85-100. 



 

110 

Dumartin, L., Quemener, C., Laklai, H., Herbert, J., Bicknell, R., Bousquet, C., Pyronnet, 
S., Castronovo, V., Schilling, M.K., Bikfalvi, A., et al. (2010). Netrin-1 mediates early 
events in pancreatic adenocarcinoma progression, acting on tumor and endothelial cells. 
Gastroenterology 138, 1595-1606, 1606 e1591-1598. 

Edgley, M., D'Souza, A., Moulder, G., McKay, S., Shen, B., Gilchrist, E., Moerman, D., 
and Barstead, R. (2002). Improved detection of small deletions in complex pools of DNA. 
Nucleic Acids Res 30, e52. 

Euling, S., Bettinger, J.C., and Rougvie, A.E. (1999). The LIN-29 Transcription Factor Is 
Required for Proper Morphogenesis of theCaenorhabditis elegansMale Tail. Dev Biol 
206, 142-156. 

Even-Ram, S., and Yamada, K.M. (2005). Cell migration in 3D matrix. Curr Opin Cell 
Biol 17, 524-532. 

Friedl, P., and Gilmour, D. (2009). Collective cell migration in morphogenesis, 
regeneration and cancer. Nat Rev Mol Cell Biol 10, 445-457. 

Friedl, P., and Wolf, K. (2003). Tumour-cell invasion and migration: diversity and escape 
mechanisms. Nat Rev Cancer 3, 362-374. 

Frittoli, E., Palamidessi, A., Disanza, A., and Scita, G. (2011). Secretory and 
endo/exocytic trafficking in invadopodia formation: The MT1-MMP paradigm. 
European Journal of Cell Biology 90, 108-114. 

Geisbrecht, B.V., Dowd, K.A., Barfield, R.W., Longo, P.A., and Leahy, D.J. (2003). Netrin 
binds discrete subdomains of DCC and UNC5 and mediates interactions between DCC 
and heparin. J Biol Chem 278, 32561-32568. 

Gettner, S.N., Kenyon, C., and Reichardt, L.F. (1995). Characterization of beta pat-3 
heterodimers, a family of essential integrin receptors in C. elegans. J Cell Biol 129, 1127-
1141. 

Gitai, Z., Yu, T.W., Lundquist, E.A., Tessier-Lavigne, M., and Bargmann, C.I. (2003). The 
netrin receptor UNC-40/DCC stimulates axon attraction and outgrowth through 
enabled and, in parallel, Rac and UNC-115/AbLIM. Neuron 37, 53-65. 

Goodwin, E.B., and Ellis, R.E. (2002). Turning Clustering Loops: Sex Determination in 
Caenorhabditis elegans. Current Biology 12, R111-R120. 

Grant, B., and Hirsh, D. (1999). Receptor-mediated endocytosis in the Caenorhabditis 
elegans oocyte. Mol Biol Cell 10, 4311-4326. 

Grant, B., Zhang, Y., Paupard, M.C., Lin, S.X., Hall, D.H., and Hirsh, D. (2001). Evidence 
that RME-1, a conserved C. elegans EH-domain protein, functions in endocytic 
recycling. Nat Cell Biol 3, 573-579. 

Guarente, L. (1993). Synthetic enhancement in gene interaction: a genetic tool come of 
age. Trends Genet 9, 362-366. 



 

111 

Gupta, G.P., and Massague, J. (2006). Cancer metastasis: building a framework. Cell 127, 
679-695. 

Hagedorn, E.J., and Sherwood, D.R. (2011). Cell invasion through basement membrane: 
the anchor cell breaches the barrier. Curr Opin Cell Biol 23, 589-596. 

Hagedorn, E.J., Yashiro, H., Ziel, J.W., Ihara, S., Wang, Z., and Sherwood, D.R. (2009). 
Integrin acts upstream of netrin signaling to regulate formation of the anchor cell's 
invasive membrane in C. elegans. Dev Cell 17, 187-198. 

Harris, D.T., and Horvitz, H.R. (2011). MAB-10/NAB acts with LIN-29/EGR to regulate 
terminal differentiation and the transition from larva to adult in C. elegans. 
Development 138, 4051-4062. 

Harris, R., Sabatelli, L.M., and Seeger, M.A. (1996). Guidance cues at the Drosophila CNS 
midline: identification and characterization of two Drosophila Netrin/UNC-6 homologs. 
Neuron 17, 217-228. 

Hedgecock, E.M., Culotti, J.G., and Hall, D.H. (1990). The unc-5, unc-6, and unc-40 genes 
guide circumferential migrations of pioneer axons and mesodermal cells on the 
epidermis in C. elegans. Neuron 4, 61-85. 

