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Abstract 
The basement membrane (BM) is a highly conserved form of extracellular matrix 

that underlies or surrounds and supports most animal tissues. BMs are crossed by cells 

during various remodeling events in development, immune surveillance, or during 

cancer metastasis. Because BMs are dense and not easily penetrable, most of these cells 

must open a gap in order to facilitate their migration. The mechanisms by which cells 

execute these changes are poorly understood. A developmental event that requires the 

opening of a BM gap is C. elegans uterine-vulval connection. The anchor cell (AC), a 

specialized uterine cell, creates a de novo BM gap. Subsequent widening of the BM gap 

involves the underlying vulval precursor cells (VPCs) and the π cells, uterine neighbors 

of the AC through non-proteolytic BM sliding. Using forward and reverse genetic 

screening, transcriptome profiling, and live-cell imaging, I investigated how the cells in 

these tissues accomplish BM gap formation. In Chapter 2, I identify two potentially 

novel regulators of BM breaching, isolated through a large-scale forward genetic screen 

and characterize the invasion defect in these mutants. In Chapter 3, I describe single-cell 

transcriptome sequencing of the invasive AC. In Chapter 4, I describe the role of the π 

cells in opening the nascent BM gap. A complete developmental pathway for this 

process has been elucidated: the AC induces the π fate through Notch signaling, after 

which the π cells upregulate the Sec14 family protein CTG-1, which in turn restricts the 
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trafficking of DGN-1 (dystroglycan), a laminin receptor, allowing the BM to slide. 

Chapter 5 outlines the implications of these discoveries. 
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1. The Formation of Basement Membrane Gaps 
Most tissues in animals are underlain (epithelia and endothelia) or surrounded 

(muscle, fat, Schwan cells) by basement membranes (BMs), a highly conserved form of 

extracellular matrix. BMs are primarily composed of dense networks of laminin and 

type IV collagen, with other components providing reinforcement (LeBleu et al., 2007). 

The pore size of the BM when measured by scanning electron microscopy, is less than 

100 nm (Abrams et al., 2000). Though it varies by cell type, the smallest space through 

which cells can migrate is no less than 2 µm (Rowe and Weiss, 2008; Tucker et al., 1992; 

Wolf et al., 2013). A BM is therefore a formidable barrier to cell migration. Overcoming 

this barrier is essential in many contexts during development and normal tissue 

homeostasis, and occurs in disease states like metastatic cancer.  

 

1.1 Basement membrane gap formation in disease processes 

Understanding how cells create openings in BM barriers is relevant to human 

health. Epithelial cells may differentiate into myofibroblasts in response to hypoxia, 

invading into tissues and contributing to fibrosis (Copple, 2010). Pathogens also degrade 

BMs to invade tissues, including passing through the blood-brain barrier to infect the 

central nervous system (Elsheikha and Khan, 2010; Singh et al., 2012).  
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Most notably, cancer cells must cross BMs in migrating to distant sites during 

metastasis (Hagedorn and Sherwood, 2011; Rowe and Weiss, 2008). In order to 

successfully seed a secondary tumor, a metastasizing cell from a tumor of epithelial 

origin must cross multiple BM barriers: first in escaping the primary tumor site, then 

through BMs in the vasculature (Glentis et al., 2014; Sherwood, 2006). Much attention 

has been given to the role of proteolysis in BM clearing by metastasizing cells. High 

levels of expression of proteases, particularly the matrix metalloproteases (MMPs), have 

been correlated with progression in various types of cancer (Hofmann et al., 2005; 

Huang et al., 2016; Madigan et al., 2008).  MMPs and other proteases localize to 

invadopodia (Monsky et al., 1994; Nakahara et al., 1997), which are small, actin-rich 

protrusions thought to be used by invasive cells to breach BM barriers (Chen, 1989; 

Weaver, 2006). Invadopodia were first observed in vitro, in studies involving 

transformed cell lines, but have also been observed in ex vivo studies on primary cells 

(Kramer et al., 1986) and in an in vivo tumor metastasis model (Gligorijevic et al., 2012). 

Invadopodia are also enriched for actin regulators and scaffolding proteins that organize 

the cytoskeleton in these protrusions (Saykali and El-Sibai, 2014).  

Despite the evidence suggesting the importance of proteolytic degradation, 

inhibition of MMP activity failed to increase cancer patient survival during clinical trials 

(Overall and Kleifeld, 2006), suggesting cancer cells might be able to bypass the use of 

these proteases in invading through BMs. Indeed, recent evidence points to multiple 
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methods by which cells create and invade through gaps in BMs.  (Friedl and Alexander, 

2011; Kelley et al., 2014). Metastasizing cells might, for example, recruit the assistance of 

macrophages or endothelial cells, in opening BM gaps (Stoletov et al., 2007; Wyckoff et 

al., 2007). 

In addition, the applicability of substrates used as a substitute for BMs in in vitro 

assays has been called in to question.  Matrigel is often used as a substitute for BM 

because its components mimic that of BM (Kleinman and Martin, 2005), but it lacks the 

cross-linking that is present in in vivo BMs, forming a more easily penetrable barrier 

(Glentis et al., 2014) and contains laminin isoforms that are specific to fetal BMs (Rowe 

and Weiss, 2008). Matrix properties like stiffness and pore size can have a significant 

impact on the behavior of invading cells, modulating the number of invadopodia 

formed and morphology of the invading cell (Wolf et al., 2013).  

In vitro recreation of the environment in which cells create gaps in BMs is 

difficult. Such studies often ignore the surrounding cell types that might interact with an 

invading cell in opening BM gaps and fail to perfectly mimic underlying BM. This 

highlights the necessity of easily observable in vivo models of BM gap formation, which 

fully recapitulate the native environments in which these events occur. BM gap 

formation happens regularly during development and immune surveillance. Indeed, 

invasion through BMs in disease contexts are often considered misappropriate 
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activation of these normally occurring processes. Thus, it is important to understand 

how BM gaps form during these events. 

 

1.2 Basement membrane gap formation during development and 
tissue homeostasis 

During development, cells often migrate and rearrange their positions to form 

complex tissues. This sometimes means crossing BM barriers. Numerous developmental 

events require cells undergo epithelial-to-mesenchymal transition (EMT) in which cells 

create openings in BM then migrate through them. These include gastrulation, neural 

crest cell formation, trophoblast invasion, somitogenesis, and duct formation in various 

organs (Nakaya and Sheng, 2013). Tissues and their underlying BMs are also 

occasionally remodeled in post-embryonic contexts. During muscle wound repair, 

satellite cells that reside outside of the BM surrounding muscle migrate to the site of 

injury, cross the BM, then differentiate into new myofibers (Chen and Li, 2009).  Such 

events, which occur with predictable timing and localization and in model systems 

amendable to experimental manipulation, provide an opportunity to probe BM gap 

formation in a native tissue context.  

 Studies in these in vivo developmental systems have confirmed some aspects of 

BM removal observed in in vitro studies, but also uncovered novel mechanisms. The 

importance of proteolysis in BM gap formation has been validated in some contexts, 

while distinct mechanisms of BM removal have been observed in others. During sea 
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urchin gastrulation, MMPs are expressed, and BM gaps appear in the absence of cell 

movement (Omid and Nishioka, 1995; Saunders and McClay, 2014). MMP-based BM 

degradation has been shown to be required for Drosophila imaginal disc eversion 

during pupation (Srivastava et al., 2007). However, in mouse models, only loss of 

MMP14 is lethal (Page-McCaw et al., 2007), suggesting MMPs may be either highly 

redundant with one another or other proteases, or dispensable for BM gap opening 

events in the early embryo. During chick gastrulation, rather than proteolytic 

degradation, loss of the laminin receptor dystroglycan in primitive streak cells leads to 

BM breaks (Nakaya et al., 2011). In addition, physical forces from maternal tissue are 

necessary for distal visceral endoderm cells to properly breach the BM in early mouse 

development setting up the anterior-posterior axis (Hiramatsu et al., 2013). 

In some circumstances, cells may encounter existing gaps in the BM that are not 

large enough to transverse. These cells must widen these BM openings. One such 

example occurs as leukocytes cross BM barriers when exiting the vasculature to enter 

other tissues. They have been found to take advantage of pre-existing weak spots in 

vascular BMs (Wang et al., 2006), and to induce endothelial cells to exert temporary 

forces on BMs, assisting in spreading of the BM (Rabodzey et al., 2008). 

These studies highlight both the importance of and diversity with which cells 

might open or enlarge gaps in BMs. What is lacking is an in depth understanding of how 

cells might accomplish BM gap opening. These questions can only be answered in a 
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model that is not only amenable to genetic manipulation, but in which the behavior of 

individual cells as they interact with the BM can be carefully observed in real time.  

 

1.3 C. elegans uterine-vulval attachment: a powerful model to 
elucidate mechanism of cell invasion and BM gap formation.  

From its inception as a model system, C. elegans has been used to find novel 

genes associated with complex biological processes. A powerful tool is the forward 

genetic screen (Brenner, 1974; Jorgensen and Mango, 2002). Examples of novel findings 

resulting from screening in C. elegans includes the discoveries of the netrin axon 

guidance system (Brenner, 1974; Hedgecock et al., 1990), caspases (Yuan and Horvitz, 

1990), and microRNAs (Lee et al., 1993). In addition, there is a strong history of 

obtaining gene expression data, with extensive efforts to obtain stage- and/or cell-

specific transcriptomes (Hashimshony et al., 2012; Hutter and Moerman, 2015; Spencer 

et al., 2014; Von Stetina et al., 2007). Existing RNAi libraries provide a powerful means of 

systematically reducing the function of genes of interest (Rual et al., 2004; Simmer et al., 

2003). 

The benefits of C. elegans as a model system also include facile imaging. Proteins 

of interest, even extracellular proteins like those that comprise the BM, can be easily 

tagged (Hobert, 2002) and observed through the worm’s transparent cuticle. Combined 

with the invariant development with completely mapped cell lineages (Sulston and 

Horvitz, 1977), the behavior of a particular cell of interest can be dissected in detail.  
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In C. elegans development, the uterus and vulva initially exist as two juxtaposed 

but separated epithelial tissues, each with a corresponding BM (Figure 1). During the L3 

and L4 larval stages, these two tissues become connected as a necessary step to forming 

the functional adult vulva, through which the worm is able to lay progeny and mate 

(Newman et al., 1996; Sherwood, 2006).  The uterine anchor cell (AC)  initiates the 

connection between the uterus and vulva by invading through the underlying BMs to 

contact the 1o vulval precursor cells (VPCs) (Figure 1A) (Sherwood and Sternberg, 2003). 

This event is invariant and is tightly regulated in terms of developmental time and to 

correlate with the divisions of the cells that surround it, presenting the opportunity to 

study invasion predictably at single cell resolution. Like invasive cancer cells, the AC 

expresses matrix metalloproteases (Matus et al., 2015; Sherwood et al., 2005) and forms 

invadopodia (Hagedorn et al., 2013). Mediators of invasion discovered through 

screening for defects in AC invasion also affected the invasive ability of cancer cell lines 

in an ex vivo assay (Matus et al., 2010), indicating that the mechanisms by which cells 

breach BMs are highly conserved. While valuable insights have been gained by close 

observation and perturbation of AC invasion, in order to fully understand this process, a 

complete description of the genetics involved is necessary. Many of the genes involved 

in activating and executing the invasive program remain unknown. For example, 

although fos-1, which encodes the C. elegans ortholog of the vertebrate Fos proteins, was 

identified as a critical regulator of invasion (Sherwood et al., 2005), only a few of its 
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targets are known, and none of them fully recapitulate the invasion defect seen in fos-1 

mutants. Comprehensive screening for mutants deficient in AC and transcriptome 

profiling of the AC, which have yet to be completed, would expand our understanding 

of the genes involved in creating de novo BM breaches.  

Following the initial BM breach created by the AC, the BM gap continues to 

expand, until it is a few cell diameters wide (Figure 1B). This widening of the BM hole 

has been shown to be independent of proteolysis, as photoconverted segments of the 

BM at the edges of the nascent gap are not dissolved, but rather, to move intact away 

from the site of breach (Ihara et al., 2011). This newly discovered means of opening BM 

gaps has been termed BM sliding. The driving force behind this mechanism is VPC 

growth and invagination, as arresting VPC development prevents the expansion of the 

BM gap (Ihara et al., 2011).  VPC division also plays a role in expanding the gap, as 

preventing the division of the 1o VPCs also decreases BM gap size (Matus et al., 2014). 

The AC’s uterine neighbors, the p cells, also sit along the boundary of the expanding BM 

gap (Ihara et al., 2011), but their contribution in the process of BM sliding is unknown. 
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Figure 1: An overview of BM gap formation and expansion in C. elegans 
uterine-vulval connection 

(A) The AC initially sits above the gonadal and ventral BMs (left). The AC invades 
through the BMs to contact the 1o VPCs (orange), creating a de novo BM gap (right). 
Many genes regulating this process have yet to be identified. (B) After AC invasion is 
complete, the VPCs divide and invaginate (left) driving BM sliding as the BM gap 
expands past the 1o VPCs and the uterine p cells (right). The mechanism by which the 
p cells affect gap expansion is unknown.  

 

Due to its strengths as a genetic model organism, amenability to live cell 

imaging, and invariant development, C. elegans uterine-vulval connection is an excellent 

model in answering questions regarding BM gap opening in an in vivo context. In 

Chapters 2 and 3, I describe preliminary work in two complementary means of 

uncovering additional genes that function in the AC’s invasive program.  Chapter 2 

describes the isolation of 2 promising candidate regulators of invasion through forward 

genetic screening. Chapter 3 describes RNA-seq based transcriptome profiling of the AC 
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and neighboring non-invasive cells. In Chapter 4, I describe the discovery of a novel 

means of promoting BM sliding in the uterine p cells, through activation of a Sec14 

family member that restricts trafficking of the BM receptor dystroglycan. Chapter 5 

discusses this work in the context of other aspects of BM gap opening and outlines 

potential future directions.
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2. Isolation and characterization of regulators of AC 
invasion through forward genetic screening. 

This work was completed in collaboration with Hui Yi Grace Lim, an undergraduate 

student under my supervision.  

2.1 Introduction 

Cell invasion through basement membranes (BMs) is a fundamental aspect of 

development, normal tissue homeostasis, and disease, most notably in cancer 

progression through metastasis.  Despite its importance, there is much that remains to 

be discovered about how cells regulate and execute invasive behavior, particularly in the 

genetics of such events. Numerous pathways that have yet to be identified are likely to 

be involved in effecting the clearing of BMs. 

Forward genetic screening is a powerful tool to identify novel regulators of 

complex biological processes. A few examples include the discovery of key signaling 

pathways in embryonic patterning (Nusslein-Volhard and Wieschaus, 1980), the 

implication of BMPs in establishing left-right asymmetry (Chen et al., 1997), and 

uncovering the role of the exon junction complex in regulating mammalian brain size 

(Silver et al., 2010). Screening for novel regulators of de novo BM clearing would fill 

essential gaps in our understanding of this process.  

Despite the advantages to such a screen, it would be challenging to perform a 

screen for defects in BM gap formation in vertebrates or Drosophila.  Invasion through 
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BMs often occurs deep in tissues, making observation difficult. Thus to select mutants on 

the basis of this phenotype would be laborious, if not impossible. 

C. elegans anchor cell (AC) invasion during uterine-vulval connection is a visually 

accessible in vivo model of BM invasion, amenable to genetic screening. The AC initiates 

uterine-vulval connection by invading through the underlying BMs to contact the 

primary vulval precursor cells (VPCs, P6.p descendants), in a highly stereotyped 

manner during the L3 stage (Figure 2). The timing of invasion is tightly correlated with 

the timing of the VPC divisions. Wild type ACs invade during the P6.p 2-cell stage and 

complete invasion by the P6.p 4-cell stage.  

A series of transcriptional changes activates the invasive program in the AC. 

FOS-1, a bZIP transcription factor whose vertebrate orthologs are a part of the AP-1 

complex, and HLH-2, an ortholog of Drosophila Daughterless and vertebrate E proteins, 

both activate transcription of targets necessary for invasion  (Schindler and Sherwood, 

2011; Sherwood et al., 2005), including the expression of an additional transcription 

factor, EGL-43 (Hwang et al., 2007).  NHR-67 promotes the G1 arrest and differentiation 

of the AC (Matus et al., 2015). Meanwhile, the AC receives cues from the surrounding 

cells and matrix directing the timing and orientation of invasion. A yet to be identified 

diffusible cue secreted by the primary VPCs (the vulval cue) promotes invasion 

(Sherwood and Sternberg, 2003).  Integrin signaling polarizes components of the 

invasive membrane (Hagedorn et al., 2009). UNC-6 (Netrin) produced by the ventral 
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nerve cord polarizes and stabilizes UNC-40 (DCC) and its downstream effectors at the 

invasive membrane (Wang et al., 2014; Ziel et al., 2009). Changes to the BMs underlying 

the AC also occur. HIM-4 (hemicentin) joins the juxtaposed uterine and vulval BMs 

together in order to promote efficient invasion through both BMs (Morrissey et al., 2014). 

ZMP-1, a matrix metalloprotease whose expression is regulated by FOS-1 (Sherwood et 

al., 2005), may also facilitate invasion through proteolytic cleavage, though its loss 

creates only a minor defect in invasion, possibly due to genetic redundancy. Along the 

basal surface of the AC, invadopodia, actin-rich structures that mediate BM breach, 

rapidly form and turn over. Invadopodia formation is partially dependent on activated 

CDC-42 acting through the actin regulator WASP-1 (Lohmer et al., 2016) and UNC-60 

(cofilin), which promotes the turnover of actin in these structures. Invadopodia have 

specialized membrane components including PI(4,5)P2, MIG-2, and CED-10 that are 

trafficked through the endolysosome in an UNC-60 (cofilin)-dependent manner  

(Hagedorn et al., 2014) and targeted to the basal membrane by GDI-1 (Lohmer et al., 

2016). Once an initial breach is made, the AC transitions from the formation of 

invadopodia to an UNC-40-dependent single large protrusion, which physically 

displaces BM (Hagedorn et al., 2013).  
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Figure 2: A Summary of AC Invasion. 

In the nucleus (white circle), transcription factors NHR-67, HLH-2, FOS-1, and EGL-43 
activate the invasive program. NHR-67 promotes G1 arrest. HLH-2 and FOS-1 act 
through EGL-43 to promote the expression of HIM-4 and ZMP-1. Actin and 
invadopodial membrane components localization to the basal membrane depends on 
integrin. UNC-60 (cofilin) promotes recycling of invadopodial membrane 
components, while GDI-1 promotes their trafficking to the membrane. HIM-4 joins 
the uterine and vulval BMs (shown in green). CDC-42 promotes formation of 
invadopodia in response to the unidentified vulval cue, secreted by the VPCs (shown 
in white). ZMP-1 may promote invasion through proteolytic break-down of the BM. 
UNC-40 (DCC) activated and stabilized by UNC-6 (netrin) secreted from the ventral 
nerve cord (VNC) localizes to the invasive protrusion, shutting off the formation of  
invadopodia.  
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While previous studies have yielded important strides in understanding how 

cells invade, many of the genes involved remain unknown. For example, the 

transcription factor FOS-1 is a critical regulator of invasion (Sherwood et al., 2005), and 

while some of its targets are known, none have been able to fully recapitulate the 

invasion defect, suggesting other undiscovered transcriptional targets play a role in AC 

invasion. In addition, the timing of invasion is regulated by an unknown ligand secreted 

by the primary VPCs (Sherwood and Sternberg, 2003). 

To identify additional regulators of BM invasion, we sought to evaluate the AC 

invasion phenotypes of previously uncharacterized protruding vulva (Pvl) mutants. The 

Pvl phenotype occurs when the developing vulva fails to correctly evert during the L4 to 

adult transition, resulting in vulval tissue that bulges outside of the wild type body 

profile. The proper formation of the vulva is necessary for egg laying and efficient 

mating in the worm, but is dispensable for survival and reproduction. A Pvl phenotype 

is an indication of aberrant uterine-vulval connection and often occurs when AC 

invasion is deficient.  fos-1 (Sherwood et al., 2005), ina-1 (Hagedorn et al., 2009), and unc-

40 mutants (Ziel et al., 2009)  all have an AC invasion defect and resulting Pvl 

phenotype.  Studies have already been conducted screening for the Pvl phenotype 

through RNAi (Hagedorn et al., 2014; Matus et al., 2010), and by screening sterile Pvl 

mutants (Sherwood et al., 2005).  However, a comprehensive screen of fertile Pvl 

mutants has never been completed. Thus, we aimed to thoroughly interrogate the C. 
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elegans genome through a large-scale screen of fertile Pvl mutants. A forward genetic 

screen of 38,300 haploid genomes for the Pvl phenotype conducted by David Eisenmann 

and Stuart Kim identified 26 genes that regulated the positioning of VPCs during vulval 

morphogenesis, including 8 that mapped to previously uncharacterized loci (Eisenmann 

and Kim, 2000). We screened remaining uncharacterized strains for possible AC 

invasion defects. 

Of the 76 strains screened, we identified 8 strains deficient in AC invasion. One 

strain had a heterochronic defect, affecting the relative rates of development of the 

uterus and vulva, thus disrupting the vulval cue that induces invasion and was 

excluded from further consideration.  In another strain, we were unable to map the 

causative mutation to a single chromosome, while in another, we were unable to 

recapitulate the invasion defect after backcrossing. Three of these strains contained 

alleles that failed to complement unc-40, unc-6, and him-4, previously identified 

mediators of invasion, validating our screening approach. We present the remaining 2 

strains as promising candidates for identifying novel players in BM invasion. The 

expression or localization of several markers have also been characterized in these strain 

backgrounds to gain insight into the mechanisms for the AC invasion defects. We 

assessed vulval fate induction, HIM-4 (hemicentin) puncta formation, and polarization 

of markers for F-actin and PI(4,5)P2. Both mutations decreased HIM-4 secretion, and one 

affected F-actin and PIP2 polarization. 
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2.2 Results 

2.2.1 A forward genetic screen of Pvl mutants identifies candidate 
regulators of invasion 

In order to identify additional genes that regulate AC invasion, we screened an 

existing collection of previously unmapped and uncharacterized strains with a Pvl 

phenotype (Figure 3A) generated by EMS mutagenesis of 38,300 haploid genomes.  By 

scoring for defects in the timing or appearance of invasion, candidate regulators of 

invasion can be isolated. We assessed each strain for complete or partial blocks of 

invasion at the P6.p 4-cell stage, a time at which 100% of wild type anchor cells have 

invaded.  Completion of invasion was determined by the clearing of the underlying BM, 

which appears as a phase dense line by DIC (Figure 3B). Of the 76 strains screened, we 

identified 8 strains with AC invasion deficiencies in which 10% or more of the ACs 

failed to completely invade by the P6.p 4-cell stage (Table 1).  
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Figure 3: The Pvl phenotype and AC invasion defects. 

 (A) A wild type worm with normal vulval morphology (left) has laid some eggs, 
while a Pvl mutant worm (right, white arrow indicates protruding vulva) is unable to 
do so. (B) At the P6.p 4-cell stage, wild type ACs have completely invaded through the 
underlying BM (left), while ACs on fos-1 RNAi are blocked in their invasion (right). 
White arrowheads indicate the position of the AC. Black arrows point to the edges of 
the BM.  

 

Table 1: Efficiency of Invasion in Pvl Mutant Strains. 
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Strain 63 had a highly penetrant AC invasion defect. However, upon closer 

examination, this strain displayed a heterochronic change, dramatically advancing the 

timing of vulval development.   Thus, the lack of invasion was not due to defects in AC 

invasion per se, but rather that the vulval cells developed too soon, prior to AC 

competence to invade (Sherwood and Sternberg, 2003). A similar defect is seen in lin-28 

mutants (Sherwood and Sternberg, 2003), and this strain might contain a mutation in the 

lin-28 gene.  As a result, this strain was excluded from consideration in further analysis.   

 

2.2.2 Mapping of candidates to chromosomes 

To begin to examine the genetic nature of the putative mutations present in these 

strains, we mapped the Pvl-inducing mutations to chromosomes by crossing integrated 

fluorescent marker transgenes whose location to specific chromosomes is known into 

each mutant strain. F2 progeny from this cross were re-homozygosed for the causative 

mutation, based on the Pvl phenotype and assessed for the presence or absence of the 

fluorescent marker. A low percentage of Pvl worms positive for the transgene indicates 

non-independent segregation of the loci, suggesting that they are on the same 

chromosome (Table 2). Crosses proceeded until we obtained a repeatable positive result 

(low percentage of Pvl). The mutation in one strain, 198, failed to map to a chromosome, 

suggesting that the Pvl is the result of a polygenic interaction. We also rescored the 

mutant strains isolated from these backcrosses. While the Pvl phenotype in strain 6 



 

20 

appears to map to chromosome X, scoring several of the backcrossed strains yielded no 

defect in AC invasion, suggesting that the invasion defect in this strain is also due to a 

complex genetic interaction. As a result of this analysis, strains 198 and 6 were excluded 

from further analysis. 

 

Table 2: Percentages of Pvl progeny with fluorescent markers on known 
chromosomes.   

Strain 
Number I II III IV V X 

158 5.2%a -b - - - 76.4% 
198 66.7% 65.4% 76.9% 84.6% 76.9% 75.0% 
133 58.3% - - - - 0.0% 
6 - - - - - 23.3% 

167 71.0% - 100.0% 25.0% - 60.0% 
46 78.2% 0.0% - 69.0% 100.0% 60.0% 
47 71.4% - - - - 20.0% 

 

a. bolded and shaded numbers indicate likely chromosomal location. 

b. - indicates crossesthat were not scored due to a positive result for another chromosome. 

2.2.3 Confirmation of previously identified regulators of invasion 

Based on chromosome mapping data, we next performed complementation for 

known mutations that affect AC invasion and map to the same chromosome to rule out 

previously identified candidates (Table 3). F1 progeny bearing one allele for the putative 

mutations and one allele for a candidate gene known to affect AC invasion were scored 

for Pvl. The presence of the Pvl phenotype (a failure to complement) in these worms 
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would indicate that the putative mutation is in the same gene as the one in the candidate 

allele known to cause an AC invasion defect. The Pvl-inducing mutations in strains 158, 

133, and 47 failed to complement unc-40, unc-6, and him-4, respectively. As a result, these 

strains were excluded from further analysis.   

 

Table 3: Complementation with Known Regulators of Invasion. 

 

2.2.4 Vulval cell fate is not perturbed in 46 and 167 

After identifying previously known regulators of invasion, we proceeded to 

further characterize the defect in the remaining two strains: 46 and 167 (Figure 4A). We 

first sought to determine whether or not the 1o VPCs were specified. Without proper 

specification of these cells, the vulval cue is not produced, and ACs that do not receive 

the vulval cue fail to invade (Sherwood and Sternberg, 2003). In both mutant 

backgrounds, the expression of egl-17 >CFP was maintained. We concluded that the AC 

invasion defect in these worms was not due to loss of the vulval cue as a result of 

improper VPC specification. 
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Figure 4: Characterization of strains 46 and 167. 

 (A) DIC of wild type, strain 46, and strain 167 at the P6.p 4-cell stage. Strains 46 and 167 
display partial or complete blocks in BM invasion. (B) The expression of HIM-4::GFP 
in wild type, strain 46, and strain 167. Fewer HIM-4::GFP puncta are present in both 
mutant strains (n = 7 for wild type, 8 for strain 46, 10 for strain 167; **, p < 0.01, Student’s 
t-test). (C) Actin polarity in wild type and strains 46 and 167 (n = 9 for wild type, 12 for 
strain 46, 10 for strain 167;  *, p < 0.05, Student’s t-test). (D) PIP2 polarity in wild type 
and strains 46 and 167 (n = 6 for wild type, 7 for strain 46, 7 for strain 167, **, p < 0.01, 
Student’s t-test). 

 

2.2.5 Hemicentin secretion is decreased in Strains 46 and 167 

HIM-4 (Hemicentin) is a basement membrane component that functions as part 

of the B-LINK complex to hold the juxtaposed vulval and uterine BMs together, 

facilitating efficient invasion (Morrissey et al., 2014). HIM-4::GFP appears below the 



 

23 

footprint of the AC in puncta. The number of HIM-4 puncta is decreased in both 46 and 

167; the defect is more severe in 167 (Figure 4B).  This indicates that the invasion defect 

might be due to failure of the B-LINK to form in these mutants. 

 

 2.2.6 F-actin polarization is decreased while PIP2 polarization is 
increased in Strain 167 

Using fluorescently tagged moesin actin binding domain (mCherry::moeABD) as 

a marker for F-actin (Figure 4C) and the phospholipase C PH domain (mCherry::PLCδPH) 

as a marker for PI(4,5)P2 (Figure 4D), we assessed polarity of these two important 

invadopodial components. Polarization of F-actin and PIP2 were not significantly 

different from wild type distributions in strain 46. In strain 167, however, F-actin 

polarization was decreased while PIP2 polarization was increased.  

 

2.3 Discussion 

The mechanisms cells use to create de novo gaps in BMs remain poorly 

understood. Because of the complexities of screening for defects in this essential process 

in vertebrates, we sought to complete a comprehensive forward genetic screen using C. 

elegans AC invasion to identify novel regulators of BM gap formation. Our efforts have 

yielded 2 previously unidentified causative mutations that have intriguing cell 

biological phenotypes. 
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2.3.1 Evaluation of the Pvl Screen  

We had anticipated that because of the extent of the original screen (of more than 

38,000 haploid genomes), the screen might approach saturation. Typically, in C. elegans 

under standard mutagenesis conditions, one null mutation per gene for every 2,000 

haploid genomes occurs. Therefore, we would expect to isolate approximately 19 null 

mutations per gene from this screen. Because it does not seem that we have isolated 

more than one allele for any gene, this does not appear to be true. In fact, Therefore, it is 

possible that further forward genetic screening for the Pvl phenotype might provide 

additional candidate regulators of invasion. Despite the fact that we cannot conclude 

this screening has been comprehensive, we have obtained 2 strains deficient in AC 

invasion, containing mutations in novel genes critical to this process. 

 

2.3.2 Identification of Causative Mutations 

Further experimentation is needed in order to identify the causative mutations in 

strains 46 and 167. The CloudMap pipeline for single step single nucleotide 

polymorphism (SNP) mapping and sequencing provides a rapid means of doing so 

(Doitsidou, 2010). In this method, strains bearing the mutation of interest are crossed to 

a wild type strain (HA) that has a high frequency of known SNPs when compared to the 

starting strain, N2. Resulting F2 progeny are selected for the phenotype of interest and 

sequenced, with a pile up of N2 SNP signal and corresponding loss of HA SNP signal 
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indicating the location of the causative gene. Work was initiated to this end. However, 

our sequence data showed no clear loss of HA signal. We hypothesize that this was due 

to accidental selection of some self-progeny during the initial phases of the cross. As C. 

elegans are hermaphrodites, it is possible to obtain progeny that are isogenic with the 

parent during crosses. Selection of such worms would create an excess of N2 signal at all 

points across the genome, obscuring the HA signal. The crosses have been redesigned to 

account for this possibility: creating males from the mutant strain and crossing these into 

hermaphrodites of the HA strain will preclude the possibility of selecting self-progeny.  

Our characterization suggests hypotheses regarding the function of the genes 

affected in these strains. Because HIM-4 puncta are decreased in both strains, it is 

possible that they function as a part of the BM-joining B-LINK adhesion complex. This 

structure aids in efficiency of invasion as BMs that are riveted together can be penetrated 

simultaneously, whereas BMs that remain separated must be breached one at a time 

(Morrissey et al., 2014).  Strains could be crossed to him-4 mutants to test for 

enhancement of the invasion defect. The polarization of invadopodial components F-

actin and PIP2 are perturbed in ACs from strain 167.  The decrease in F-actin polarization 

could result in fewer invadopodia with which the AC breaches the BM, accounting for 

the invasion defect. Intriguingly, while the polarization of F-actin decreased, 

polarization of the invadopodial membrane components increased, suggesting that the 

function of the gene is to couple trafficking of invadopodial membrane to actin 
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polymerization.  Further study of the invadopodia is needed, including characterizing 

their number, lifetimes, and size, as well as to determine if they contain other markers of 

invadopodia like CED-10 and MIG-2.  
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3. Single Cell Transcriptome Profiling of Invasive C. 
elegans Anchor Cells 

3.1 Introduction 

Many transcriptional changes mediate the ability of cells to invade through 

basement membranes (BMs) (Matus et al., 2015; Ozanne et al., 2006). Determining the 

changes in gene expression that confer cells’ invasive capabilities is critical to our 

understanding of many important biological processes, including cancer metastasis. 

Gene expression studies of metastatic cells have yielded expression profiles (Barfeld et 

al., 2014; Broecker et al., 2016; Kim et al., 2016; Wei et al., 2014), but the goal of these 

studies has primarily been to develop diagnostic or prognostic markers, rather than 

gaining insight into the cell biological significance of such transcriptional changes. In 

addition, studies of tumors at single cell resolution have yielded varied expression 

profiles within a single tumor (Tirosh et al., 2016; Wang et al., 2002; Wu et al., 2015) and 

because of the unpredictability of BM invasion events, it is unlikely that a majority of the 

cells selected were actively invading. A better model is therefore needed to assay the 

transcriptional state of cells invading through BMs.  

The history of cell-type specific transcriptome profiling in C. elegans is brief but 

significant. The first cell types to be profiled were muscle (Roy et al., 2002), followed by 

neurons (Von Stetina et al., 2007). Subsequently, an extensive effort to profile various cell 

types during embryonic and larval development was published, although it focused on 

classes of cells rather than single cells (Spencer et al., 2011). Single cells from the early 
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embryo have been profiled (Hashimshony et al., 2012). In addition, a manual selection 

technique similar to the one described here was used to profile the migrating C. elegans 

male linker cell by RNA-seq (Schwarz et al., 2012). Recently, transcriptomes of specific 

neurons have also been obtained (Spencer et al., 2014; Wang et al., 2015). 

The C. elegans anchor cell (AC) invades through the underlying uterine and 

vulval BMs at a precise time during gonad development (Sherwood and Sternberg, 

2003). By growing ACs in their native tissue context until the point of invasion, we can 

isolate invasive cells as they breach through BMs and assay their transcriptomes.  

We therefore sought to obtain a transcriptome profile of the AC and to determine 

transcripts necessary to its invasive ability by comparing it to the transcriptome of a 

closely related non-invasive cell. Despite an apparent lack of resolution, the profiling 

revealed several candidate regulators that are differentially expressed between the ACs 

and the non-invading cells. Invading ACs displayed increased expression of two Heat 

shock protein 70 family members (F44E5.4 and F44E5.5) and downregulated expression 

of several transcripts, including some that are implicated in trafficking (trpp-3 and rab-

37) or adhesion (clec-12).  
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3.2 Results 

3.2.1 An overview of the AC selection and profiling workflow 

To isolate individual ACs just prior to invasion, worms were allowed to develop 

until the early L3 larval stage, then subjected to a dissociation by SDS-DTT and pronase 

that releases single cells (see Appendix A.2 for methods). The resulting suspension was 

kept on ice to arrest transcriptional changes.  The dissociated cells were searched 

visually for cells expressing GFP (lin-29 > GFP for ACs, zmp-5 > GFP for control cells). 

Each GFP positive cell was transferred into a separate tube of lysis buffer with a 

microcapillary. The resulting RNA pools were converted to cDNA libraries and 

amplified. To ensure the AC identity of each sample, libraries were then screened for the 

presence of cDNA corresponding to transcripts known to be expressed in the AC at the 

time of invasion: fos-1, mig-2, mig-6, lin-29, cdh-3 and zmp-1. Libraries passing these tests 

were processed and sequenced. Sequencing reads were mapped with Bowtie (Langmead 

et al., 2009). Differential expression was assessed with DESeq (Anders and Huber, 2010) 

(Figure 5). 
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Figure 5: Cell dissociation, selection, and sequencing workflow. 

Synchronized L1 larvae were plated and allowed to develop to the early L3 stage. After 
verifying that most worms were at or between the P6.p 2-cell or 4-cell stages, cells were 
dissociated with an SDS/dithiothreitol and pronase treatment, then filtered. Single 
GFP-positive cells were then transferred to lysis buffer using a microcapillary. 
Following lysis, RNA was reverse transcribed to create a cDNA library, which was 
polyA capped and subjected to minimal PCR amplification. After PCR marker 
verification, libraries were fragmented and tagged for sequencing. Sequencing reads 
were mapped with Bowtie (Langmead et al., 2009). Differential expression was assessed 
with DESeq (Anders and Huber, 2010). 

 

3.2.2 Dissociation of cells yields double-labeled anchor cells 

The strain selected for dissociation contained transgenes encoding two 

cytoplasmic fluorescent markers with promoters that drive expression in the AC at the 
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time of invasion (lin-29 > GFP (see Chapter 2); zmp-1 > mCherry (Kirouac and Sternberg, 

2003)).  These markers were selected after being identified as being most specific to the 

AC and having no visible overlap with each other in other cell types (Figure 6A). 