Hobert, O. (2002). PCR fusion-based approach to create reporter gene constructs for 
expression analysis in transgenic C. elegans. Biotechniques 32, 728-730. 

Honigberg, L., and Kenyon, C. (2000). Establishment of left/right asymmetry in 
neuroblast migration by UNC-40/DCC, UNC-73/Trio and DPY-19 proteins in C. 
elegans. Development 127, 4655-4668. 

Hotary, K., Li, X.Y., Allen, E., Stevens, S.L., and Weiss, S.J. (2006). A cancer cell 
metalloprotease triad regulates the basement membrane transmigration program. Genes 
Dev 20, 2673-2686. 

Howell, A.S., Jin, M., Wu, C.F., Zyla, T.R., Elston, T.C., and Lew, D.J. (2012). Negative 
feedback enhances robustness in the yeast polarity establishment circuit. Cell 149, 322-
333. 

Howell, A.S., Savage, N.S., Johnson, S.A., Bose, I., Wagner, A.W., Zyla, T.R., Nijhout, 
H.F., Reed, M.C., Goryachev, A.B., and Lew, D.J. (2009). Singularity in Polarization: 
Rewiring Yeast Cells to Make Two Buds. Cell 139, 731-743. 

Hughes, S.M., and Blau, H.M. (1990). Migration of myoblasts across basal lamina during 
skeletal muscle development. Nature 345, 350-353. 

Hynes, R.O. (2009). The Extracellular Matrix: Not Just Pretty Fibrils. Science 326, 1216-
1219. 

Ihara, S., Hagedorn, E.J., Morrissey, M.A., Chi, Q., Motegi, F., Kramer, J.M., and 
Sherwood, D.R. (2011). Basement membrane sliding and targeted adhesion remodels 



 

112 

tissue boundaries during uterine-vulval attachment in Caenorhabditis elegans. Nat Cell 
Biol 13, 641-651. 

Ingram, J.L., Huggins, M.J., Church, T.D., Li, Y., Francisco, D.C., Degan, S., Firszt, R., 
Beaver, D.M., Lugogo, N.L., Wang, Y., et al. (2011). Airway Fibroblasts in Asthma 
Manifest an Invasive Phenotype. Am J Respir Crit Care Med. 

Inoue, T., Sherwood, D.R., Asp√∂ck, G., Butler, J.A., Gupta, B.P., Kirouac, M., Wang, M., 
Lee, P.-Y., Kramer, J.M., Hope, I., et al. (2002). Gene expression markers for 
Caenorhabditis elegans vulval cells. Mechanisms of Development 119, Supplement, S203-
S209. 

Irazoqui, J.E., Gladfelter, A.S., and Lew, D.J. (2003). Scaffold-mediated symmetry 
breaking by Cdc42p. Nature cell biology 5, 1062-1070. 

Ishii, N., Wadsworth, W.G., Stern, B.D., Culotti, J.G., and Hedgecock, E.M. (1992). UNC-
6, a laminin-related protein, guides cell and pioneer axon migrations in C. elegans. 
Neuron 9, 873-881. 

Jansen, G., Hazendonk, E., Thijssen, K.L., and Plasterk, R.H. (1997). Reverse genetics by 
chemical mutagenesis in Caenorhabditis elegans. Nat Genet 17, 119-121. 

Jansen, G., Thijssen, K.L., Werner, P., van der Horst, M., Hazendonk, E., and Plasterk, 
R.H. (1999). The complete family of genes encoding G proteins of Caenorhabditis 
elegans. Nat Genet 21, 414-419. 

Johnson, J.M., Jin, M., and Lew, D.J. (2011). Symmetry breaking and the establishment of 
cell polarity in budding yeast. Curr Opin Genet Dev 21, 740-746. 

Kalluri, R. (2003). Basement membranes: structure, assembly and role in tumour 
angiogenesis. Nat Rev Cancer 3, 422-433. 

Karsenti, E. (2008). Self-organization in cell biology: a brief history. Nat Rev Mol Cell 
Biol 9, 255-262. 

Kaufmann, S., Kuphal, S., Schubert, T., and Bosserhoff, A.K. (2009). Functional 
implication of Netrin expression in malignant melanoma. Cell Oncol 31, 415-422. 

Kennedy, T.E., Serafini, T., de la Torre, J.R., and Tessier-Lavigne, M. (1994). Netrins are 
diffusible chemotropic factors for commissural axons in the embryonic spinal cord. Cell 
78, 425-435. 