Samples subjected to the dissociation procedure yielded rare cells that expressed both 

GFP and mCherry markers (Figure 6B). However, we determined that the mCherry 

marker was not visible by eye under our cell selection conditions. As the lin-29 > GFP 

marker appeared much brighter in the AC than in other cell types at the time of invasion 

(at least 10 times the fluorescence intensity of any other cell type at the P6.p 2-cell (n = 22 

ACs, pharanx, or tail cells, n= 18 distal tip cells) or 4-cell stages (n = 23 ACs, pharanx, tail, 

or distal tip cells)), we proceeded to select cells for profiling on the basis of GFP 

expression alone.   
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Figure 6: AC GFP and mCherry markers. 

(A) The whole-worm expression of lin-29 > GFP (left), zmp-1 > mCherry (middle), and 
both markers together (right). These markers were expressed in only a few cells at the 
time of invasion and overlapped only in the AC. (B) A dissociated AC expresses both 
GFP and mCherry. Scale bar 1 um. 

 

3.2.3 Verification of AC identity by PCR marker checks 

In order to ensure that cells selected were ACs, we developed a PCR marker 

screening set. Primers were designed to amplify small regions of the 3’ end of transcripts 

known to be expressed in the AC during invasion: fos-1 (Sherwood et al., 2005), mig-2 

(Zipkin et al., 1997), mig-6 (Schindler and Sherwood, 2011), lin-29 (Bettinger et al., 1996), 

cdh-3 (Kirouac and Sternberg, 2003), and zmp-1 (Kirouac and Sternberg, 2003). After 

reverse transcription, DNA libraries were verified using these markers prior to 
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subsequent processing steps. Only libraries that tested positive for GFP and at least one 

of these markers were processed further. Of libraries obtained from the 40 cells selected, 

18 tested positive for GFP (45%), 5 tested positive for fos-1 (12.5%), 2 tested positive for 

mig-6 (5%), and 1 tested positive for lin-29 (2.5%). Five cells were selected for 

sequencing. 

 

3.2.4 Selection of control cells 

Transcripts that control the AC’s invasive ability should be upregulated or 

downregulated in comparison to non-invasive cell types. We therefore also dissociated 

worms expressing the transgene zmp-5 > GFP and selected GFP positive cells for 

profiling. zmp-5 is expressed in the dorsal uterine (DU) cells (Wang et al., 2014). Like the 

AC, DU cells are descended from the Z1 or Z4 cells of the primordial gonad, and are 

likely to express similar transcripts, except ones that are specific to the AC’s invasive 

program. As we were unable to verify primers for any additional markers of these cells, 

we selected libraries for sequencing on the basis of GFP amplification.  Of the libraries 

for the 14 cells selected, all tested positive for GFP transcripts (100%). Five cells with the 

strongest bands were selected for sequencing. 
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3.2.5 Metrics of sequence data reveal differences in AC versus DU 
transcriptomes but suggest a lack of resolution 

Pearson’s correlation values were calculated for each pair of ACs and each pair 

of control cells (Figure 7A). There was a higher degree of correlation between the AC 

samples (0.53 < r < 0.78) than the control samples (0.34 < r < 0.53), perhaps reflecting the 

fact that as a single specialized cell, there is less variation in the transcriptome of the AC 

than in neighboring cells. In addition, when blinding DESeq to the AC versus control 

sample identities, the libraries sorted correctly into corresponding groups (Figure 7B). 

This indicates that the ACs are more similar to one another than to the control cells, 

validating that our approach identifies differences between the transcriptomes of the 

ACs and DUs.  
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Figure 7: Metrics of Sequencing Data Quality. 

(A) The calculated Pearson’s correlation coefficients for each pair of ACs (Top, Right) 
and DU control cells (Bottom, Left). Green indicates the highest degree of correlation; 
purple indicates the lowest degree of correlation. (B) A plot depicting clustering based 
on similarity of samples from DESeq. Controls grouped separately from ACs. (C) The 
distribution of the number of transcripts detected in DUs and ACs. Green lines 
represent the mean.  

 

However, a mean of 2877 out of a possible 49318 transcripts were detected in the 

ACs, and a mean of 1282 were detected in control cells (Figure 7C). Both of these values 

are below the 8000-10000 genes detected in similar studies of single cells in C. elegans 

(Hashimshony et al., 2012; Schwarz et al., 2012; Wang et al., 2015)  Further, in assessing 
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transcripts known to be expressed in the AC during the time of invasion, many were 

undetected in multiple anchor cells (Table 4). Taken together, these data suggest a lack 

of resolution, with many transcripts that are present in the ACs or DUs not represented 

by our data. 

 

Table 4: Detection of transcripts known to be expressed in the AC. 

	
Gene	
name*	 AC1	 AC2	 AC3	 AC4	 AC5	 	
cdc-42	 0	 0	 0	 0	 0	 reads/m

illion	total	reads	

fos-1	 0	 0	 0.63	 0.97	 237.81	
him-4	 0	 0	 0	 692.35	 0	
hlh-2	 0	 0	 0	 1.94	 0	
ina-1	 0	 0	 0	 0	 0	
mig-2	 0	 0	 0	 13.58	 0	
mig-6	 0	 4.54	 4729.66	 0	 362.61	
unc-40	 0	 0	 0	 0	 97.82	
unc-60	 696.72	 2.84	 452.1	 1729.91	 323.82	
vab-10	 4.06	 0	 0	 3.88	 247.93	

 
	
*Reads are combined for genes with more than 1 isoform. 

 

 

3.2.6 Identification of Candidates 

Despite the lack of resolution, we sought to determine if our data yielded any 

candidate transcripts that were up or downregulated and could possibly function as 

mediators of invasion (Table 5). Four genes were significantly upregulated in the AC 
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compared to DU controls. The transcripts that were most upregulated were F44E5.4 and 

F44E5.5, both of which are heat shock proteins (Hsp70). Also upregulated were col-97 

and col-71, which are collagens not found in BM. Several transcripts were significantly 

downregulated in the AC as compared to control cells: trpp-3 (a gene thought to be 

involved in ER to Golgi transport), clec-12 (a C-type lectin), T27F6.7 (a nematode specific 

gene whose protein product localizes to the membrane), F43G9.4 (a nematode specific 

gene with unknown function), vbh-1 (a DEAD-box RNA helicase), dpf-3 (a dipeptidyl 

peptidase protease), and rab-37 (ortholog of human Rab37 or Rab26). 

  

Table 5: Genes Differentially Expressed Between ACs and DU Controls. 
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3.2.7 Expression data informs screening of defined lists of genes 

Further, this data set helped to prioritize screening efforts. Recent studies from 

our lab have identified the B-LINK, a complex that adheres the BMs beneath the AC 

together, allowing for efficient invasion (Morrissey et al., 2014). One component of the B-

LINK, the cytoskeletal linker VAB-10 (plakin), was known to interact with intermediate 

filaments in other contexts (Bosher et al., 2003). As a result, the role of intermediate 

filaments in AC invasion was investigated. An initial screen of intermediate filaments 

yielded only mild defects in AC invasion.  A review of the AC profiling data reveals that 

many intermediate filaments are expressed in the AC, and therefore may function 

redundantly. A combinatorial reduction of intermediate filaments that had the greatest 

defects when scored alone and were expressed in the AC according to our profiling data 

resulted in a more penetrant defect (Table 6)(Morrissey et al., 2014).  

 

Table 6: Transcription data on intermediate filaments and invasion defects. 

 reads/million total reads 
 AC mean Control mean RNAi invasion defect* 

ifc-2 238.867633 4.904805892 2% 
ifd-1 37.024384 0 2% 

ifd-2 56.62058082 0 9% 

ifc-2; fid-1; ifd-2   14% 
*Data published in Morrisey et al., 2014 
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3.3 Discussion 

We have presented here the first single-cell transcriptome data on the C. elegans 

AC. Profiling this cell presents a unique opportunity to study an invasive cell grown in 

its in vivo context until the time of BM breach and to obtain a pure population of cells 

actively invading, as opposed to studies done in vitro or on a heterogeneous population 

from tumors.  While we were unable to fully capture the AC transcriptome, our analysis 

still revealed previously unimplicated genes that are differentially expressed in the AC, 

promising candidates as regulators of invasion. 

 

3.3.1 Profiling yields possible candidates for regulation of invasion 

It should be noted that we have yet to verify whether or not the transcripts 

detected in this study are actually expressed in the AC and if they have a functional 

consequence in invasion. Nevertheless, the candidates identified likely play an 

intriguing role in regulating invasion. 

The two most significantly upregulated transcripts, F44E5.4 and F44E5.5, are 

Hsp70 orthologs. As a heat shock protein, Hsp70 may be upregulated in response to 

stresses involved in the dissociation process. The significantly higher detection of these 

transcripts in the AC could indicate that the AC is especially sensitive to these stresses. 

However, some studies link Hsp70 upregulation to human cancer cell metastasis (Juhasz 

et al., 2013). Heat shock proteins act as chaperones to ensure proper folding of other 
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proteins. Other chaperonins, the cct complex, have been shown to be regulators of AC 

invasion. Thus, F44E5.4 and F44E5.5 may be upregulated to facilitate invasion by 

affecting the folding of other proteins. Further study is needed to determine what Hsp70 

proteins might protect during the process of invasion. 

Interestingly, some genes that appear to be downregulated are known negative 

regulators of invasion.  For example clec-12 is an ortholog of tetranectin. High levels of 

tetranectin expression in ovarian tumor samples were correlated with a longer life 

expectancy in patients (Heeran et al., 2015). In addition, rab-37 has a human ortholog 

that promotes exocytosis of a matrix metalloprotease inhibitor, preventing metastasis 

(Tsai et al., 2014).  In the future it will be important to overexpress these in the AC and 

determine if increased expression blocks invasion.   

 

3.3.2 Single cell versus FACS approaches to transcriptome profiling 

The resolution problems we experienced in obtaining our RNA-seq data may be 

explained by the small input sample of RNA from each cell. With a small amount of 

RNA, an amplification procedure is necessary prior to sequencing. The amplification 

procedure selected for this work was a PCR-based approach, which is biased toward 

more highly expressed transcripts. Rare transcripts are amplified stochastically, as any 

transcript amplified in the first round of PCR extension is more likely to be amplified in 

subsequent rounds. The assumption that critical regulators of invasion must be highly 
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expressed in the AC precludes the possibility that rare transcripts, that are nonetheless 

more highly expressed than in other cell types, might be significant to the invasive 

program. It may also explain why transcripts known to be expressed in the AC were 

missed by this analysis in some cells. To assess the effect stochastic amplification might 

have on the detection of transcripts in the AC, technical replicates could be run by 

splitting the initial cDNA library prior to PCR amplification and comparing the resulting 

sequencing data. 

However, following completion of this work, a FACS-based method for 

transcriptome profiling of a small population of cells in C. elegans was developed 

(Spencer et al., 2014).  Spencer and colleagues were able to obtain a transcriptome for a 

pair of GFP-expressing neurons following dissociation. It is likely that a similar 

approach can be used to harvest and isolate a small sample of ACs from a large sample 

of worms. The larger pool of RNA resulting from a population of cells will likely make 

amplification bias less of an issue. In addition, gating conservatively to select only the 

strongest GFP expression may be more accurate than assessing GFP by eye, preventing 

selection of non-ACs. Although in cell sorting it is likely that a small fraction of cells that 

are not ACs might contaminate the sample, it is difficult to completely exclude this 

possibility by a single-cell selection, as additional cells might inadvertently be 

transferred (on the edges of the microcapillary, for example). The averaging effect of a 

larger population of cells would make the sample less sensitive to such events. Another 
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advantage of single cell RNA-seq compared to a FACS-sorted population would be in 

assessing variation between samples, which could not be accomplished from a 

population of cells. However, as the ACs come from isogenic populations and invade 

invariantly in relation to developmental time and space, it is difficult to imagine that a 

large amount of variation exists, or that any variation would be particularly meaningful 

in determining the mechanisms of AC invasion.  

 

3.3.3 Transcriptome profiling can complement other methods of gene 
discovery 

The detection of F44E5.4 and F44E5.5 (C. elegans Hsp70 orthologs) may highlight 

an important advantage that transcriptome profiling has in complementing other 

approaches to elucidating the mechanisms of AC invasion. It is possible that their role in 

invasion has gone undetected so far because they act redundantly, and thus, would not 

have been easily detected by screening for defects in uterine-vulval connection. This is 

reminiscent of the expression of multiple intermediate filaments in the AC. 

Combinatorial knock-down of intermediate filaments was necessary to create a dramatic 

defect in invasion.  

Additionally, negative regulators of invasion, genes whose expression must be 

decreased in order to facilitate invasion, would not be easily isolated in traditional 

screening methods, as their loss would not cause a block in invasion phenotype. We 
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have shown here that transcriptome profiling is likely to be an effective means of 

discovering these genes.   
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4. Boundary cells restrict dystroglycan trafficking to 
control basement membrane sliding during tissue 
remodeling 

Chapter 4 was modified from a manuscript (of the same title) submitted for review to 

eLife.   The authors of this manuscript are Shelly T.H. McClatchey, Zheng Wang, Lara Linden, 

Eric Hastie, Lin Wang, Wanqing Shen, Alan Chen, Qiuyi Chi, and David R. Sherwood. 

 

4.1 Introduction 

The basement membrane (BM) is a cell-associated, dense, sheet-like form of 

extracellular matrix that underlies all epithelia and endothelial tissue, and surrounds 

muscle, fat, and Schwann cells (Halfter et al., 2015; Yurchenco, 2011). BMs are built on 

polymeric laminin and type IV collagen networks that arose at the time of animal 

multicellularity, and may have been required for the evolution of complex tissues 

(Hynes, 2012; Ozbek et al., 2010). Consistent with this idea, BMs provide tissues with 

mechanical support, barrier functions, and cues for polarization, differentiation and 

growth (Breitkreutz et al., 2013; Hay, 1981; Poschl et al., 2004; Rasmussen et al., 2012; 

Suh and Miner, 2013; Yurchenco, 2011).  

Although it was generally thought that cell-BM interactions are static, live 

imaging studies have revealed that cell-BM interfaces are highly dynamic (Morrissey 

and Sherwood, 2015). One of the most dramatic examples of this mobility is cell-BM 

sliding, during which epithelial cell layers and their underlying BM sheets move (slide) 
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along one another independently to regulate tissue remodeling or renewal. Examples of 

cell-BM sliding are varied and include egg chamber rotation in Drosophila, where the 

follicle cells move along BM and deposit constricting strips of aligned type IV collagen, 

which direct egg elongation along the anterior-posterior axis (Cetera and Horne-

Badovinac, 2015; Haigo and Bilder, 2011). During salivary gland growth in vertebrates, 

the BM slides away from the bud tip toward the duct allowing bud expansion while 

restricting growth at the duct (Harunaga et al., 2014). Further, BM labeling and pulse 

chase experiments revealed that intestinal epithelial cells derived from the stem cell 

crypt slide along the BM towards the villus tips during differentiation to rapidly renew 

the gut epithelium (Clevers, 2013; Trier et al., 1990). Cell-BM sliding may be a common 

morphogenetic processes that regulates organ shaping during development, tissue 

homeostasis, and diseases such as cancer, where remodeling of cell-BM interfaces 

frequently occur (Kelley et al., 2014; Rowe and Weiss, 2008). Because of the challenge of 

visualizing and experimentally examining dynamic cell-BM interactions in vivo, 

however, mechanisms that control cell-BM sliding remain largely unknown. 

An experimentally tractable model to examine cell-BM sliding during tissue 

remodeling is uterine-vulval attachment in C. elegans (Schindler and Sherwood, 2013), a 

developmental process that is necessary for effective mating and egg laying in the 

worm. During the mid-L3 larval stage, uterine-vulval connection is initiated by a 

specialized uterine cell, the anchor cell (AC), that breaches the BM that separate these 
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tissues and attaches to the underlying vulval cells. Following AC invasion, the gap in the 

BM widens further, which allows additional connection between uterine and vulval cells 

(Ihara et al., 2011). BM gap widening does not involve BM degradation. Instead, optical 

highlighting of BM and manipulation of tissue dynamics has shown that growth and 

morphogenesis of the uterine and vulval tissues generate forces on the BM that drive 

BM sliding over the vulval and uterine cells to further expand the gap (Ihara et al., 2011). 

The vulval cells have a key role in controlling the extent of BM movement.  The centrally 

located vulval E and F cells, which contact the BM gap boundary, undergo precisely 

timed divisions to initiate BM sliding--cell rounding during divisions dramatically 

reduces cell contact with the BM and allows the BM to slide over the vulE and F cells 

(Matus et al., 2014). The BM stops sliding on the non-dividing vulD cell, which 

concentrates the BM adhesion receptor INA-1/PAT-3 (integrin) to stabilize the BM gap 

boundary (Ihara et al., 2011; Matus et al., 2014).  While cell divisions control BM sliding 

on the vulval side of the uterine-vulval connection, the role of the uterine π cells, which 

flank the AC, and sit on the opposing side of the BM gap boundary, remain unclear. 

Many receptors bind BM components and are possible regulators of BM sliding. 

Two of the most prominent classes of adhesion receptors that link BM to the 

cytoskeleton are integrin family members and the receptor dystroglycan (Bello et al., 

2015; Kramer, 2005; Yurchenco, 2011). Most studies have focused on how these receptors 

are activated or upregulated to strengthen adhesion, however there is a growing 
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appreciation of the importance of integrin and dystroglycan downregulation in 

morphogenetic, homeostatic, and disease processes (Agrawal et al., 2006; Bouvard et al., 

2013; Miller et al., 2015; Nakaya et al., 2013). Cells utilize a variety of mechanisms to 

reduce BM receptor adhesion. These include transcriptional downregulation, production 

of negative regulators that interfere with receptor activation, alterations in 

phosphorylation status, and changes in localization and trafficking (Bouvard et al., 2013; 

Nakaya et al., 2013; Poulton and Deng, 2006). Whether these strategies are used to 

modulate adhesion to control BM sliding is unknown. 

To address how the uterine BM gap boundary cells control BM sliding during 

uterine-vulval attachment in C. elegans, we carried out a mutagenesis screen.  Through 

this screen we identified a mutant in the gene encoding the LIN-29 protein, which is a 

Kruppel-family EGR (early growth response) protein (Harris and Horvitz, 2011), that is 

deficient in BM sliding. We show that LIN-29 is expressed and functions in the invading 

AC to promote BM sliding. We further find that LIN-29 regulates BM sliding through its 

role in maintaining AC expression of LAG-2, a transmembrane Notch ligand, which 

activates Notch signaling in the neighboring BM gap boundary cells, the uterine π cells 

that sit on BM next to the nascent breach. Through a targeted uterine-specific RNAi 

screen of putative direct Notch targets, we find that Notch activation in these uterine 

cells upregulates expression of CTG-1, a Sec14 domain phosphatidylinositol transfer 

protein that belongs to a poorly understood class of proteins implicated in regulating 
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vesicle trafficking (Grabon et al., 2015). Finally, using photobleaching, CRISPR/Cas-9 

targeted knockout, and cell-specific rescue experiments, we demonstrate that CTG-1 

functions in the uterine π cells to limit the cell surface trafficking of DGN-1 

(dystroglycan), and that reduction of DGN-1 is sufficient to promote BM sliding. 