Killich, T., Plath, P.J., Wei, X., Bultmann, H., Rensing, L., and Vicker, M.G. (1993). The 
locomotion, shape and pseudopodial dynamics of unstimulated Dictyostelium cells are 
not random. J Cell Sci 106 ( Pt 4), 1005-1013. 

Kramer, J.M. (2005). Basement membranes. WormBook, 1-15. 



 

113 

Kruger, R.P., Lee, J., Li, W., and Guan, K.L. (2004). Mapping netrin receptor binding 
reveals domains of Unc5 regulating its tyrosine phosphorylation. J Neurosci 24, 10826-
10834. 

Kulkarni, G., Li, H., and Wadsworth, W.G. (2008). CLEC-38, a transmembrane protein 
with C-type lectin-like domains, negatively regulates UNC-40-mediated axon outgrowth 
and promotes presynaptic development in Caenorhabditis elegans. J Neurosci 28, 4541-
4550. 

Kurosaka, S., and Kashina, A. (2008). Cell biology of embryonic migration. Birth Defects 
Research Part C: Embryo Today: Reviews 84, 102-122. 

Lai Wing Sun, K., Correia, J.P., and Kennedy, T.E. (2011). Netrins: versatile extracellular 
cues with diverse functions. Development 138, 2153-2169. 

Lambert, E., Coissieux, M.M., Laudet, V., and Mehlen, P. (2012). Netrin-4 acts as a pro-
angiogenic factor during zebrafish development. J Biol Chem 287, 3987-3999. 

Larsen, M., Artym, V.V., Green, J.A., and Yamada, K.M. (2006). The matrix reorganized: 
extracellular matrix remodeling and integrin signaling. Curr Opin Cell Biol 18, 463-471. 

Lauderdale, J.D., Davis, N.M., and Kuwada, J.Y. (1997). Axon tracts correlate with 
netrin-1a expression in the zebrafish embryo. Mol Cell Neurosci 9, 293-313. 

Lebrand, C., Dent, E.W., Strasser, G.A., Lanier, L.M., Krause, M., Svitkina, T.M., Borisy, 
G.G., and Gertler, F.B. (2004). Critical role of Ena/VASP proteins for filopodia formation 
in neurons and in function downstream of netrin-1. Neuron 42, 37-49. 

Levy-Strumpf, N., and Culotti, J.G. (2007). VAB-8, UNC-73 and MIG-2 regulate axon 
polarity and cell migration functions of UNC-40 in C. elegans. Nature neuroscience 10, 
161-168. 

Li, X., Gao, X., Liu, G., Xiong, W., Wu, J., and Rao, Y. (2008). Netrin signal transduction 
and the guanine nucleotide exchange factor DOCK180 in attractive signaling. Nature 
neuroscience 11, 28-35. 

Li, X., Meriane, M., Triki, I., Shekarabi, M., Kennedy, T.E., Larose, L., and Lamarche-
Vane, N. (2002a). The adaptor protein Nck-1 couples the netrin-1 receptor DCC (deleted 
in colorectal cancer) to the activation of the small GTPase Rac1 through an atypical 
mechanism. J Biol Chem 277, 37788-37797. 

Li, X., Saint-Cyr-Proulx, E., Aktories, K., and Lamarche-Vane, N. (2002b). Rac1 and 
Cdc42 but not RhoA or Rho kinase activities are required for neurite outgrowth induced 
by the Netrin-1 receptor DCC (deleted in colorectal cancer) in N1E-115 neuroblastoma 
cells. J Biol Chem 277, 15207-15214. 

Liao, E.H., Hung, W., Abrams, B., and Zhen, M. (2004). An SCF-like ubiquitin ligase 
complex that controls presynaptic differentiation. Nature 430, 345-350. 



 

114 

Lim, K.H., Zhou, Y., Janatpour, M., McMaster, M., Bass, K., Chun, S.H., and Fisher, S.J. 
(1997). Human cytotrophoblast differentiation/invasion is abnormal in pre-eclampsia. 
Am J Pathol 151, 1809-1818. 

Liu, L.X., Spoerke, J.M., Mulligan, E.L., Chen, J., Reardon, B., Westlund, B., Sun, L., Abel, 
K., Armstrong, B., Hardiman, G., et al. (1999). High-throughput isolation of 
Caenorhabditis elegans deletion mutants. Genome Res 9, 859-867. 

Lu, P., Takai, K., Weaver, V.M., and Werb, Z. (2011). Extracellular Matrix Degradation 
and Remodeling in Development and Disease. Cold Spring Harb Perspect Biol 3. 