Together these studies identify a new morphogenetic pathway—from signaling 

mechanism to effector—that promotes BM sliding, which can be used by invasive cells 

to enlarge BM openings and allow the direct interaction of cells between tissues. 

 

4.2 Results  

4.2.1 Summary of AC invasion and BM gap expansion 

During larval development, the uterine and vulval tissues in C. elegans are 

initially separated by the juxtaposed gonadal and ventral BMs. A specialized uterine 

cell, the AC, breaches these BMs during the mid-L3 larval stage to initiate uterine-vulval 

connection (Sherwood and Sternberg, 2003). AC invasion and BM remodeling occur in 

tight coordination with vulval development and can be staged according to the centrally 

located 1° fated P6.p vulval precursor cell (VPC) divisions. During invasion (P6.p 2 and 

4-cell stages) the gonadal and ventral BMs are breached and fuse at the edges of the 

invading AC (Figure 8A, (Ihara et al., 2011)). Following AC invasion, the vulval cells 

grow, invaginate, and divide (Ihara et al., 2011). The rapid expansion and invagination 

of the vulval cells generate forces on the BM that promote expansion of the nascent BM 
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opening through BM sliding over the vulval and uterine cells that sit at the boundary of 

the BM gap. Expansion of the BM gap allows direct contact between the cells that 

mediate uterine-vulval attachment (Ihara et al., 2011). Precisely timed divisions of the 

BM gap boundary vulval P6.p descendants (the vulE and vulF cells) during the late L3 

stage reduce BM adhesion, allowing the BM to slide over these dividing vulval cells 

(Matus et al., 2014). The BM gap halts its expansion over the non-dividing vulD cells 

during the early L4 stage (P6.p 8-cell stage); the vulD cells further stabilize the BM gap 

boundary by upregulating the integrin heterodimer INA-1/PAT-3 and the adhesion 

regulator VAB-19 (the worm ortholog of Kank) (see Figure 8A, (Ihara et al., 2011; Matus 

et al., 2014)). The ventral uterine (VU) cells neighboring the AC are also initially in 

contact with the BM. During the time of AC invasion, the adjacent six VU cells are 

specified to adopt a π fate through LAG-2/LIN-12 (Notch) signaling by the AC. During 

BM sliding the uterine π cells undergo one round of division (Newman et al., 1996). The 

role of the π cells, the uterine BM gap boundary cells, in regulating BM sliding is 

unknown. 

  

4.2.2 qy1 mutants have disruptions in BM sliding but not vulval 
morphogenesis  

To identify genes that regulate the morphogenetic process of BM sliding, we 

performed an F2 forward mutagenesis genetic screen ((Jorgensen and Mango, 2002); see 

Experimental Proceedures). We screened the F2 progeny of 12,000 mutagenized F1 
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animals and selected mutants with a protruding vulva (Pvl) phenotype, which often 

results from defects in uterine-vulval connection. Isolated Pvl mutants were then 

examined at high magnification (1,000x) using differential interference contrast (DIC) 

microscopy at the early L4 stage when BM position can be visualized as a phase dense 

line separating the uterine and vulval tissue. Through this screen we identified the 

mutant qy1, which had a highly penetrant defect in BM gap expansion after AC invasion 

(n = 20/20 animals by DIC). To better visualize and precisely quantify the BM gap defect, 

we crossed integrated transgenes expressing a functional fusion of the main structural 

BM component laminin to GFP (laminin::GFP) and an AC membrane marker (cdh-3 > 

mCherry::PLCδPH) into qy1 mutant animals (Figure 8B). Laminin::GFP shows the same 

localization as immunolocalized laminin (Sherwood and Sternberg, 2003). We measured 

the diameter of the BM gap at the early L4 (P6.p 8-cell stage) in the plane where the AC 

is in focus in wild type and qy1 worms (Figure 8C). The gap in the BM was significantly 

reduced in qy1 mutant animals (Figure 8B,C). Further, we found that that while in wild 

type animals, the BM moved away from both the anterior and posterior sides of the AC 

in most animals (n = 13/20 animals; the remaining 7 moved on one side), in qy1 animals 

the BM never moved away from both sides of the AC (n = 0/20 animals) and only 

occasionally moved slightly away from one side (n = 5/20 animals).  
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Figure 8: BM sliding during uterine-vulval connection and isolation of qy1. 

 (A) Top: During the mid-L3 larval stage (vulval P6.p 2-cell stage), the uterine anchor 
cell (AC) breaches the juxtaposed gonadal and ventral BMs and contacts the central 1° 
fated vulval precursor cells (VPCs; P6.px cells). Middle: After AC invasion is complete 
at the late L3 (P6.p 4-cell stage), VPC growth, divisions, and invagination drive BM 
sliding, which widens the BM gap. Ventral uterine (VU) π cells also begin to divide at 
the late L3. Bottom: By the early-to-mid L4 (P6.p 8-cell stage), the BM stops sliding and 
is stabilized over the non-dividing 2° fated vulD cells (dotted line) by vulD expression 
of cytoplasmic VAB-19 (Kank) and cell surface integrin. BM sliding allows direct 
connection between vulE and F cells with uterine π cells, which form the mature 
uterine-vulval connection. The regulation of BM sliding by the uterine π cells is 
unknown (represented with “?”). (B) A lateral, central plane (with the AC in focus) DIC 
image (top) with BM (laminin::GFP) and AC (cdh-3 > mCherry::PLCdPH) fluorescence 
(bottom) of the uterine-vulval connection at the P6.p 8-cell stage. In qy1 mutants the 
BM gap (top, white brackets=diameter; bottom, arrowheads=edges of gap) failed to 
widen after AC invasion. Scale Bar, 5 um. (C) Quantification of the BM gap diameter at 
the P6.p 8-cell stage in wild type (n = 16) and qy1 mutants (n = 16). Box signifies first 
and third quartiles and median measurement; whisker ends signify minimum and 
maximum values that fall within 1.5 times the interquartile range. The asterisks denote 
a statistically significant difference (** indicates P < 0.01 Wilcoxon rank sum test).  
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We postulated that the defect in BM position in qy1 mutant animals could result 

from the absence of BM sliding or alternatively the inappropriate deposition of new BM 

after sliding. To differentiate between these possibilities we directly examined BM 

sliding by performing optical highlighting experiments using transgenic animals 

expressing laminin tagged with the photoconvertible fluorophore Dendra 

(laminin::Dendra; Figure 9A, (Ihara et al., 2011)). Dendra is a stable, photoconvertible 

fluorescent protein that irreversibly switches from green to red following exposure to 

short wavelength light (Gurskaya et al., 2006). Segments of the BM adjacent to the 

invading AC were photoconverted at the P6.p 4-cell stage and imaged at the P6.p 8-cell 

stage. While marked edges of the BM gap moved away from the AC and rested over the 

vulD cell in wild type animals (n = 10/10 animals), optically highlighted segments 

maintained contact with the AC in qy1 mutants and failed to move over the vulD cell (n 

= 18/18 animals; Figure 9A). These observations indicate that the BM in qy1 animals fails 

to slide away from the AC and excludes additional BM deposition as a mechanism for 

the defect. Notably, the morphology of the developing vulva—including the number of 

VPCs and their relative positions (n = 15/15 animals, Figure 9B) and vulval height and 

width (Figure 10)—was the same in qy1 mutants compared with wild type animals. 

Taken together, these results indicate that qy1 mutants have a specific defect in BM 
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sliding that is independent of the role of the vulval cell divisions in controlling BM 

movement (Matus et al., 2014).  

 

 

Figure 9: qy1 mutants are defective in BM sliding but have normal vulval 
precursor morphology. 

(A) Fluorescence overlays of optical highlighting (photoconversion) of ~5 µm long 
laminin::Dendra segments (magenta in top; white in middle; white arrowheads in all 
images) in wild type (left) versus qy1 mutant (right). The fate of optically highlighted 
BM at the P6.p 4-cell stage (T=0’) was assessed at the P6.p 8-cell stage (T=240’). In wild 
type animals, optically highlighted laminin::Dendra at the edges of the BM gap slid 
from a position over the vulF precursor cell to over the vulD cell (indicated with dashed 
outline; n = 10/10 animals). In contrast, in qy1 mutants the optically highlighted laminin 
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did not move over the vulD cell (n = 18/18 animals). The arrow in the bottom panels 
indicates the AC. (B) Vulval morphology in wild type (left) versus a qy1 mutant (right). 
The number (see text) and positions of vulF, vulE, and vulD (outlined in CAAX::GFP) 
were normal in qy1 animals (top panels, grayscale). Overlay of VPCs (green) with 
laminin::mCherry (magenta; bottom) reveals boundaries of the narrower BM gap in the 
qy1 mutant (bracket). All images lateral, central plane. Scale Bars, 5 um. 

 

 

 

 

 

Figure 10: Vulval morphology measurements in lin-29 mutants. 

Quantification of vulval height (measured as the distance between the nucleus of vulE 
and the base of the vulva) and width (measured as the distance between the nuclei of 
the 2 vulD cells) in wild type (n = 34) and lin-29(qy1) (n = 16) No significant difference 
was observed (P > 0.05, Student’s t-test). 
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4.2.3 qy1 is an allele of the Kruppel-family early growth response 
(EGR) gene lin-29  

To determine the molecular nature of the qy1 mutation, we used a single-

nucleotide-polymorphism (SNP) based mapping strategy and complementation analysis 

(see Experimental Procedures; (Davis et al., 2005)). Using this strategy, we mapped the 

causative mutation of the qy1 allele to lin-29, which encodes a Kruppel-family EGR zinc-

finger protein transcription factor (Harris and Horvitz, 2011; Rougvie and Ambros, 

1995). We sequenced the qy1 allele and found that it introduces a nonsense mutation 

near the start of the region encoding the DNA binding domain in all three known 

isoforms of the gene (Figure 11A).  
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Figure 11: LIN-29 functions within the AC to promote BM gap expansion. 

(A) A schematic diagram of the lin-29 gene. Allele qy1 (red) creates an early stop codon 
affecting all three transcripts. Allele ga94 (blue) affects the lin-29a/b transcripts but 
leaves translation of lin-29c largely unaffected, while n546 (green) introduces a 
nonsense mutation affecting all three encoded isoforms of the LIN-29 protein. (B) 
Expression of GFP from a lin-29a/b > GFP transcriptional reporter in the AC throughout 
the course of BM gap expansion. (C) Quantification of the BM gap in wild type (n = 16) 
and lin-29(ga94) (n = 22) at the P6.p 8-cell stage. (D) Quantification of the BM gap in lin-
29(qy1) (n = 16) and AC specific rescue of LIN-29A (n = 15) at the P6.p 8-cell stage. (E) 
Laminin::GFP overlaid on DIC in wild type, lin-29(qy1), and a lin-29 mutant with AC 
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specific rescue of LIN-29A protein showing diameter of the BM gap (brackets). In C 
and D, ** indicates P < 0.05, Wilcoxon rank sum test. All images lateral, central plane. 
Scale Bars, 5 um. 

 

4.2.4 The LIN-29 protein is expressed and functions in the AC to 
promote BM sliding 

To determine where LIN-29 functions to promote BM sliding, we first examined 

the expression pattern of the lin-29 gene. We fused 5-kb of the 5’ cis-regulatory element 

of the lin-29 gene to GFP (lin-29a/b > GFP; see Experimental Proceedures). Using this 

reporter, we detected expression of lin-29 in the AC throughout the course of uterine-

vulval connection (Figure 11B), but did not detect expression in the other cells in contact 

with or bordering the BM boundary. This expression pattern is consistent with 

published immunofluorescence studies showing that the LIN-29 protein is expressed at 

high levels in the AC during this time (Bettinger et al., 1997). We also fused GFP to the 5-

kb region upstream of the lin-29c isoform (see Figure 11A), but did not see any 

expression in the uterine or vulval cells at the time of uterine-vulval connection. These 

results suggest that the lin-29a/b isoforms might act in the AC to promote BM sliding.  

To further test the idea that that the lin-29a/b isoforms have a specific function in 

BM sliding, we scored lin-29(ga94) mutants. The ga94 mutation creates an early stop 

codon in exon IV of the lin-29a and lin-29b isoforms but removes only the first two amino 

acids of the shorter lin-29c isoform (Figure 11A). Previous studies have reported that lin-

29(ga94) mutants display some, but not all of the phenotypes associated with lin-29 null 
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alleles (Bettinger et al., 1997). We measured BM gap expansion and found that ga94 

mutants had a similar defect in BM gap opening to qy1 mutants (Figure 11C). These 

results suggest that LIN-29A and/or LIN-29B—but not LIN-29C—promote BM gap 

expansion. We next performed an AC-specific rescue of lin-29a expression in lin-29 (qy1) 

mutant animals using an AC-specific promoter (lin-29(qy1); cdh-3 > lin-29a; (Kirouac and 

Sternberg, 2003)). We found that LIN-29A protein expressed only in the AC completely 

rescued BM gap expansion (Figure 11D,E). We conclude that LIN-29 functions within 

the AC to promote BM sliding. 

 

4.2.5 LIN-29 does not promote AC de-adherence from the BM to allow 
BM sliding 

As the BM remained in contact with the AC in most lin-29 mutants, we 

hypothesized that LIN-29 is required for AC de-adhesion from the BM. We used laser-

directed ablation to specifically kill the AC in qy1 mutants immediately after AC 

invasion and then assessed BM gap expansion. We found that the BM gap still failed to 

open in the absence of the AC in lin-29 mutant animals (n = 8/8 animals, Figure 12A). 

Ablation of the AC at this stage in wild type animals does not prevent BM sliding and 

gap expansion (Ihara et al., 2011). These results suggest that LIN-29 does not facilitate 

sliding by causing the AC to de-adhere from the BM.  
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Figure 12: AC-mediated Notch signaling to the uterine π cells promotes BM 
sliding. 

(A) Fluorescence overlays of laminin::GFP on DIC images show that the BM gap 
(brackets) failed to expand in lin-29(qy1) mutants after the AC was ablated (left, n = 8/8) 
or in mock ablated lin-29 mutants (middle, n = 8/8). However, the BM gap opened wider 
in lin-29 mutants after laser ablation of the uterine π cells (right, n = 5/8 animals; p < 
0.001, Fisher’s Exact Test). (B) Uterine-specific RNAi targeting the L4440 empty vector 
control (left) and the AC-expressed Notch ligand lag-2 (right) revealed that lag-2 is 
required for BM sliding (BM visualized with laminin::GFP, green) away from the AC 
(mCherry::PLCdPH, magenta). (C) Quantification of the BM gap size after treatment 
L4440 control (n = 62) and uterine-specific lag-2 RNAi (right, n = 68). Data was collected 
in 3 independent trials. (D) In sel-12(ty11) mutants, which perturbs LIN-12(Notch) 
signaling in the uterine  π cells, the BM gap (laminin::GFP, right; visualized at P6.p 8-
cell stage, DIC left) failed to expand. (E) Quantification of the BM gap in sel-12(ty11) 
(n = 15) and wild type (n = 15). For C and E, *** indicates P < 0.001 Wilcoxon rank sum 
test. All images lateral, central plane. Scale Bars, 5 µm. 
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4.2.6 LIN-29/AC-mediated uterine π cell fate specification is required 
for BM sliding 

We next hypothesized that the role of LIN-29 in the AC might be to regulate BM 

sliding through interactions with the neighboring uterine cells at the BM gap boundary. 

During the early L3 stage (just prior to the time of AC invasion), LIN-29 is required in 

the AC to specify the π cell fate in the six ventral uterine cell descendants that directly 

neighbor the AC (Newman et al., 2000; Newman, 1995). LIN-29 maintains the expression 

of the transmembrane Notch ligand LAG-2 in the AC, which activates LIN-12 in the 

neighboring ventral uterine cells and specifies the π cell fate (Newman et al., 2000). We 

thus investigated whether the π cell fate might be required for BM sliding. 

We perturbed π cell fate specification by knocking down lag-2 expression 

specifically in the uterine cells. Uterine-specific RNAi was attained with uterine-specific 

expression of the Argonaute/PIWI gene rde-1 in an rde-1 mutant background, which 

restores RNAi only in the uterine tissue (Hagedorn et al., 2009). Uterine LAG-2 

knockdown recapitulated the BM sliding defect seen in lin-29 mutants (Figure 12B,C), 

suggesting that LIN-29 acts in a LAG-2 dependent manner to promote BM sliding. We 

also assessed gap expansion in mutants that lacked the ability to transduce Notch 

signaling in the π cells (sel-12(ty11)). SEL-12 is a C. elegans presenilin that cleaves ligand 

bound LIN-12 (Notch) so that the intracellular domain is released to translocate to the 

nucleus and activate target gene expression. No other C. elegans presenilins act in the 

prospective π cells (Cinar et al., 2001), so loss of sel-12 specifically targets π cell 
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specification and circumvents other phenotypes associated with loss of Notch signaling. 

Loss of sel-12 led to a similar defect in BM gap expansion as lin-29 mutants (Figure 

12D,E). These observations offer strong evidence that LIN-29 in the AC regulates BM 

sliding by specifying ventral uterine descendents adjacent to the BM gap boundary to 

adopt the π cell fate. 

 

4.2.7 Ablation of the ventral uterine cells restores BM sliding in lin-29 
mutants 

We next hypothesized that LIN-29 mediated specification of the π cells was 

required for them to reduce their adhesion from the BM. If this were the case, removal of 

the unspecified uterine boundary cells should restore BM sliding in lin-29 mutants. To 

test this notion, we ablated the precursors of the π cells (ventral uterine cells) in lin-29 

(qy1) mutants. We found that this treatment rescued the BM sliding defect (n = 5/8 

animals, Figure 12A). These results support the idea that π cell fate specification leads to 

reduced adhesion to the BM, which facilitates BM sliding.  

 

4.2.8 Uterine π cell divisions are not required to facilitate BM sliding  

When the vulval cells vulE and vulF divide at the BM gap boundary, the cells 

round and briefly reduce their attachment to the BM. This loss of attachment during 

division promotes BM movement over vulE and vulF, which then stops at the non-

dividing vulD cell (Matus et al., 2014). We thus hypothesized that the uterine π cell 
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divisions, which occur near the time of primary vulval cell divisions (see Figure 8A and 

Figure 13A), might be coordinated with the vulE and vulF divisions to facilitate the 

sliding of the linked ventral and gonadal BMs. 