Lundquist, E.A., Herman, R.K., Shaw, J.E., and Bargmann, C.I. (1998). UNC-115, a 
conserved protein with predicted LIM and actin-binding domains, mediates axon 
guidance in C. elegans. Neuron 21, 385-392. 

MacNeil, L.T., Hardy, W.R., Pawson, T., Wrana, J.L., and Culotti, J.G. (2009). UNC-129 
regulates the balance between UNC-40 dependent and independent UNC-5 signaling 
pathways. Nature neuroscience 12, 150-155. 

Maeda, Y.T., Inose, J., Matsuo, M.Y., Iwaya, S., and Sano, M. (2008). Ordered patterns of 
cell shape and orientational correlation during spontaneous cell migration. PLoS One 3, 
e3734. 

Mani, R., St Onge, R.P., Hartman, J.L.t., Giaever, G., and Roth, F.P. (2008). Defining 
genetic interaction. Proc Natl Acad Sci U S A 105, 3461-3466. 

Manser, J., Roonprapunt, C., and Margolis, B. (1997). C. elegans cell migration gene mig-
10 shares similarities with a family of SH2 domain proteins and acts cell 
nonautonomously in excretory canal development. Dev Biol 184, 150-164. 

Mattila, P.K., and Lappalainen, P. (2008). Filopodia: molecular architecture and cellular 
functions. Nat Rev Mol Cell Biol 9, 446-454. 

Meighan, C.M., and Schwarzbauer, J.E. (2008). Temporal and spatial regulation of 
integrins during development. Curr Opin Cell Biol 20, 520-524. 

Mello, C., and Fire, A. (1995). DNA transformation. Methods Cell Biol 48, 451-482. 

Metzstein, M.M., Stanfield, G.M., and Horvitz, H.R. (1998). Genetics of programmed cell 
death in C. elegans: past, present and future. Trends Genet 14, 410-416. 

Mitchell, K.J., Doyle, J.L., Serafini, T., Kennedy, T.E., Tessier-Lavigne, M., Goodman, 
C.S., and Dickson, B.J. (1996). Genetic analysis of Netrin genes in Drosophila: Netrins 
guide CNS commissural axons and peripheral motor axons. Neuron 17, 203-215. 

Moore, S.W., and Kennedy, T.E. (2006). Protein Kinase A Regulates the Sensitivity of 
Spinal Commissural Axon Turning to Netrin-1 But Does Not Switch between 
Chemoattraction and Chemorepulsion. The Journal of Neuroscience 26, 2419-2423. 



 

115 

Murphy, D.A., and Courtneidge, S.A. (2011). The 'ins' and 'outs' of podosomes and 
invadopodia: characteristics, formation and function. Nat Rev Mol Cell Biol 12, 413-426. 

Nance, J., and Zallen, J.A. (2011). Elaborating polarity: PAR proteins and the 
cytoskeleton. Development 138, 799-809. 

Nelson, W.J. (2003). Adaptation of core mechanisms to generate cell polarity. Nature 422, 
766-774. 

Newman, A.P., Inoue, T., Wang, M., and Sternberg, P.W. (2000). The Caenorhabditis 
elegans heterochronic gene lin-29 coordinates the vulval‚Äìuterine‚Äìepidermal 
connections. Current Biology 10, 1479-1488. 

Newman, A.P., and Sternberg, P.W. (1996). Coordinated morphogenesis of epithelia 
during development of the Caenorhabditis elegans uterine-vulval connection. Proc Natl 
Acad Sci U S A 93, 9329-9333. 

Newman, A.P., White, J.G., and Sternberg, P.W. (1996). Morphogenesis of the C. elegans 
hermaphrodite uterus. Development 122, 3617-3626. 

Nguyen, A., and Cai, H. (2006). Netrin-1 induces angiogenesis via a DCC-dependent 
ERK1/2-eNOS feed-forward mechanism. Proc Natl Acad Sci U S A 103, 6530-6535. 

Nieto, M.A., and Cano, A. (2012). The epithelial‚Äìmesenchymal transition under 
control: Global programs to regulate epithelial plasticity. Seminars in Cancer Biology 22, 
361-368. 

Nobes, C.D., and Hall, A. (1999). Rho GTPases control polarity, protrusion, and adhesion 
during cell movement. J Cell Biol 144, 1235-1244. 

Nourshargh, S., Hordijk, P.L., and Sixt, M. (2010). Breaching multiple barriers: leukocyte 
motility through venular walls and the interstitium. Nat Rev Mol Cell Biol 11, 366-378. 