During the time of BM gap expansion (P6.p 4-cell to 6-cell transition) each π cell 

divides once along the dorsal-ventral axis (Figure 13A). To examine the precise timing of 

these π cell divisions in relation to the vulval divisions, we used a membrane bound 

GFP that marks both the VPCs and the uterine cells (CED-10::GFP; (Ziel et al., 2009)). 

While the π cells began dividing near the same time as the vuE and vulF cells, we found 

little correlation between the timing of their divisions (n = 8/46 π cells in 13 animals 

dividing coincidently with vulE on the other side of the BM, n = 16/54 π cells in 12 

animals dividing coincidently with vulF on the other side of the BM, Figure 13B). These 

observations suggest that coordination of π cell divisions with vulE and vulF divisions 

are not required for BM sliding.  

To directly determine if π cell divisions are required to expand the BM gap, we 

blocked their division by expressing the cyclin dependent kinase inhibitor cki-1 driven 

with an early π cell specific promoter (egl-13 > cki-1::GFP) in wild type animals (Figure 

13C). egl-13 initiates expression at the time of π cell birth when there are six π cells in the 

late L3 stage (Cinar et al., 2003).  We found no difference in the BM gap size at the P6.p 

8-cell stage between animals (Hanna-Rose and Han, 1999) in which π cell divisions had 

been arrested compared to wild type controls (Figure 13D). We conclude that π cell 
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divisions are not required for these BM boundary cells to loosen their adhesion to the 

BM to promote BM sliding.  

 

 

Figure 13: π cell division does not regulate BM sliding. 

(A) A schematic diagram presenting the hypothesis that uterine π cell (blue) divisions 
(along the dorsal-ventral axis) are coordinated with divisions of the underlying vulE 
and vulF cells (red, which divide along the left-right axis) such that the BM (green) is 
released on both sides when dividing cells lose contact with the BM, allowing it to 
slide. (B) Fluorescence overlay showing a cell membrane marker (CED-10::GFP, green) 
of dividing vulE (dashed outline) and adjacent uterine π cells (asterisk denotes a 
dividing cell and arrowhead a non-dividing cell) with the BM (laminin::mCherry, 
magenta). (C) A lateral, central plane DIC image of wild type (left) with inset showing 
divided π cells expressing egl-13 > GFP had a similar BM gap size (bracket) to an animal 
expressing egl-13 > CKI-1::GFP (right), in which π cell divisions were arrested. (D) 
Quantification of the BM gap in wild type (n = 15) and egl-13 > CKI-1::GFP (n = 13). 
Only animals in which none of the π cells divided were included in the analysis. No 
significant difference was observed (P > 0.05, Wilcoxon rank sum test).  
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4.2.9 π cells do not completely lose contact with the BM during BM 
sliding 

We next examined the relationship of the BM to the π cells during BM sliding 

and stabilization. Notably, on the vulval side of the developing uterine-vulval 

connection, the BM moves completely over the dividing vulE and vulF cells and the 

edge of the BM gap stabilizes on the non-dividing vulD cell (Matus et al., 2014). In 

contrast, we found that as the BM slid along the π cells to expand the gap, the edge of 

the BM gap stabilized on the π cells; BM maintained contact with a significant portion 

the ventral π cells (n = 13/13 animals imaged during the BM gap expansion, Figure 14A-

C). These observations indicate that, in contrast to the vulval cells that lose attachment to 

the BM, the uterine π cells remain in contact with and are possibly adherent to the BM as 

the BM slides. 
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Figure 14: The π cells remain in contact with the BM during and after BM 
sliding. 

(A) A schematic describing image planes of lateral view (orange) and ventral view 
(purple) of the π cells.  (B) In the early P6.p 6-cell stage, the π cells (visualized egl-13 > 
GFP, green) lie almost completely over BM (magenta).   (C) By the P6.p 8-cell stage, the 
BM slides open farther and the π cells loose BM contact in the central region, but 
maintain contact on the lateral edges of the cell. Scale bars, 5 um. In B and C, ventral 
perspective is a max intensity projection of all z-slices with the BM gap edge and the 
edge of the BM highlighted in merge (white dashed line). 

 

4.2.10 LIN-12/Notch signaling promotes BM sliding by upregulating 
ctg-1 (Sec14) in the π cells.  

Based on our observations, we hypothesized that LIN-29-mediated LIN-12/Notch 

activation in the π cells may result in transcriptional changes in the π cells that reduce 
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but do not eliminate cell-BM adhesion. During LIN-12/Notch activation, the intracellular 

domain of LIN-12/Notch is cleaved and enters the nucleus where it forms a complex 

with the DNA binding protein LAG-1 (the worm ortholog of CSL) that promotes 

expression of LIN-12/Notch target genes (Greenwald, 2012). Bioinformatic studies have 

previously identified 163 putative direct targets of LIN-12/Notch that contain clusters of 

LAG-1 binding sites (Yoo, 2004). We conducted an RNAi screen of 104 of the 163 

presumptive Notch targets to assess BM gap opening. Worms were scored as having a 

small BM gap diameter if the BM remained in contact with the AC or vulF cells at the 

P6.p 8-cell stage—a time when the BM stabilizes over vulD in control animals. Through 

this screen, we found that RNAi-mediated knock down of ctg-1 expression, which 

encodes a C. elegans homolog of the Sec14 family of phospholipid transfer proteins, led 

to a similar BM sliding defect as knock down of the LIN-12/Notch ligand lag-2 (Table 6). 

Furthermore, we found that RNAi-mediated knock down of ctg-1 expression in a uterine 

specific RNAi strain also resulted in a BM sliding defect and smaller BM opening (Figure 

15A). These results are consistent with the possibility that ctg-1 is a primary target of 

LIN-12/Notch signaling in the π cells and mediates BM sliding.  

The upstream regulatory region of ctg-1 has 19 LAG-1 binding sites (Figure 

16A,B), which is why it is predicted to have direct transcriptional regulation by LIN-

12/Notch signaling. To determine if ctg-1 is upregulated in the π cells, we created a 

transcriptional reporter for ctg-1 by replacing the majority of the coding region with GFP 
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using CRISPR/Cas9 genome editing (Figure 16C-E ; ctg-1 > GFP; qy11 allele) (Dickinson 

et al., 2013). Strikingly, we found ctg-1 > GFP was specifically upregulated in the π cells 

during the time of BM sliding in wild type animals (Figure 15B), but not lin-29 mutants 

(Figure 15B,C). Furthermore, as this GFP insertion created a ctg-1 loss of function 

mutation, we examined BM sliding in qy11 worms and confirmed that genetic loss of ctg-

1 led to reduction in BM sliding and gap opening (Figure 15D,E). To assess whether 

restoration of CTG-1 in the ventral uterine cells in a lin-29 mutant could restore BM 

sliding, we expressed a full-length GFP translational fusion of ctg-1 under the control of 

a pan-uterine promoter (fos-1 > ctg-1::GFP) in lin-29 mutant animals. CTG-1::GFP 

predominantly localized to the cytosol of the uterine cells (Figure 17), consistent with 

reports of Sec14 family protein localization in yeast, plant and mammalian cells (Schnabl 

et al., 2003; Shibata et al., 2001). Restoration of uterine expression of CTG-1::GFP in lin-29 

mutants rescued BM sliding and gap opening (Figure 15F,G). Taken together, these 

results offer compelling evidence that ctg-1 is a direct and crucial transcriptional target 

of LIN-29-mediated LIN-12/Notch signaling in the π cells that promotes BM sliding. 
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Table 7:  Presumptive Notch targets screened by RNAi for BM sliding defects. 

Gene Public 
Name 

Sequence 
Name 

Trial 1 Trial 2 Trial 3 % Small 
Gap 

Homology/Gene 
ontology 

    Small 
BM 

Gap 

Total Small 
BM 

Gap 

Total Small 
BM 

Gap 

Total     

L4440 (- 
control) 

  0 15 2 32 2 30 5.19   

lag-2 (+ 
control) 

  10 24 7 27 9 27 33.33   

ctg-1 H06O01.3 9 30 4 15 8 20 32.31 cral/trio and gold domain,  
SEC14-like protein 2 

C04E6.7 C04E6.7 6 30         20.00 Acyl-coa dehydrogenase 
family member 10 

ser-5 F16D3.7 5 30         16.67 GPCR, serotonin receptor 

lst-1 T22A3.3 5 30         16.67 no known orthologs outside of 
nematodes, embryo 
development 

M02E1.1 M02E1.1 4 26         15.38 no known vertebrate orthologs 

srd-1 F33H1.5 6 39         15.38 GPCR, serpentine receptor 
chemosensory 

twk-16 F52E4.4 4 28         14.29 TWiK potassium channel 

C05D9.8 C05D9.8 4 29         13.79 Type VI collagen 

cyp-43A1 E03E2.1 6 44         13.64 Cytochrome P450 3A4 isoform 
2 

nhr-196 K06B4.5  4 30         13.33 HNF4-Alpha-3 of Hepatocyte 
nuclear factor 4-alpha 

F28C10.3  F28C10.3 5 38         13.16 Ribosomal protein S6 kinase 
alpha-3 

F09A5.4 F09A5.4 4 32         12.50 MOB (Mps One Binder) 
coactivators of NDR/LATS 
protein kinases 

egl-4 F55A8.2 5 40         12.50 Isoform Beta of cGMP-
dependent protein kinase 1 

T24E12.10 T24E12.10 6 56         10.71 acidic repeat-containing 
protein 

lin-10 C09H6.2 3 30         10.00 Amyloid beta A4 precursor 
protein-binding family A 
member 2 isoform b 

Y60C6A.1 Y60C6A.1 3 30         10.00 no known vertebrate 
orthologs, integral component 
of membrane 

K09H11.1 K09H11.1 3 30         10.00 Acyl-CoA dehydrogenase 
family member 10 

C04E6.8 C04E6.8 3 30         10.00 no known vertebrate orthologs 

F46G10.4 F46G10.4 3 30         10.00 Alpha/beta hydrolase fold 
domain, fungal lipase like 
domain 

C10E2.5 C10E2.5 3 30         10.00 no known vertebrate orthologs 

skr-21 K08H2.1 3 30         10.00 S-phase kinase associated 
protein 1 

nrx-1  C29A12.4 3 30         10.00 homologous to 
uncharacterized human 
protein, affects life span 

tpra-1 D1046.5 3 32         9.38 Transmembrane protein 
adipocyte related 1 

col-160 F57B1.4 3 32         9.38 Isoform 1 of collagen alpha-
1(III) chain 

mboa-5 ZK550.1 3 33         9.09 Isoform 3 of lysophospholipid 
acyltransferase 1 

lst-2 R160.7 3 33         9.09 Zinc finger, FYVE domain 
containing 28 
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R02F2.1 R02F2.1 3 33         9.09 Cyclin-I 

madf-2 F36D1.1 3 35         8.57 MADF domain transcription 
factor 

F01G10.9 F01G10.9 3 35         8.57 Homologous to human 
conserved hypothetical protein 

cdkl-1 Y42A5A.4 3 35         8.57 Cyclin-dependent kinase-like 4 

C10E2.4 C10E2.4 2 24         8.33 no known vertebrate orthologs 

ceh-36 C37E2.4 2 25         8.00 Cone-rod homeobox protein 

dpy-23 R160.1 3 39         7.69 adaptor-related protein 
complex 2, Mu 1 

col-162 Y2H9A.3 3 40         7.50 Surfactant Protein D 

sre-13 C38C6.4 2 27         7.41 Serpentine receptor class 
epsilon-13 

F21D12.2 F21D12.2 4 54         7.41 no known vertebrate 
orthologs, apoptosis and 
oogenesis 

blos-8 R03A10.1 2 28         7.14 no known vertebrate orthologs 

alg-1 F48F7.1 3 43         6.98 Protein argonaute-4 

Y71F9B.13  Y71F9B.13  4 59         6.78 no known vertebrate orthologs 

H34C03.2 H34C03.2 2 30         6.67 ubiquitin specific peptidase 4 

nhr-97 H27C11.1 2 30         6.67 nuclear receptor 5A1 

Y40H4A.2 Y40H4A.2 2 30         6.67 Protein phosphatase 1, 
catalytic subunit, beta isozyme 

lst-3 Y37A1B.1 2 30         6.67 Cell cycle and apoptosis 
regulator 1 and 2 

K09H11.6 K09H11.6 2 30         6.67 no known vertebrate 
orthologs, integral component 
of membrane 

cat-1 W01C8.6 2 30         6.67 Synaptic vesicular amine 
transporter 

npr-7 F35G8.1 2 30         6.67 Neuropeptide Y receptor Y1 

lgc-23 C15A7.1 2 30         6.67 Neuronal acetylcholine 
receptor subunit alpha-7 

F57G12.1 F57G12.1 2 30         6.67 no known vertebrate orthologs 

Y7A5A.5 Y7A5A.5 2 30         6.67 no known vertebrate orthologs 

mau-2 C09H6.3 2 30         6.67 Isoform 1 of MAU2 chromatid 
cohesion factor homolog 

F32A5.4  F32A5.4 2 30         6.67 no known vertebrate orthologs 

lron-12 Y75B8A.5 2 31         6.45 Isoform 1 of Leucine-rich 
repeat-containing protein 15 

B0294.3  B0294.3 2 31         6.45 no known vertebrate orthologs 

afd-1 W03F11.6 2 31         6.45 MLLT4 (myeloid/lymphoid or 
mixed-lineage leukemia 
translocated to, 4). 

mlt-10 C09E8.3 2 31         6.45 Isoform 1 of Neurofilament 
heavy polypeptide 

sams-1 C49F5.1 3 47         6.38 S-adenosylmethionine 
synthase isoform type-1 

T23G4.2 T23G4.2 2 32         6.25 Lon peptidase 2, peroxisomal 

F52G2.3 F52G2.3 2 32         6.25 no known vertebrate 
orthologs, embryo 
development 

F02A9.4  F02A9.4 2 32         6.25 METHYLCROTONOYL-
COENZYME A 
CARBOXYLASE 2 (BETA)  

F09C3.2  F09C3.2 2 32         6.25 N-acetylneuraminic acid 
phosphatase 

F46G10.4  F46G10.4 2 35         5.71 no known vertebrate 
orthologs, hydrolase activity 
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ZK669.1 ZK669.1 1 21         4.76 GEM interacting protein, 
histocompatibility (minor) HA-1 

K03C7.3 K03C7.3 2 42         4.76 no known vertebrate 
orthologs, integral component 
of membrane 

M04G7.1 M04G7.1 2 43         4.65 no known vertebrate 
orthologs, integral component 
of membrane 

ZK994.1 ZK994.1 1 22         4.55 carboxylesterase 4A, carboxyl 
ester lipase 

trk-1 D1073.1 2 46         4.35 ROS Proto-Oncogene 1 , 
Receptor Tyrosine Kinase 

sygl-1 T27F6.4 1 27         3.70 no known vertebrate orthologs 

T22F7.4 T22F7.4 1 29         3.45 no known vertebrate orthologs 

F09C3.2 F09C3.2 1 30         3.33 N-acetylneuraminic acid 
phosphatase 

ulp-2 Y38A8.3 1 30         3.33 SUMO1/sentrin specific 
peptidase 6 and 7 

vha-7 C26H9A.1 1 30         3.33 V-type proton ATPase 116 
kDa subunit a isoform 1 
isoform a 

F33E2.6 F33E2.6 1 30         3.33 no known vertebrate orthologs 

R11F4.2 R11F4.2 1 30         3.33 no known vertebrate 
orthologs, GPCR 

cutl-16 K06A1.3 1 30         3.33 Intestinal mucin 2 

ZK669.3 ZK669.3 1 30         3.33 Interferon, gamma-inducible 
protein 30 

rpc-1 C42D4.8 1 30         3.33 polymerase (RNA) III (DNA 
directed) polypeptide A 

qui-1 Y45F10B.10 1 30         3.33 homologous to human 
uncharacterized protein, bitter 
taste perception 

nhr-270 R13D11.8 1 30         3.33 Isoform HNF4-Alpha-3 of 
Hepatocyte nuclear factor 4-
alpha 

F28F8.7 F28F8.7 1 30         3.33 REST corepressor 2, REST 
corepressor 3 

pgp-12 F22E10.1 1 30         3.33 Isoform 2 of Multidrug 
resistance protein 3 

glb-20 R01E6.6 1 30         3.33 homologous to human 24 kDa 
protein, heme binding 

Y49A3A.4  Y49A3A.4 1 30         3.33 no known vertebrate orthologs 

elp-1 F38A6.2 1 30         3.33 Echinoderm microtubule-
associated protein 

Y60A3A.9  Y60A3A.9  1 30         3.33 transmembrane emp24 protein 
transport domain containing 9 

ntr-2 F14F4.1  1 30         3.33 Arginine vasopressin receptor 
1A/B 

fbxb-103 F53C3.2 1 31         3.23 no known vertebrate orthologs 

madd-2 C39F7.2 1 31         3.23 Isoform 2 of Tripartite motif-
containing protein 67 

gap-2 ZK899.8 1 31         3.23 Isoform 1 of Disabled homolog 
2-interacting protein 

lst-4 Y37A1B.2 1 31         3.23 Sorting nexin-33 

F53C3.11 F53C3.11 1 32         3.13 Fucosyltransferase 

cyd-1 Y38F1A.5 1 36         2.78 G1/S-specific cyclin-D2 

sre-12 T07H8.7  1 36         2.78 no known vertebrate 
orthologs, sensory perception 

pqn-15 C24A8.3 1 39         2.56 Nuclear receptor coactivator 6 

ref-1 T01E8.2 0 30         0.00 no known vertebrate orthologs 

Y116A8C.24 Y116A8C.24 0 30         0.00 FES proto-oncogene, tyrosine 
kinase 

T25D3.4 T25D3.4 0 30         0.00 hippocampus abundant 
transcript 1 
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F45E12.6 F45E12.6 0 30         0.00 no known vertebrate orthologs 

nhr-46 C45E5.6 0 30         0.00 Isoform HNF4-Alpha-3 of 
Hepatocyte nuclear factor 4-
alpha 

ptr-16 T21H3.2 0 30         0.00 Patched domain-containing 
protein C6orf138 

clec-90 F57C9.2 0 30         0.00 no known vertebrate 
orthologs, integral component 
of membrane 

cho-1 C48D1.3 0 30         0.00 sodium-dependent glucose 
transporter family 

scrm-4 F11A6.2 0 30         0.00 Phospholipid scrambalase 

cle-1 C36B1.1 0 30         0.00 Collagen alpha-1(XV) chain 

cnt-2 Y39A1A.15 0 33         0.00 Isoform 2 of Arf-GAP with 
GTPase 
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Figure 15: Notch signaling promotes BM sliding through upregulation of the 
Sec14 family phospholipid transfer protein CTG-1. 

(A) Quantification of uterine-specific RNAi targeting ctg-1. Loss of ctg-1 led to a 
smaller BM gap at the early L4 (L4440 control, n = 65; ctg-1 RNAi, n = 64). Data was 
collected in 2 independent trials. (B) A DIC and fluorescence image lateral view in the 
π cell nuclei plane (see Figure 5F) of a genomic insertion of GFP at the ctg-1 locus (ctg-
1 > GFP). Expression is upregulated in the π cells of wild type worms at the time of 
Notch mediated induction of π cell fate, which coincides with BM sliding (n = > 5 
animals each stage, top). Expression of ctg-1 was not induced when theπ cell fate was 
disrupted in a lin-29 mutant (n = > 5 animals each stage; bottom). Brackets in DIC 
images denote location of the π cells in wild type and non-specified ventral uterine 
boundary cells in lin-29(qy1) animals. (C) Quantification of fluoresence intensity of the 
ctg-1 > GFP reporter shows reduced expression in lin-29 mutants relative to wild type 
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(n = 20 for each). Values in the plot are normalized to the wild type mean. The asterisks 
signify a statistically significant difference. (D) A CRISPR-cas9 mediated deletion 
allele of ctg-1(qy11) (lateral central plane; DIC, top; laminin::mCherry, bottom) has a 
smaller BM gap (bracket and arrowheads) compared to a wild type animal. (E) 
Quantification of BM gap diameter in ctg-1(qy11) (n = 18) and wild type (n = 16). (F) 
Pan-uterine cell expression of CTG-1 (fos-1 > CTG-1::GFP) in a lin-29(qy1) mutant 
increased BM gap size (brackets). Lateral central plane; DIC, Top; GFP expression, 
bottom. (G) Quantification of BM gap diameter in lin29(qy1) (n = 21) and lin-29(qy1) 
rescued with fos-1 > CTG-1::GFP (n = 21). For A, C, E, and G, the asterisks signify a 
statistically significant difference (** indicates P < 0.01 and *** indicates P < 0.001, 
Wilcoxon rank sum test).  Scale bars, 5 um. 

 

 

 

Figure 16: LAG-1 binding sites in the ctg-1 promoter and ctg-1(qy11) 
schematics. 

(A) A schematic of approximately 3 kb of the 5’ regulatory sequence of ctg-1. (B) The 
DNA sequence of approximately 3 kb of the 5’ regulatory sequence of ctg-1. In both (A) 
and (B), gray bars/highlight represent LAG-1 binding site consensus sequences 
(YRTGRGAA) and yellow bar/highlight represents the start of ctg-1 exon I. (C) A 
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schematic of the ctg-1 genomic locus showing the coding region corresponding to the 
Sec14 domain (purple brackets). (D) A schematic of the ctg-1 gene with the homology 
arms used for CRISPR-cas9 repair vector (orange bars) and sgRNA cut sites (red 
arrows). Gray regions represent UTR sequences. (E) A schematic of the edited ctg-
1(qy11) GFP knock-in allele.  

 

 

 

Figure 17: CTG-1::GFP expression. 

Pan-uterine expression of CTG-1::GFP (fos-1 > ctg-1::GFP) translational fusion at the 
P6.p 8-cell stage (right) with DIC (left) in wild type worms includes the π cells (blue 
dashed outlines). 

 

4.2.11 LIN-29/CTG-1 reduces dystroglycan localization and trafficking 
in the π cells 

Sec14 domain-containing genes are a eukaryotic-specific gene family. Six Sec14 

family proteins are encoded in S. cerevisae genome and more than 20 exist in vertebrates 

(Bankaitis et al., 2010). We found that at least 16 Sec14 family members are encoded in 

the C. elegans genome (Table 7). Evidence suggests that Sec14 family proteins act as site-

specific catalysts of phosphatidylinositol 4-OH kinases (Bankaitis et al., 2010; Schaaf et 
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al., 2008). Sec14 family proteins are thought to regulate vesicular trafficking, yet very 

little is known about the precise cellular processes controlled by these proteins (Curwin 

et al., 2009; Grabon et al., 2015; LeBlanc and McMaster, 2010). In S. cerevisiae Sec14 

regulates trafficking through the PI4-kinase Pik1. In support of a similar role for ctg-1, 

we found that RNAi-mediated knock down of the PI4-kinase pifk-1 decreased BM 

sliding and gap expansion (Figure 18). We hypothesized that ctg-1 might be upregulated 

in the π cells to alter the trafficking and localization of BM adhesion receptor proteins.  

 

Table 8: Sec14 family genes in the C. elegans genome. 

Gene Public 
Name 

Sequence 
Name Homology 

hpo-28 B0336.11 
human MOSPD2 (motile sperm domain 
containing 2) 

C11H1.9 C11H1.9 human SEC14L3 
C34C12.6 C34C12.6 human SEC14L2 
F18A11.2 F18A11.2 human SEC14L3 
F20G2.3 F20G2.3 human SEC14L2 
F28H7.8 F28H7.8 human SEC14L3 

unc-73 F55C7.7 
human Triple functional domain 
protein/Dmel Trio 

F55D12.2 F55D12.2 

human SESTD1 (SEC14 and spectrin 
domains 1) 

ctg-1 H06O01.3 human SEC14L2 
H41C03.1 H41C03.1 human SEC14L2 
R03A10.5 R03A10.5 human SEC14L3 
T03F7.7 T03F7.7 human SEC14L2 
ctg-2 T13H5.2 humans SEC14L2 
T23G5.2 T23G5.2 human SEC14L1 
cgr-1 T27A10.7 human SEC14L2 
rga-1 W02B12.8 human ARHGAP1 
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Figure 18: PI4-kinase PIFK-1 is required for BM sliding. 

Quantification of the BM gap size after treatment with L4440 control and uterine-
specific pifk-1 RNAi, C56A3.8 RNAi, and ZC8.6 RNAi (n = 34 each) revealed that pifk-1 
is required for BM sliding. (*** indicates P < 0.001 Wilcoxon rank sum test). 

 

One of the major BM adhesion receptors in C. elegans is integrin. All integrins are 

heterodimers composed of a single a and b subunit. C. elegans have two heterodimers, 

composed of aPAT-2 or aINA-1 subunit bound to the sole b subunit, PAT-3 (Kramer, 

2005). Only the INA-1/PAT-3 heterodimer is expressed in uterine and vulval tissue at the 

time of uterine-vulval attachment. INA-1/PAT-3 integrin is necessary for the 

stabilization of the BM over vulD and its loss results in the Pvl phenotype (Hagedorn et 

al., 2009; Ihara et al., 2011). We did not, however, find any changes in the expression or 

localization of the functional integrin reporter PAT-3::GFP (Hagedorn et al., 2009) in the 

lin-29(qy1) mutant background, which lacks ctg-1 expression, compared to wild type 

(Figure 19A-D). Additionally, fluorescence recovery after photobleaching (FRAP) 
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experiments indicated that PAT-3::GFP was trafficked to the cell-BM interface normally 

at the time of BM sliding (between P6.p 4-cell and 8-cell stages) in lin-29 mutants (Figure 

19E,F). Finally, RNAi mediated targeting of ina-1 in the uterine specific RNAi 

background did not rescue BM sliding in lin-29 mutants (BM gap diameter 8.13 ± 0.16 

µm (L4440 empty vector control, n = 48), 8.30  ± 0.25 µm (ina-1 RNAi, n = 48) ). These 

experiments indicate that CTG-1 does not regulate INA-1/PAT-3 localization in the π 

cells to promote BM sliding.  

We next examined the expression and localization of DGN-1, the sole C. elegans 

ortholog of the BM receptor dystroglycan. DGN-1 is expressed in the uterine tissue and, 

like integrin, its loss results in a Pvl phenotype, indicating potential functions in uterine-

vulval attachment (Johnson et al., 2006). We detected a significant increase in the 

localization of DGN-1 at the cell-BM interface in the π cells of lin-29 mutants compared 

to wild type animals (Figure 20A,B). This difference was not a result of increased 

expression, as the transcriptional reporter for dgn-1 was similarly expressed in lin-29 

mutants and wild type (Figure 20C). FRAP experiments indicated that accelerated DGN-

1 trafficking to the cell surface is responsible for the increased DGN-1::GFP localization 

in lin-29 mutants (Figure 20F,G). We hypothesized that this buildup of DGN-1 in the lin-

29 mutant is responsible for stronger adhesion of the uterine cells to the BM, causing BM 

sliding to fail. Consistent with this idea, reduction of dgn-1 expression via uterine 

specific RNAi in the lin-29(qy1) mutant restored BM sliding and gap expansion (Figure 
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20D,E). Taken together, these results suggest that LIN-29 activity in the AC leads to 

LAG-2/LIN-12 (Notch)-mediated upregulation of ctg-1 expression in the uterine π cells 

that restricts the cell surface trafficking and accumulation of the BM receptor DGN-1, 

which facilitates BM sliding during uterine-vulval attachment. 
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Figure 19: Integrin expression and localization are unaffected by LIN-29/CTG-
1. 

(A) An integrin translational reporter (PAT-3::GFP) localized similarly at the edges of 
the BM gap in lin-29 (right) compared to wild type (left). Enlargement of boxes in top 
images (bottom) show regions in π cells (white bars) where PAT-3 levels were 
measured in (C). (B) Quantification of the fluorescence intensity of a pat-3 
transcriptional reporter in wild type and lin-29(qy1) animals (n = 21 for each) revealed 
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no significant difference in expression levels (P > 0.05 Wilcoxon rank sum test). Values 
in the plot are normalized to the wild type mean. (C) Quantification of the fluorescence 
intensity of a PAT-3 translational reporter at the BM gap boundary in the π cells in wild 
type and lin-29(qy1) animals. (n = 10 for wild type, 11 for lin-29) revealed no significant 
difference in expression levels (P > 0.05 Wilcoxon rank sum test). Values in the plot are 
normalized to the wild type mean. (D) Quantification of the fluorescence intensity of a 
PAT-3 translational reporter at the BM gap boundary in the π cells in which GFP signal 
was bleached from the VPCs and remaining fluorescence intensity was measured to 
resolve differences that might exist in PAT-3::GFP expression solely in the uterine cells 
(n = 5 for wild type, 7 for lin-29) revealed no significant difference in expression levels 
(P > 0.05 Wilcoxon rank sum test). (E) Fluorescence recovery after photobleaching 
(FRAP) of a 1.0-µm region of PAT-3::GFP along the basal surface of the uterine π cells 
during the early P6.p 6-cell stage (time of BM sliding) in wild type and lin-29(qy1) 
mutant animals revealed similar rates of PAT-3::GFP recovery. (F) Graph reports PAT-
3::GFP recovery in wild type  (n = 13) and lin-29(qy1) mutants (n = 12). Error bars 
represent standard deviation. There was no significant difference in PAT-3 recovery at 
comparable time points (P > 0.05 Students t-test). T1/2 denotes time to recovery of 50% 
of initial fluoresence signal. Scale bars, 5 um. 
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Figure 20: LIN-29 restricts dystroglycan (DGN-1) levels and trafficking at the π 
cell-BM interface. 

(A) A functional translational fusion of the BM-receptor DGN-1 (DGN-1::GFP, top) 
reveals that more DGN-1 localizes on the surface of the ventral uterine cells (blue 
dashed outlines) at the edges of the BM gap in a lin-29 mutant compared to a wild type 
animal. Enlargement of boxes in top images (bottom) show regions (red bars) where 
DGN-1 levels were measured in (B). (B) Quantification of the fluoresence intensity of 
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a functional DGN-1::GFP translational fusion at the BM gap boundary in the π cells in 
wild type and lin-29(qy1) animals. (n = 22 for each). Values in plot are normalized to 
the wild type mean. (** indicates P < 0.01, Wilcoxon rank sum test). (C) Quantification 
of the fluoresence intensity of a dgn-1 transcriptional reporter in wild type and lin-
29(qy1) animals (n = 21 for each) revealed no significant difference is expression levels 
(P > 0.05 Wilcoxon rank sum test). Values in plot are normalized to the wild type mean. 
(D) Uterine-specific dgn-1 RNAi rescued the BM gap (brackets) defect in a lin-29(qy1) 
background expressing BM and AC reporters (laminin::GFP and cdh-3 > 
mCherry::PLCdPH). (E) BM gap diameters in uterine-specific RNAi knockdown of dgn-
1 (n = 50) and L4440 control (n = 63) in the lin-29 mutant background. (*** indicates P < 
0.001, Wilcoxon rank sum test). Data was collected in 3 independent trials. (F) 
Fluorescence recovery after photobleaching (FRAP) of a 1.0-µm region of DGN-1::GFP 
along the basal surface of the uterine π cells during the late the early P6.p 6-cell stage 
(time of BM sliding) in wild type and lin-29(qy1) mutant animals. DGN-1::GFP recovers 
more quickly in the lin-29 mutant. (G) Graph reports DGN-1::GFP recovery in wild type 
and lin-29(qy1) mutants (n = 9 animals for each). Error bars represent standard deviation 
and the asterisks signify a statistically significant difference at comparable time points 
(P < 0.05 Student’s t-test). T1/2 denotes time to recovery of 50% of initial fluoresence 
signal. All images lateral, central plane. Scale bars, 5 um. 

 

4.3 Discussion 

The shifting of cell-BM interfaces is crucial in many diverse morphogenetic 

events, including intestinal epithelial renewal, branching morphogenesis, and BM 

deposition (Clevers, 2013; Glentis et al., 2014; Morrissey and Sherwood, 2015). How BM 

sliding is controlled, however, remains poorly understood. We show here that the AC in 

C. elegans further widens a breach it creates in BM during uterine-vulval attachment by 

promoting BM sliding in neighboring uterine cells. LIN-29 maintains the expression of 

the Notch ligand LAG-2 in the AC, which leads to the activation of Notch signaling and 

induction of uterine π cell fate in the neighboring cells that sit over the nascent BM gap 
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boundary. Notch activation in turn leads to upregulation of the Sec14 family 

phospholipid transfer protein CTG-1 in these BM gap boundary cells, which restricts 

trafficking of the receptor DGN-1 (dystroglycan) to the cell-BM interface. Our data 

suggest that the proper regulation of DGN-1 trafficking modulates cell-BM adhesion 

and allows the BM to slide, which further widens the BM breach. This work reveals a 

new morphogenetic signaling pathway that promotes cell-BM sliding (See Summary 

Figure 21). 
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Figure 21: Summary of uterine boundary cell regulation of BM sliding. 

(A) A schematic diagram of the mid L3 stage in wild type (left). The Kruppel-family 
EGR protein LIN-29 acts in the AC to maintain LAG-2 (Notch ligand) expression, which 
induces the π cell fate in the six VU cells that contact the AC. This specification event 
fails to occur in lin-29 mutants (right). (B) During the late L3 stage after AC invasion, 
invagination, growth, and division of the vulval cells generates forces that promote BM 
sliding in wild type animals (left). Within the π cells (inset), LAG-2 binding of LIN-
12(Notch) activates transcriptional upregulation of ctg-1, which encodes a Sec14 family 
phospholipid transfer protein. CTG-1 restricts BM receptor DGN-1 (dystroglycan) 
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trafficking to the cell-BM interface of the π cells, thus decreasing their adhesion to the 
BM and allowing BM sliding. In lin-29 mutants (right) ctg-1 is not induced in the 
unspecified ventral uterine descendant cells, and DGN-1 is trafficked to the membrane 
at a higher rate, maintaining cell adhesion to the BM and preventing sliding. (C) At the 
early-to-mid L4, the BM gap edges have slid (arrowheads) and stabilize over the vulval 
D cells and at the edges of uterine π cells in wild type animals (left), but the BM has 
not slid in lin-29 mutants (right). 

 

During cell-BM sliding, the cells, the BM, or both shift position in relationship to 

each other. During uterine-vulval attachment in C. elegans, the linked ventral and 

gonadal BMs slide over vulval and uterine cells to expand the BM gap, and the vulval 

cells also appear to move (through migration and invagination) inside the gap to form 

direct contacts with uterine cells (Ihara et al., 2011; Schindler and Sherwood, 2013). It has 

previously been shown that vulval cell divisions at the BM gap boundary controls BM 

sliding (Matus et al., 2014). During vulval invagination and growth, the centrally located 

vulE and F cells divide and reduce their contact with the BM during cell rounding, 

allowing the BM to slide over these cells. The BM ultimately ceases sliding and the BM 

gap boundary stabilizes on the non-dividing vulD cell. Blocking the divisions of vulE 

and F halts BM sliding prematurely resulting in a narrower BM gap, while inducing 

vulD divisions causes the BM to slide further and enlarges the opening (Matus et al., 

2014). Here we have found that uterine cells at the BM gap boundary regulate BM 

movement through a distinct mechanism independent of cell division. Uterine π cell 

divisions are not coordinated with vulval cell divisions during BM movement. Further, 
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blocking uterine π cell divisions did not halt BM sliding. Instead, through a forward 

genetic screen, site of action, and expression studies, our data indicate that the invading 

AC directs a morphogenetic signaling program that promotes BM sliding in neighboring 

uterine cells: (1) the AC expresses the transcription factor LIN-29, (2)  LIN-29 activates 

Notch signaling and induction of the π cell fate in neighboring uterine cells (Newman et 

al., 2000), (3) as a part of π cell fate induction, Notch activation targets ctg-1, which 

restricts trafficking of the BM adhesion receptor DGN-1 (dystroglycan) to the cell-BM 

interface and allows BM sliding. Together, these observations suggest that after AC 

invasion, the uterine π cells loosen BM adhesion, allowing the BM to slide along the π 

cells to a precise site determined by the dividing vulE and F cells and non-dividing 

vulD. This model is supported by the observed flexibility of BM boundary position, 

which can be adjusted by manipulating vulval cell divisions. The distinct, but 

temporally coordinated, mechanisms controlling BM movement in the uterine and 

vulval cells precisely position the BM gap boundary to ensure robust uterine-vulval 

attachment. 

Very few examples of gene regulatory networks guiding morphogenetic cellular 

behaviors leading to cell fate specification are known (Christiaen et al., 2008). Using a 

focused RNAi screen we found that ctg-1, which encodes a Sec14 family 

phosphatidylinositol-transfer protein (PITP) (Tripathi et al., 2014), is a crucial target of 

Notch signaling during π cell fate specification that promotes BM sliding. Consistent 
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with ctg-1 being a direct transcriptional target of Notch, ctg-1 contains 19 predicted 

binding sites for the Notch transcriptional activator LAG-1 (Suppressor of Hairless) 

(Yoo, 2004). Furthermore, ctg-1 expression is upregulated in the π cells at the time of 

activated LIN-12 (Notch) signaling, and its expression is dependent on LIN-29-directed 

Notch signaling. In addition uterine-cell specific RNAi and genetic loss of ctg-1 reduced 

BM sliding, which phenocopies loss of Notch signaling in these cells. Sec14 family PITPs 

are unlikely to be true carriers of phospholipids. Instead, studies suggest that Sec14 

family PITPs function as scaffolds or nanoreactors that present phosphatidylinositol to 

phosphatidylinositol-4 kinase (PI4K) to regulate specific protein and membrane 

trafficking pathways in the trans-Golgi and endosomal recycling system (Cockcroft and 

Garner, 2011; Curwin, 2013; Curwin et al., 2009; Mousley et al., 2008; Schaaf et al., 2008; 

Tripathi et al., 2014). Consistent with this notion, our work also indicates that the C. 

elegans PI4K, pifk-1, is required in the uterine cells to promote BM sliding.  