Park, H.O., and Bi, E. (2007). Central roles of small GTPases in the development of cell 
polarity in yeast and beyond. Microbiol Mol Biol Rev 71, 48-96. 

Paulsson, M. (1992). Basement Membrane Proteins: Structure, Assembly, and Cellular 
Interactions. Critical Reviews in Biochemistry and Molecular Biology 27, 93-127. 

Pepper, M.S. (1997). Manipulating Angiogenesis: From Basic Science to the Bedside. 
Arteriosclerosis, Thrombosis, and Vascular Biology 17, 605-619. 

Phillips, P.C. (2008). Epistasis--the essential role of gene interactions in the structure and 
evolution of genetic systems. Nat Rev Genet 9, 855-867. 

Poelmann, R.E., Gittenberger-de Groot, A.C., Mentink, M.M.T., Delpech, B., Girard, N., 
and Christ, B. (1990). The extracellular matrix during neural crest formation and 
migration in rat embryos. Anat Embryol 182, 29-39. 



 

116 

Poincloux, R., Lizárraga, F., and Chavrier, P. (2009). Matrix invasion by tumour cells: a 
focus on MT1-MMP trafficking to invadopodia. Journal of Cell Science 122, 3015-3024. 

Quinn, C.C., Pfeil, D.S., and Wadsworth, W.G. (2008). CED-10/Rac1 mediates axon 
guidance by regulating the asymmetric distribution of MIG-10/lamellipodin. Curr Biol 
18, 808-813. 

Quinn, C.C., and Wadsworth, W.G. (2008). Axon guidance: asymmetric signaling orients 
polarized outgrowth. Trends Cell Biol 18, 597-603. 

Rasmussen, J.P., Reddy, S.S., and Priess, J.R. (2012). Laminin is required to orient 
epithelial polarity in the C. elegans pharynx. Development 139, 2050-2060. 

Reddien, P.W., and Horvitz, H.R. (2000). CED-2/CrkII and CED-10/Rac control 
phagocytosis and cell migration in Caenorhabditis elegans. Nature cell biology 2, 131-
136. 

Ridley, A.J., Schwartz, M.A., Burridge, K., Firtel, R.A., Ginsberg, M.H., Borisy, G., 
Parsons, J.T., and Horwitz, A.R. (2003). Cell Migration: Integrating Signals from Front to 
Back. Science 302, 1704-1709. 

Rørth, P. (2009). Collective Cell Migration. Annual Review of Cell and Developmental 
Biology 25, 407-429. 

Rougvie, A.E., and Ambros, V. (1995). The heterochronic gene lin-29 encodes a zinc 
finger protein that controls a terminal differentiation event in Caenorhabditis elegans. 
Development 121, 2491-2500. 

Rowe, R.G., and Weiss, S.J. (2008). Breaching the basement membrane: who, when and 
how? Trends Cell Biol 18, 560-574. 

Saltel, F.d.r., Daubon, T., Juin, A.l., Ganuza, I.E.a., Veillat, V.r., and G√©not, E. (2011). 
Invadosomes: Intriguing structures with promise. European Journal of Cell Biology 90, 
100-107. 

Sanchez-Madrid, F., and del Pozo, M.A. (1999). Leukocyte polarization in cell migration 
and immune interactions. EMBO J 18, 501-511. 

Sánchez-Tilló, E., Liu, Y., Barrios, O., Siles, L., Fanlo, L., Cuatrecasas, M., Darling, D., 
Dean, D., Castells, A., and Postigo, A. (2012). EMT-activating transcription factors in 
cancer: beyond EMT and tumor invasiveness. Cell. Mol. Life Sci. 69, 3429-3456. 

Sarin, S., Prabhu, S., O'Meara, M.M., Pe'er, I., and Hobert, O. (2008). Caenorhabditis 
elegans mutant allele identification by whole-genome sequencing. Nat Methods 5, 865-
867. 

Sasaki, A.T., Janetopoulos, C., Lee, S., Charest, P.G., Takeda, K., Sundheimer, L.W., 
Meili, R., Devreotes, P.N., and Firtel, R.A. (2007). G protein-independent Ras/PI3K/F-
actin circuit regulates basic cell motility. J Cell Biol 178, 185-191. 



 

117 

Sato, M., Sato, K., Liou, W., Pant, S., Harada, A., and Grant, B.D. (2008). Regulation of 
endocytic recycling by C. elegans Rab35 and its regulator RME-4, a coated-pit protein. 
EMBO J 27, 1183-1196. 

Savage, N.S., Layton, A.T., and Lew, D.J. (2012). Mechanistic mathematical model of 
polarity in yeast. Molecular Biology of the Cell 23, 1998-2013. 