The Sec14 family has expanded significantly in multicellular eukaryotes. 

Whereas yeast have six Sec14 family members, we found C. elegans has at least 16 and 

vertebrates have at least 20 (Bankaitis et al., 2010). Little, however, is known about the 

cellular process controlled by these proteins (Grabon et al., 2015). Our study suggests 

that CTG-1 regulates the trafficking of DGN-1(dystroglycan) to the cell surface and 

promotes de-adhesion from BM to control BM sliding. Notably, the localization and 

trafficking of the integrin heterodimer INA-1/PAT-3, another key BM receptor, was 
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unaffected by loss of ctg-1. Loss of LIN-29-mediated Notch signaling (and thus ctg-1 

expression in the uterine cells) led to an increase of DGN-1 on the surface of uterine 

cells, but did not alter dgn-1 gene expression. Photobleaching experiments in wild type 

and lin-29 mutants that lack upregulation of ctg-1 indicated that ctg-1 expression in the π 

cells restricts the rate of DGN-1 trafficking to the cell surface, consistent with the idea 

that Sec14 family PITPs regulate vesicular trafficking. Interestingly, in CTG-1, the Sec14 

domain is paired with a GOLD (Golgi Dynamics) domain, which, though its function 

has yet to be completely characterized, may regulate the selection of proteins being 

trafficked from the endoplasmic reticulum to the Golgi, thus affecting their secretion to 

the plasma membrane (Anantharaman and Aravind, 2002; Schimmoller et al., 1995). 

These results suggest that CTG-1 reduces cell-BM adhesion by regulating a vesicular 

pathway with specificity for DGN-1. Supporting the functional significance of 

localization and trafficking observations, we found that reduction of DGN-1 restored 

BM sliding in the absence of ctg-1 in the uterine cells.  

The two most prominent BM receptors that transduce signals and link the cells’ 

cytoskeleton to the BM are integrin heterodimers and dystroglycan (Bello et al., 2015; 

Yurchenco, 2011). Unlike mammals, which construct 24 known ab integrin 

heterodimers, C. elegans make only two, and only one of these, aINA-1/bPAT-3, is 

expressed with DGN-1 (dystroglycan) in the uterine π cells (Hagedorn et al., 2009; Ihara 

et al., 2011). Integrin and dystroglycan are co-expressed widely, and likely have many 
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distinct roles, such as having opposing effects on extracellular-regulated kinase (ERK) 

activation (Ferletta et al., 2003). However, how these proteins interact and coordinate 

functions in regulating cell-BM communication and adhesion has been challenging to 

elucidate as a result of tissue complexity and the large family of integrin heterodimers in 

vertebrates (Bello et al., 2015; Nakaya et al., 2013). Interestingly, our data suggest that 

INA-1/PAT-3 is not downregulated to promote BM sliding in the uterine π cells. Further, 

unlike loss of dgn-1, uterine-specific loss of ina-1 did not rescue BM sliding in the lin-29 

mutant background. Our results indicate that DGN-1 is the primary BM adhesion 

receptor that controls cell-BM sliding in the uterine π cells, while integrin appears to 

have a function(s) independent of BM sliding in these cells. These results suggest that 

different BM receptors may allow cells to have diverse and concurrent signaling and 

adhesive interactions with BM. 

While dystroglycan has been most extensively studied in its association with the 

dystrophin complex and muscular dystrophies, it is broadly expressed and implicated in 

regulating many cellular processes, including BM assembly, cell migration, axon 

outgrowth, retinal layering, and Schwann cell wrapping (Bello et al., 2015; Moore and 

Winder, 2010). Notably, dystroglycan is also required for branching morphogenesis in 

glandular epithelium, a process that is thought to require BM sliding (Durbeej et al., 

2001; Harunaga et al., 2014). Further, it has been shown that loss of basally localized 

dystroglycan during chick gastrulation promotes breakdown of BMs during the 
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epithelial-to-mesenchymal transition that forms mesoderm (Nakaya et al., 2011). Thus, 

dystroglycan may have a fundamental role in mediating BM remodeling events during 

development. Importantly, loss or reduction of dystroglycan is also emerging as a 

common event in the progression of epithelial derived cancers, including breast, 

prostate, colon, cervical, and renal adenocarcinomas (Cross et al., 2008; Esser et al., 2013; 

Sgambato et al., 2007; Sgambato et al., 2003; Sgambato et al., 2006). As regulated loss or 

reduction of dystroglycan during development creates and widens BM gaps through 

BM loss and sliding, uncontrolled loss of dystroglyan during cancer progression may 

lead to the breakdown of BM barriers to facilitate tumor spread. Thus, understanding 

mechanisms that control dystroglycan levels at the cell surface are not only important in 

understanding tissue morphogenesis, but may provide new strategies to halt cancer 

progression.  
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5. Discussion 
In the preceding chapters, I have discussed advances in understanding BM gap 

formation events during C. elegans uterine-vulval attachment. In Chapter 2, I presented 

data on two mutants deficient in AC breaching, isolated through forward genetic 

screening. In Chapter 3, I explored RNA-seq transcriptome profiling as a new tool to 

identify novel regulators of AC invasion. In Chapter 4, I described the non-proteolytic 

opening of a nascent BM gap by alteration of a BM receptor’s localization. 

 

5.1 Distinct mechanisms exist for breaching and widening BM 
gaps 

Uterine-vulval connection in C. elegans is fascinating partly because three separate 

mechanisms of opening basement membrane gaps are at play: the AC’s initial breach through 

underlying BMs, VPC de-adhesion during BM sliding driven by reduced contact area with the 

BM during cell division, and π cell de-adhesion due to restricted dystroglycan trafficking.  

The invading AC creates the initial gap in BM, but other cells widen it. Highlighting the 

difference in these processes, distinct genes are activated to facilitate each. As discussed in 

Chapter 4, the AC has a unique transcriptome. While we were unable to compare the AC to the 

neighboring VU cells because we could not find a promoter element sufficiently specific to these 

cells, we compared the AC to the DU cells, which are found in the same organ and descend from 

the same lineage as the AC. The AC activates transcription of genes required to invade and 

downregulates the expression of those that would impede it, relative to the other epithelial cells 
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that surround it. The converse is also true. dgn-1, shown here to be important to the decrease in 

adhesion in the π cells is not required for AC invasion (Morrissey et al., 2014). 

Other differences between these mechanisms provide exciting avenues of future study. I 

have focused here on activities that occur within cells during BM gap opening. However, little is 

known about is happening within the matrix. It had long been assumed that proteolysis must 

facilitate BM gap opening (Rowe and Weiss, 2008). Recently, there has been growing interest in 

how physical forces might affect BM gap opening (Ihara et al., 2011; Lohmer et al., 2014). 

Indeed, physical forces play a role in AC invasion, as photoconversion experiments show that the 

AC displaces some of the BM beneath it rather than dissolving it (Hagedorn et al., 2013). It 

would be interesting to see how forces on the BM change through the course of initial breach and 

clearing of the BM under the footprint of the AC and as the gap opening mechanism transitions to 

BM sliding. A FRET based sensor has been described for the focal adhesion component vinculin 

(Grashoff et al., 2010).  Tagging BM components with this FRET sensor would allow the direct 

observation of physical forces during AC invasion and BM sliding. 

Strikingly, variation occurs even in processes that widen basement membrane gaps. In 

contrast to what we have observed in the uterine π cells, the VPCs decrease their adhesion by 

reducing contact with the BM when rounding to divide (Matus et al., 2014). The distinction in 

these mechanisms might be because the π cells maintain some contact with the BM after the 

completion of sliding, along the edge of the basal surface, whereas the 1o VPCs completely lose 

contact with it. While the mechanism by which the BM is stabilized on the vulval side of the BM 

is understood, as it comes to rest on the non-dividing vulD cells, questions remain about how 

stabilization occurs in the π cells. BM sliding over the π cells stops with a narrow region at the 

edge of the cells remaining in contact with the BM. It is possible that during sliding separate 

membrane domains are created, and sliding ceases once the BM passes the first domain and that 
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CTG-1, the Sec14 family protein controlling dystroglycan trafficking, might direct this process as 

well. In support of this notion, S. cerevisiae Sec14, the founding member of the family, controls 

trafficking of proteins to lipid rafts (Curwin, 2013), and human TAP-1, a vertebrate ortholog of 

CTG-1, facilitates the delivery of lipid raft stabilizing a-tocopherols to cell membranes (Lemaire-

Ewing et al., 2010). 

 

5.2 The AC coordinates multiple mechanisms for opening BM 
gaps 

While many mechanisms may exist to open BM gaps, in C. elegans uterine-vulval 

attachment, a single cell, the AC, not only invades through BM, but coordinates its neighbors to 

displace BM as well. As discussed in Chapter 2, the AC specifies the uterine π cells to assist in 

opening a large BM gap. The AC also specifies the VPCs, via EGF signaling (Hill and Sternberg, 

1992). The VPCs then signal to the AC to direct invasion (Sherwood and Sternberg, 2003), 

stimulating the formation of invadopodia (Lohmer et al., 2016), and driving BM gap expansion 

through division and invagination (Ihara et al., 2011; Matus et al., 2014). This is perhaps 

analogous to collective cell migration with leader and follower cells in branching morphogenesis 

(Scarpa and Mayor, 2016) or when invading leukocytes stimulate endothelial cells to assist in 

opening BM gaps by physical force (Rabodzey et al., 2008). This complex behavior executed by 

the AC is an example of how invasion may be more than just a single cell undergoing EMT, and 

highlights the importance of conducting studies in BM gap opening in vivo, where supporting 

cells and native matrix and signaling conditions are present.  
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5.3 Screening and profiling efforts can reveal different but 
complementary regulators of invasion 

In Chapters 3 and 4, I present complementary means of gene discovery relevant to 

invasion through BM. Both transcriptome profiling of the AC and forward genetic screening may 

have distinct advantages in uncovering different sets of regulators. Genetic redundancy is often an 

issue in screening, as reducing the function of one gene through mutation or RNAi may not be 

sufficient to disrupt cell function and result in an easily observable phenotype. As discussed in 

Chapter 4, transcriptome profiling offers an appealing means of revealing these genes, as 

increases or decreases in transcripts that might compensate for one another would still be 

detected. Transcriptome data could be analyzed for classes of genes that are likely to be regulated 

similarly. However, such a method would not be particularly sensitive in identifying transcripts 

that are expressed at lower levels. Forward genetic screening has also traditionally been ideal as 

an unbiased approach for uncovering surprising biology. An example of this principle is the 

dissection of the pathway described in Chapter 2, as the roles of lin-29 and ctg-1, a gene with no 

previously known phenotypes, in BM sliding were elucidated. 

Many questions remain that might be addressed by one or both of these methods. For 

example, screening or profiling may be used to identify additional targets of FOS-1 that mediate 

its pro-invasive function. The transcriptomes of wild type ACs can be compared to those of FOS-

1 deficient ACs. Genes that are activated by FOS-1 to mediate invasion should be more highly 

expressed in wild type cells. Another method that would yield FOS-1 targets is an enhancer 

screen in mutants of known FOS targets that display only a mild invasion defect, such as zmp-1 

(Sherwood et al., 2005).   Alleles that cause an enhanced invasion defect, possibly even selected 

by the presence of the plate level Pvl phenotype, are likely to map to genes that function in 

parallel pathways that may also be under the transcriptional control of FOS-1. 
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FOS proteins are thought to bind to JUN proteins in forming the Activator Protein-1 

complex in vertebrates. Screening has yet to identify a binding partner for FOS among the bZip 

transcription factors. It is possible that FOS-1 in the AC forms a homodimer, as evidence 

suggests this occurs in both C. elegans (Hattori et al., 2013) and vertebrates (Szaloki et al., 2015). 

Perhaps, there might be functional redundancy that necessitates the combinatorial loss of function 

for two or more of these transcription factors. A detailed transcriptional profile can create a list of 

candidate bZip transcription factors that are expressed in the AC for further screening.  

Likewise, the vulval cue that stimulates invadopodial formation (Lohmer et al., 2016; 

Sherwood and Sternberg, 2003) has yet to be identified. Determining the complement of 

receptors present in the AC or assaying the transcriptome of the VPCs could shed light on its 

molecular identity. Alternatively, though laborious, it may be possible to conduct a forward 

genetic screen for suppressors of the AC invasion defect in a vulvaless lin-3 background, as 

candidates from this screening approach may be constitutive gain of function alleles for members 

of the vulval cue pathway.   

Compensatory mechanisms of invasion can also be explored. The process of AC invasion 

is relatively robust, as the ACs of many mutants deficient in invasion will eventually break 

through the BM. In unc-40 mutants, for example, although the larger invasive protrusion fails to 

form, invadopodia continue to create multiple small breaches in the BM (Hagedorn et al., 2013). 

Strikingly, although proteolysis appears to be important in invasion in many contexts, mutants in 

multiple MMPs expressed in the AC are able to invade in a delayed manner (Kelley and 

Sherwood, unpublished data), in agreement with data that other modes of invasion can occur. In 

these cases, other transcripts are might be upregulated to compensate. Transcriptome profiling in 

these mutant backgrounds can test this hypothesis directly and would lead to a better 

understanding of the plasticity of the invasive program in an in vivo cell.   
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5.4 A novel mechanism of regulating BM sliding 

In Chapter 2, I presented evidence for a novel means of regulating BM sliding in the C. 

elegans π cells during uterine-vulval connection. After π cells are specified, they upregulate the 

Sec14 domain containing protein, CTG-1. This upregulation restricts localization of the laminin 

receptor DGN-1 (dystroglycan) to the basal membrane of these cells, decreasing their adhesion to 

the BM. Coupled with the force generated by dividing and invaginating vulval precursor cells 

(VPCs) on the opposing side of the underlying BMs, the BM gap expands to the edges of these 

cells.  

Dystroglycan has been shown to affect cell adhesion to the BM during cell migration and 

metastasis, and now has been shown to influence BM sliding. Its expression is decreased and 

removed from the basal membrane in primitive streak cells during EMT in chick embryo 

gastrulation (Nakaya et al., 2011). Decreased expression of dystroglycan, particularly the 

extracellular a-dystroglycan, can be found in the liver metastases of gastric tumors (Moon et al., 

2009). There is strong evidence that glycosylation, which is necessary for the ability of the 

receptor to bind laminin (Ervasti and Campbell, 1993), is required for the proper localization of 

dystroglycan to the cell membrane (Esapa et al., 2003). Further, reductions in dystroglycan 

glycosylation (Shimojo et al., 2011) or the glycosylating enzyme like-

acetylglucosaminyltransferase (de Bernabe et al., 2009) are associated with highly metastatic 

cancers. These studies indicate that dystroglycan is a key regulator of cell adhesion to BMs. 

Further, its expression and post-translational modification are important mechanisms by which 

the levels of dystroglycan at the membrane, and hence BM adhesion are regulated. However, 

there may be other methods of regulating dystroglycan that are unknown. 

I have presented evidence that Sec14 family proteins, lipid binding proteins that have 

been implicated in trafficking, also specifically regulate localization of dystroglycan to the basal 
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membrane. Although this may be the first description of a Sec14-like protein influencing the 

trafficking of a BM adhesion receptor, evidence suggests that they control the membrane 

localization of other critical proteins. cgr-1, a paralog of ctg-1, was identified as a suppressor of 

Ras signaling (Goldstein et al., 2006), and its vertebrate ortholog TAP-1 controls localization of 

the downstream kinase Raf to the membrane (Johnson and Kornfeld, 2010).  These studies 

validate the importance of Sec14 family proteins as critical regulators of membrane trafficking in 

a wide range of biological processes. 

We cannot preclude the possibility that other mechanisms, in addition to the direct 

regulation of its trafficking, might act in the π cells to decrease the membrane localization of 

dystroglycan . It is also possible that a regulator of its affinity for BM is restricted at the 

membrane, leading to a loss of dystroglycan at the cell surface. Though they do not appear to play 

a role in de-adhesion of the π cells during BM sliding, integrins are also important BM adhesion 

receptors. Much work has been done on the “inside-out” signaling properties of integrins, in 

which intracellular changes affect the confirmation of the integrin dimer and change its affinity 

for its BM ligands. In particular, talin (Calderwood et al., 1999) and kindlin (Kloeker et al., 2004) 

have been identified as important activators of integrin-BM binding. Additionally, some 

inactivators of integrin have been identified: filamin (Kiema et al., 2006), DOK1(Calderwood et 

al., 2002), and SHARPIN (Rantala et al., 2011) all interfere with integrin binding to talin, while 

ICAP1 is thought to compete for binding with kindlin (Brunner et al., 2011). Binding to the BM 

stabilizes integrins at the membrane. Therefore, a mechanism that would decrease an activator or 

increase a deactivator at the membrane would result in a loss of integrin activation and 

subsequent adhesion to the BM. A similar mechanism might exist for dystroglycan. Indeed, clip-

associated protein (CLASP) has been shown to localize to the basal surface of embryonic chick 

cells prior to EMT, and to regulate the presence of dystroglycan there (Nakaya et al., 2013). If 
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CLASP or another dystroglycan regulating protein is differentially trafficked, dystroglycan 

localization could be restricted. While the details have yet to be defined, the role of Sec 14 family 

proteins in regulating BM adhesion is one of a few in vivo functions of these proteins discovered 

in multicellular eukaryotes.  

 

5.5 Concluding Remarks 

The C. elegans uterine and vulval tissues are initially separated by BMs, but these tissues 

must be connected in order to have efficient reproduction in the worm. A series of coordinated 

BM gap expansion events occurs allowing this connection. I have presented work that advances 

our understanding of both the AC’s initial invasion through the underlying BMs and the 

subsequent widening of the BM gap by the neighboring uterine π cells.  

The AC coordinates the clearing of BMs between the uterus and the vulva. As a result, it 

is important to understand the complex biology of this cell, beginning with its ability to create a 

de novo breach in the underlying BM. Large scale forward genetic screening yielded two 

potentially novel regulators of invasion. Meanwhile, a small scale study of the AC transcriptome 

demonstrated the promise of using RNA-seq to uncover transcripts that are upregulated or 

downregulated to facilitate invasion. 