Schoumacher, M., Goldman, R.D., Louvard, D., and Vignjevic, D.M. (2010). Actin, 
microtubules, and vimentin intermediate filaments cooperate for elongation of 
invadopodia. J Cell Biol 189, 541-556. 

Seetharaman, A., Selman, G., Puckrin, R., Barbier, L., Wong, E., D'Souza, S.A., and Roy, 
P.J. (2011). MADD-4 is a secreted cue required for midline-oriented guidance in 
Caenorhabditis elegans. Developmental cell 21, 669-680. 

Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M., and Tessier-Lavigne, 
M. (1994). The netrins define a family of axon outgrowth-promoting proteins 
homologous to C. elegans UNC-6. Cell 78, 409-424. 

Serini, G., Napione, L., and Bussolino, F. (2008). Integrins team up with tyrosine kinase 
receptors and plexins to control angiogenesis. Curr Opin Hematol 15, 235-242. 

Shakir, M.A., Jiang, K., Struckhoff, E.C., Demarco, R.S., Patel, F.B., Soto, M.C., and 
Lundquist, E.A. (2008). The Arp2/3 Activators WAVE and WASP Have Distinct Genetic 
Interactions With Rac GTPases in Caenorhabditis elegans Axon Guidance. Genetics 179, 
1957-1971. 

Sharma-Kishore, R., White, J.G., Southgate, E., and Podbilewicz, B. (1999). Formation of 
the vulva in Caenorhabditis elegans: a paradigm for organogenesis. Development 126, 
691-699. 

Shekarabi, M., and Kennedy, T.E. (2002). The netrin-1 receptor DCC promotes filopodia 
formation and cell spreading by activating Cdc42 and Rac1. Mol Cell Neurosci 19, 1-17. 

Shekarabi, M., Moore, S.W., Tritsch, N.X., Morris, S.J., Bouchard, J.F., and Kennedy, T.E. 
(2005). Deleted in colorectal cancer binding netrin-1 mediates cell substrate adhesion and 
recruits Cdc42, Rac1, Pak1, and N-WASP into an intracellular signaling complex that 
promotes growth cone expansion. J Neurosci 25, 3132-3141. 

Shen, K., and Bargmann, C.I. (2003). The immunoglobulin superfamily protein SYG-1 
determines the location of specific synapses in C. elegans. Cell 112, 619-630. 

Sherwood, D.R. (2006). Cell invasion through basement membranes: an anchor of 
understanding. Trends Cell Biol 16, 250-256. 

Sherwood, D.R., Butler, J.A., Kramer, J.M., and Sternberg, P.W. (2005). FOS-1 Promotes 
Basement-Membrane Removal during Anchor-Cell Invasion in C. elegans. Cell 121, 951-
962. 



 

118 

Sherwood, D.R., and Sternberg, P.W. (2003). Anchor cell invasion into the vulval 
epithelium in C. elegans. Dev Cell 5, 21-31. 

Slack, F.J., Basson, M., Liu, Z., Ambros, V., Horvitz, H.R., and Ruvkun, G. (2000). The 
lin-41 RBCC Gene Acts in the C. elegans Heterochronic Pathway between the let-7 
Regulatory RNA and the LIN-29 Transcription Factor. Molecular Cell 5, 659-669. 

Slaughter, B.D., Smith, S.E., and Li, R. (2009). Symmetry Breaking in the Life Cycle of the 
Budding Yeast. Cold Spring Harb Perspect Biol 1. 

Sohrmann, M., and Peter, M. (2003). Polarizing without a c(l)ue. Trends Cell Biol 13, 526-
533. 

Steeg, P.S. (2003). Metastasis suppressors alter the signal transduction of cancer cells. 
Nat Rev Cancer 3, 55-63. 

Stehbens, S., and Wittmann, T. (2012). Targeting and transport: How microtubules 
control focal adhesion dynamics. J Cell Biol 198, 481-489. 

Stein, E., and Tessier-Lavigne, M. (2001). Hierarchical organization of guidance 
receptors: silencing of netrin attraction by slit through a Robo/DCC receptor complex. 
Science 291, 1928-1938. 

Stein, E., Zou, Y., Poo, M., and Tessier-Lavigne, M. (2001). Binding of DCC by netrin-1 to 
mediate axon guidance independent of adenosine A2B receptor activation. Science 291, 
1976-1982. 

Sternberg, P.W., and Horvitz, H.R. (1989). The combined action of two intercellular 
signaling pathways specifies three cell fates during vulval induction in C. elegans. Cell 
58, 679-693. 

Struckhoff, E.C., and Lundquist, E.A. (2003). The actin-binding protein UNC-115 is an 
effector of Rac signaling during axon pathfinding in C. elegans. Development 130, 693-
704. 

Teichmann, H.M., and Shen, K. (2011). UNC-6 and UNC-40 promote dendritic growth 
through PAR-4 in Caenorhabditis elegans neurons. Nature neuroscience 14, 165-172. 

Thomas, J.H., Birnby, D.A., and Vowels, J.J. (1993). Evidence for parallel processing of 
sensory information controlling dauer formation in Caenorhabditis elegans. Genetics 
134, 1105-1117. 

Tsai, T.Y., Choi, Y.S., Ma, W., Pomerening, J.R., Tang, C., and Ferrell, J.E., Jr. (2008). 
Robust, tunable biological oscillations from interlinked positive and negative feedback 
loops. Science 321, 126-129. 

Ulbrich, H., Eriksson, E.E., and Lindbom, L. (2003). Leukocyte and endothelial cell 
adhesion molecules as targets for therapeutic interventions in inflammatory disease. 
Trends Pharmacol Sci 24, 640-647. 



 

119 

van Hinsbergh, V.W.M., and Koolwijk, P. (2008). Endothelial sprouting and 
angiogenesis: matrix metalloproteinases in the lead. Cardiovascular Research 78, 203-
212. 

Wadsworth, W.G. (2002). Moving around in a worm: netrin UNC-6 and circumferential 
axon guidance in C. elegans. Trends in Neurosciences 25, 423-429. 

Wang, F. (2009). The signaling mechanisms underlying cell polarity and chemotaxis. 
Cold Spring Harb Perspect Biol 1, a002980. 

Wang, S., Voisin, M.-B., Larbi, K.Y., Dangerfield, J., Scheiermann, C., Tran, M., Maxwell, 
P.H., Sorokin, L., and Nourshargh, S. (2006). Venular basement membranes contain 
specific matrix protein low expression regions that act as exit points for emigrating 
neutrophils. The Journal of Experimental Medicine 203, 1519-1532. 

Wang, Z., and Sherwood, D.R. (2011). Chapter 5 - Dissection of Genetic Pathways in C. 
elegans. In Methods in Cell Biology, H.R. Joel, and S. Andrew, eds. (Academic Press), 
pp. 113-157. 

Weiner, O.D. (2002). Regulation of cell polarity during eukaryotic chemotaxis: the 
chemotactic compass. Curr Opin Cell Biol 14, 196-202. 

Wicks, S.R., Yeh, R.T., Gish, W.R., Waterston, R.H., and Plasterk, R.H. (2001). Rapid gene 
mapping in Caenorhabditis elegans using a high density polymorphism map. Nat Genet 
28, 160-164. 

Wickstrom, S.A., and Fassler, R. (2009). Integrins anchor the invasive machinery. Dev 
Cell 17, 158-160. 

Williams, B.D., and Waterston, R.H. (1994). Genes critical for muscle development and 
function in Caenorhabditis elegans identified through lethal mutations. J Cell Biol 124, 
475-490. 

Withee, J., Galligan, B., Hawkins, N., and Garriga, G. (2004). Caenorhabditis elegans 
WASP and Ena/VASP proteins play compensatory roles in morphogenesis and 
neuronal cell migration. Genetics 167, 1165-1176. 

Wu, M., Pastor-Pareja, J.C., and Xu, T. (2010). Interaction between Ras(V12) and 
scribbled clones induces tumour growth and invasion. Nature 463, 545-548. 

Xu, Z., Li, H., and Wadsworth, W.G. (2009). The roles of multiple UNC-40 (DCC) 
receptor-mediated signals in determining neuronal asymmetry induced by the UNC-6 
(netrin) ligand. Genetics 183, 941-949. 

Yamada, K.M., and Cukierman, E. (2007). Modeling Tissue Morphogenesis and Cancer 
in 3D. Cell 130, 601-610. 

Yoshiura, S., Ohta, N., and Matsuzaki, F. (2012). Tre1 GPCR signaling orients stem cell 
divisions in the Drosophila central nervous system. Dev Cell 22, 79-91. 



 

120 

Yu, T.W., Hao, J.C., Lim, W., Tessier-Lavigne, M., and Bargmann, C.I. (2002). Shared 
receptors in axon guidance: SAX-3/Robo signals via UNC-34/Enabled and a Netrin-
independent UNC-40/DCC function. Nature neuroscience 5, 1147-1154. 