The expansion of the BM gap by the π cells is accomplished through decreased basal 

localization of the BM receptor dystroglycan as a response to the expression of CTG-1.  Study of 

this process revealed important new roles for dystroglycan and Sec14 family proteins. While 

numerous studies implicate dystroglycan in BM adhesion, this is the first evidence of its 

involvement in BM sliding. Only limited data is available about the in vivo function of Sec14 
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family members outside of studies in S. cerevisiae.  In implicating CTG-1 in BM sliding, we have 

described a function for these proteins that is unique to multicellular animals.  

Revealing the mechanisms that allow BM gap expansion is necessary to understand 

critical processes like morphogenesis in tissues during development, immune surveillance, 

fibrosis, and cancer metastasis. Using C. elegans uterine-vulval connection as a model to 

elucidate these mechanisms will continue to yield important information about the genetics and 

cell biology of BM clearing. 
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Appendix A 

A.1 Chapter 2 Materials and Methods 

A.1.1 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. 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 (Ziel et al., 2009). The following alleles and transgenes were used: LGI: 

unc-40(e271), qyIs101[FP4mito::mCherry, myo-2::GFP]; LGII: tra-2(q276); qyIs23[cdh-3 > 

mCherry:: PLCdPH], mIn[myo-2::GFP]; LGIII: rhIs2[GFP::hemicentin], otIs181[dat-

1::mCherry]; LGIV: mIs11[myo-2::GFP pes-10::GFP]; LGV: SyIs51[cdh-3::GFP]; qyIs50[cdh-3 

> mCherry::moesinABD]; LGX: unc-6(ev400), him-4(rh319), syIs59[egl-17 > CFP], qyIs24[cdh-

3 > mCherry:: PLCdPH], SyIs50[cdh-3::GFP]. 

 

A.1.2 Scoring of AC invasion 

Invasion was scored as previously described(Sherwood and Sternberg, 2003). Worms 

were mounted and viewed by DIC at the P6.p 4-cell stage. A BM gap wider than the 

nucleus of the AC, as judged by the boundaries of the phase dense line between the 

uterus and vulva, was scored as complete invasion. A BM gap that was present but 

smaller than the nucleus of the AC was scored as a partial invasion. A BM gap that was 

absent was scored as no invasion. 
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A.1.3 Microscopy 

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 Micromanager software, 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 ImageJ 1.47d. 

 

A.1.4 Chromosome mapping 

Chromosome location was determined on the basis of the ability of the Pvl inducing 

mutation to homozygose with fluorescent transgenes of known chromosomal 

integration. Marker transgene bearing males were crossed in to mutant strains, and Pvl 

F2 progeny were scored for presence or absence of the fluorescent marker. The following 

transgenes were used for these crosses: qyIs101 for chromosome I, mIn (balancer 

containing myo-2 > GFP) for chromosome II, otIs181 for chromosome III, mIs11 for 

chromosome IV, SyIs51 for chromosome V, SyIs50 for chromosome X. 
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A.1.5 Complementation 

Complementation was assessed by crossing alleles of known regulators of invasion to 

mutant strains and assessing F1 progeny for the presence of the Pvl phenotype.  For unc-

6 and him-4, males sterility was bypassed by generating XX males heterozygous for the 

mutation of interest using tra-2. 

 

A.1.6 Polarity 

Polarity of the actin marker mcherry::moesinABD and PIP2 marker mCherry:: PLCdPH 

was calculated as the ratio of the fluorescence intensities of 5-pixel wide linescans from 

the basal membrane over the apical membrane in sum projections of all z-slices 

containing signal from the AC. 

 

 A.2 Chapter 3 Materials and Methods 

A.2.1 Worm strains 

Worms were reared under standard conditions at 18°C, 20°C, or 25°C (Brenner, 1974). 

N2 Bristol strain was used as wild-type nematodes. 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 (Ziel et al., 2009). The following transgenes were used: qyIs362 [lin-29 > 

GFP], qyIs17 [zmp-1 > mCherry], qyIs245 [zmp-5 > GFP]. 
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A.2.2 Cell dissociation  

Synchronized L3 larvae were subjected to a dissociation protocol (Zhang et al., 2011). 

Briefly, worms were plated at a density of approximately 20,000 worms per plate seeded 

with NA22 bacteria. Prior to dissociation, the populations were staged using a sample of 

approximately 10 worms viewed under DIC. After the majority of the worms were at the 

P6.p 2-cell stage, worms were washed from the plates with sterilized H2O and collected 

by centrifugation. After removing excess H2O, an SDS-DTT solution was added to the 

pellet for 4 minutes. Then, washed 6 times with egg buffer (118 mM NaCl, 48 mM KCl, 

2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES). Next worms were digested with 15 mg/mL 

of pronase while pipetting up and down for 30 minutes. Then, washed with L-15/FBS 

solution. The suspension was passed through a 5 µm filter to remove debris larger than 

single cells. 

 

A.2.3 Selection of GFP positive cells 

Cells were selected according to the protocol outlined in (Zhou et al., 2016) with 

minor modifications. A 200 µL aliquot of cell suspension was transferred to a dish and 

visually searched for GFP signal. When a GFP positive cell was located, a microcapillary 

whose tip was bent at a 45 degree angle was positioned next to it. Pressure was adjusted 

until the cell was drawn into the capillary. The tip of the capillary was broken directly 

into a tube containing 5 µL of lysis mix (1 µL rRNasin (Promega), 1µL Qiagen RNase 
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inhibitor, 2 µL Anchor T primer (0.1 µg/µL, TATAGAATTCGCGGCCGCTCGCGAT 

TTTTTTTTTTTTTTTTTTTTTTT), 2 µL 2.5 µM dNTP in 110 µL cell lysis buffer (11 µL 10X 

reaction buffer, 6.6 µL 25 µM MgCl2, 5.5 µL 10% NP-20, 5.5 µL 0.1 M DTT, 81.4 µL H2O). 

 

A.2.4 Single cell library preparation 

Tubes were incubated at 65˚C for 1 minute. Reverse transcription was accomplished by 

adding 0.23 µL Superscript II (Gibco-Invitrogen), 0.019 µL rRNasin, 0.019 µL Qiagen 

RNase inhibitor, 0.38 µL T4 gene 32 and incubating at 37˚C for 10 minutes. The reaction 

was heated to 65˚C for 10 minutes to inactivate the RT. 1 µL exonuclease mix (2.5 µL 

exonuclease in 2.8 µL 10x PCR buffer II, 2.8 µL 25 mM MgCl2, 19.5 µL H2O) was added 

and incubated at 37˚C for 15 min then 80˚C for 15 min. Next, nascent cDNA was capped 

with a polyA sequence while original transcripts were digested using 5 µL TdT mix (5 

µL TdT (Roche) and 5 µL RNaseH (Roche) in 3.3 µL 100 mM dATP, 11 µL 10x reaction 

buffer, 6.6 µL 2.5 mM MgCl2, 89.1 µL H2O) incubated at 37˚C for 20 min then 65˚C for 10 

min. 3 µL of product were transferred to new tubes containing 27.5 µL PCR mix (5.5 µL 

LA Taq HS DNA pol (Takara) in 55 µL 10X LA Taq polymerase buffer, 55 µL 2.5mM 

dNTPs, 11ul Anchor T primer (1µg/µL), 429 µL water) and run through the following 

protocol: 95˚C for 2 min, 37˚C for 5 min, 72˚C for 20 min, then 27 cycles of 95˚C for 30 

sec, 67˚C for 1min, 72˚C for 3 min with 6s extension per cycle, followed by 10 min. 

extension at 72˚C. Test amplifications with standard Taq were performed on the 
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products of this PCR to verify that libraries contained transcripts known to be expressed 

in the cell type of interest. Primers were designed to amplify approximately 200 bp from 

the 3’ end of transcripts. Libraries that tested positive for GFP and 1 other marker for 

ACs and GFP alone for DU cells were selected for further processing. The remaining 

sample from original libraries (prior to LA Taq PCR) were gel purified, and their 

concentrations measured using the Qubit dsDNA HS kit. Fragmentation and sequencing 

adaptor addition was accomplished through tagmentation using the Nextera DNA 

Sample Prep Kit using standard kit directions, except that input DNA was 65 ng per 

sample rather than 50 ng, and reaction time was 10 min. at 55˚C rather than 5 min. 

Indexing and amplification were also accomplished using the Nextera DNA Sample 

Prep Kit. Purification was accomplished using AMPure XP Beads. Samples were pooled 

and sequenced via Illumina MiSeq 50 bp reads. 

 

A.2.5 Sequence analysis 

Sequencing reads were aligned using Bowtie (Langmead et al., 2009) and the refMrna 

file from Feb. 2013 (ce11) in the UCSC genome browser, excluding reads that mapped to 

more than 10 matches within the reference transcriptome. Differential expression was 

assessed using DESeq (Anders and Huber, 2010) using the local (nonparametric) fit and 

pooled method in estimating dispersions.  
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A.3 Chapter 4 Materials and Methods 

A.3.1 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. 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 (Ziel et al., 2009). The following alleles and transgenes were used: 

qyEx439 [egl-13 > cki-1::GFP], cgEx308 [dgn-1(+), rol-6(su1066), dgn-1 > GFP], qyIs28[ced-

10::GFP], qyIs43[pat-3 > pat-3::GFP, genomic ina-1], qyIs102 [fos-1 > rde-1; myo-2 > GFP], 

qyIs108 [laminin::Dendra], qyIs127 [laminin::mCherry], qyIs251 [cdh-3 > lin-29a::GFP], 

qyIs330[laminin::mCherry], qyIs361[lin-29a/b > GFP], qyIs486 [dgn-1::GFP], qyIs508 [fos-1 > 

ctg-1::GFP]; LGI, ctg-1(qy11); rhIs2 [pat-3::GFP]; LGII, lin-29(ga94), lin-29(qy1),rrf-

3(pk1426); LGIV, qyIs8 [laminin::GFP]; LGV, rde-1(ne219); LGX, sel-12(ty11), qyIs24 [cdh-3 

> mCherry::PLCδPH ]; qyIs86 [egl-13 > GFP]. 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 (Edgley and 

Riddle, 2001). 

 

A.3.2 Mutagenesis screen and mutant isolation 

L4 N2 worms were mutagenized in 4 ml M9 buffer with N-ethyl-N-nitrosourea (ENU) at 

a concentration of 0.5 mM in a 15 ml conical tube. The tube was placed on the rocker for 



 

107 

4 hours (h) at room temperature then subject to centrifugation to collect worms for 

recovery. Worms were washed 3 times with 3 ml M9 buffer and resuspended in a few 

drops of M9, then transferred to a plate using a glass pipette. One h later, healthy worms 

were transferred to new plates at a density of 2 worms/plate. Five rounds of 

mutagenesis were performed. F2 progeny produced from the mutagenized worms were 

examined for the protruding-vulva (Pvl) phenotype. The non-sterile Pvl mutants were 

then subject to microscopic examination for defects in uterine-vulval attachment. 

 

A.3.3 Genetic mapping 

A single-nucleotide-polymorphism (SNP) based mapping strategy (Davis et al., 

2005) was used to locate the qy1 mutation to between 11777294 and 12029092 on 

Chromosome II. 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 (min). Excess solution was removed to leave a final volume 

of 90 µl/well. Plates were stored at -80°C. For mapping PCR, the plates were thawed and 

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)) was added. Worms were lysed by 
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incubation at 65°C, 1 h and 95°C, 15 min to extract DNA. PCR templates were frozen at -

80°C and thawed prior to each use. For each PCR, 1 µl of worm lysate 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 min, 35 cycles (93°C, 20 seconds (s), 58°C, 30 s, 72°C, 1 

min), 72°C, 5 min, 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 volume of 22.26 µl. 

Within the region identified, 4 genes were previously reported to have a Pvl phenotype: 

ZK930.3, lin-29, ash-2, and mcm-2, which we confirmed by RNAi. qy1 was identified as 

lin-29 when it failed to complement lin-29(n546).  

 

A.3.4 Photoconversion of Dendra tagged laminin 

Transgenic animals expressing laminin::Dendra were photoconverted using a Zeiss LSM 

510 confocal microscope (Zeiss Microimaging), equipped with a 63x objective, scanning 

regions of interest with a 405 nm laser at 1 mW power for 30 s. After 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°C for the 

specified amount of time then reimaged. Identical settings were used to acquire images 

at all times. Acquired images were processed using Imaris (Bitplane).  

 



 

109 

A.3.5 Cell ablations 

Laser-induced cell abalations of the AC and VU were performed as previously described 

(Bargmann, 1995). ACs were ablated at the P6.p 4-cell stage after clearing of the BM by 

the AC was complete. For ventral uterine (VU) cell ablations, the 2 VUs that flanked the 

AC on either the anterior or posterior side (Z4.aaa and Z1.ppa or Z4.aap and Z1.ppp) 

were ablated at the early P6.p 2-cell stage prior to π cell specification. Worms were 

recovered from slides to OP50 plates at 25°C and imaged at the L4 stage. 

 

A.3.6 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 (Biovision Technologies) or Micromanager software, 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 ImageJ 1.47d and 

Photoshop CS3 Extended or Photoshop CC (Adobe Systems). Fluoresence intensities 

were measured as Mean Gray Values using ImageJ. Three-dimensional reconstructions 

were built from confocal z-stacks, analyzed and exported using Imaris 7.4 (Bitplane). 

The diameter of the BM opening along the anterior-posterior axis was measured as the 

size of the opening using laminin::GFP, laminin::mCherry or the phase dense line of the 
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BM seen by DIC in plane of focus for the AC using ImageJ. For CKI-1 π division arrest, 

examination of the number of π cell nuclei by DIC as well as GFP expression in the π  

cells were used to determine whether π  cell division had occurred, and only animals in 

which all 6 π cells failed to divide were scored. 

 

A.3.7 Molecular biology and transgenic strains 

Standard molecular biology and transgenic techniques were used to generate PCR 

fusion products (Hobert, 2002), plasmids, and transgenic animals (Mello and Fire, 1995). 

To generate the transcriptional reporter for the lin-29a/ b gene, the 5’ cis-regulatory 

element (5’ CRE) 5.4 kb upstream of the ATG start codon of the lin-29a/ b gene was 

amplified. The 5’ CRE 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, the 5’ CRE 4.2 kb upstream of lin-29c coding sequence was PCR 

amplified and fused in frame to GFP coding sequence (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 amplified from the vector 

cdh-3 > lin-29b using the New England Laboratory site-directed-mutagenesis protocol 
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with a primer containing a sequence encoding four lin-29a specific amino acids. To 

generate the egl-13 > cki-1::GFP construct, the 5 kb promoter region of egl-13 was 

amplified from plasmid pWH17 and fused with to CKI-1::GFP amplified from the 

recombineered fosmid WRM0626bF02 (wTRG5.1_2491680425634929_G10). To generate 

the DGN-1::GFP translational reporter, 2.6 kb upstream of the start codon to the end of 

the coding sequence of dgn-1 was amplified from N2 genomic DNA and fused in frame 

to the GFP coding sequence amplified from vector pPD95.75, based on a previously 

published construct that rescues the sterility phenotype of dgn-1 (Johnson et al., 2006). 

To generate fos-1 > ctg-1::GFP, pBlueScript containing the fos-1 promoter (Sherwood et 

al., 2005) was digested with ApaI and BamHI, then fused with the ctg-1 coding sequence 

amplified from genomic DNA and the GFP coding sequence amplified from pPD95.75 

using NEBuilder HiFi DNA Assembly Cloning. 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 T et al., 2002).  
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A.3.8 CRISPR-Cas9 mediated generation of ctg-1(qy11) 

A GFP knock-in that removes the majority of the coding region of ctg-1 was generated 

using the CRISPR-Cas9 system (Dickinson et al., 2013). Two sgRNAs with sequences 5’- 

AATTCGACAACTACTATTCG-3’ and 5’-AATATTGTAGCGCAATTGCT-3’ were used 

to induce double stranded breaks in the final exon of ctg-1. A repair template was 

constructed with 1.5 kb upstream of the coding start site plus the first 20 bp of ctg-1, 

followed by GFP, cbr-unc-119, and 1.7 kb of sequence downstream of the ctg-1 stop 

codon. Plasmids containing guide RNAs and Cas9 were co-injected at a concentration of 

25 ng/µL each, and the repair template was injected at a concentration of 10 ng/µL. 

 

A.3.9 Fluorescence Reovery After Photobleaching (FRAP) 
experiments 

A Zeiss LSM 510 laser scanning confocal microscope with a 100x objective was used for 

initial bleaching and imaging the DGN-1::GFP reporter. In the plane of focus for the AC, 

a 1 um by 1 um region of interest was defined at the edge of the BM gap or next to the 

boundary of the AC if no visible gap in the BM was present. Regions of interest were 

bleached at 488 nm for 100 iterations at 100% power. Further imaging was conducted 

every 30 seconds for 9 minutes. The protocol was repeated for DGN-1::GFP and PAT-

3::GFP using a Nikon Ti-U with the ‘Plan Apo VC’ 100x objective, Yokogawa spinning 

disc unit, Andor iXon+ EM-CCD, and Andor ALC601 series laser. ROIs were bleached 

for 20 iterations at 10% intensity.  
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A.3.10 RNA interference 

dsRNA was delivered via feeding to synchronyzed L1 larvae. Phenotypes were 

subsequently scored at the early L4 stage. Constructs were obtained from the Vidal 

(Rual et al., 2004) and Ahringer (Simmer et al., 2003) libraries. The L4440 empty vector 

was used as a negative control. Clones targeting lag-2, ctg-1, ina-1, dgn-1 were verified by 

sequencing. Screening of Notch targets was scored in rrf-3 worms containing 

laminin::mCherry and the AC marker (CAAX::GFP). Uterine-specific RNAi was scored 

in strains containing RDE-1 expressed under the control of the fos-1a promoter in an rde-

1 mutant background (Hagedorn et al., 2009). With the exception of initial Notch target 

screeing, each treatment was repeated. The number of replicate trials is listed in the 

figure legends.  

 

A.3.11 Identification of C. elegans Sec14 family members 

Textpresso homology/orthology data and Gene ontology and BLAST from the WS249 

version of Wormbase were searched for hSEC14L2, SEC14, and CRAL-TRIO. 

 

A.3.12 Statistical Analysis 

Statistical analysis was performed using JMP version 12.0 (SAS institute) or Microsoft 

Excel, using a two-tailed unpaired Student’s t test, two-tailed Fisher’s exact test, or 
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nonparametric Wilcoxon rank sum test. Figure legends specify when each test was used. 

Sample sizes were validated a posteriori for statistical significance and variance (for 

parametric tests). Normality was assessed using a Shapiro-Wilk’s normality test. 
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