Yurchenco, P.D., Cheng, Y.-S., Campbell, K., and Li, S. (2004). Loss of basement 
membrane, receptor and cytoskeletal lattices in a laminin-deficient muscular dystrophy. 
Journal of Cell Science 117, 735-742. 

Zallen, J.A., Yi, B.A., and Bargmann, C.I. (1998). The conserved immunoglobulin 
superfamily member SAX-3/Robo directs multiple aspects of axon guidance in C. 
elegans. Cell 92, 217-227. 

Zhen, M., Huang, X., Bamber, B., and Jin, Y. (2000). Regulation of presynaptic terminal 
organization by C. elegans RPM-1, a putative guanine nucleotide exchanger with a 
RING-H2 finger domain. Neuron 26, 331-343. 

Zhu, X.-J., Wang, C.-Z., Dai, P.-G., Xie, Y., Song, N.-N., Liu, Y., Du, Q.-S., Mei, L., Ding, 
Y.-Q., and Xiong, W.-C. (2007). Myosin X regulates netrin receptors and functions in 
axonal path-finding. Nat Cell Biol 9, 184-192. 

Ziel, J.W., Hagedorn, E.J., Audhya, A., and Sherwood, D.R. (2009). UNC-6 (netrin) 
orients the invasive membrane of the anchor cell in C. elegans. Nat Cell Biol 11, 183-189. 

Ziel, J.W., and Sherwood, D.R. (2010). Roles for netrin signaling outside of axon 
guidance: a view from the worm. Dev Dyn 239, 1296-1305. 

Zipkin, I.D., Kindt, R.M., and Kenyon, C.J. (1997). Role of a new Rho family member in 
cell migration and axon guidance in C. elegans. Cell 90, 883-894. 

 
 

 

 

 

 

 

 

 
 

 



 

121 

Biography 
Zheng graduated from the combined, accelerated M.D. and M.S. program in 

Tongji Medical College of Huazhong University of Science and Technology in China in 

2004. After that, he was trained as a general surgeon during his residency. His clinical 

experience involving extensive interactions with cancer-stricken patients and their 

family members propelled him to seek a cure for cancer through scientific research. 

Following his heart, he came to the School of Medicine of Stanford University to learn 

about cancer research. With his M.D. degree, he was appointed as a postdoctoral scholar 

in Department of Gastroenterology conducting human cancer research, which brought 

him the award, the Stanford Dean’s Fellowship, and the publications. During his time at 

Stanford, he developed a strong desire to broaden and deepen his understanding of 

basic sciences and scientific research. Later, he joined the UPGG program at Duke to 

pursue a Ph.D. degree in 2007. In Dr. David Sherwood’s lab, he focuses on cell invasion 

through basement membrane. If successfully defend, he will be receiving his Ph.D. 

degree in 2013. 

 

Publications 

1. Wang Z, Savage NS, Ziel JW, Chi Q, Zhang K, Hagedorn EJ, Sherwood DR. Netrin 
stabilizes UNC-40 (DCC)-generated oscillatory polarity to direct anchor cell invasion in 
C. elegans.  Submitted. 
 

2. Hagedorn EJ, Ziel JW, Morrissey MA, Linden LM, Wang Z, Chi Q, Johnson SA and 
Sherwood DR. UNC-40 (DCC) drives invasive protrusion formation at nascent sites of 
basement membrane Breach. J. Cell Biol, in press. 
 
 
 
3. Wang Z, and Sherwood, DR. (2011). Chapter 5: Dissection of Genetic Pathways in C. 
elegans. Caenorhabditis elegans: Modern Biological Analysis of an Organism. Methods in 
Cell Biology 106,113-157. 
 



 

122 

4. Hagedorn EJ, Yashiro H, Ziel JW, Ihara S, Wang Z, Sherwood DR. (2009). Integrin acts 
upstream of netrin signaling to regulate formation of the anchor cell's invasive 
membrane in C. elegans. Dev Cell  2, 187-198. 

 

5. Wang Z, Hao Y, Lowe AW. (2008). The adenocarcinoma-associated antigen, AGR2, 
promotes tumor growth, cell migration, and cellular transformation. Cancer Res 2, 492-
497. 

 

6. Hao Y, Sood S, Triadafilopoulos G, Kim JH, Wang Z, Sahbaie P, Omary MB, Lowe 
AW. (2007). Gene expression changes associated with Barrett's esophagus and Barrett's-
associated adenocarcinoma cell lines after acid or bile salt exposure. BMC Gastroenterol 
27, 7-24. 
 

 


	Zheng's Dissertation 47
	Zheng's Dissertation 47.2

